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Preface

Most of us remember the first time we witnessed an
embryo being selected for transfer, whether this was
as a trainee embryologist or as a clinician visiting the
mysterious IVF laboratory. Watching the careful
selection of an embryo over others for a chance of life
can border on the astounding.

Yet, just as doctors are expected to bring a profes-
sional objective detachment to the care of their
patients, so are embryologists to the care of the
gametes and embryos in their charge. And they do
this many times, every day, all around the world.

However, to succeed as an embryologist requires
more than an ability to bring a forensic approach to
decision-making. It requires exquisite hand-eye
coordination and, among other attributes, a “feel”
for what indicates is a viable embryo. That is why,
even when specific criteria can be applied to assess
quality, embryologists often have difficulty in des-
cribing how they use these. Identifying the best
embryo has been described as recognizing a hand-
written signature. You know whose it is, but you can’t
explain why.

Embryology and embryo selection have both
evolved over the years. Although training as a clinical
embryologist typically takes years of acquired know-
ledge, even then embryologists may not “know what
they really know.” While numerous studies have dem-
onstrated reassuring correlations between the main
scoring systems they employ and treatment outcomes,

https://doi.org/10.1017/9781009025218.001 Published online by Cambridge University Press

a number of developments in our field have put this
approach under increasing pressure.

The most significant of these pressures has been
the drive to reduce multiple pregnancies arising from
IVF treatment. Agreement that the aim of treatment
should no longer be a positive pregnancy test but a
healthy singleton baby was an important milestone
indicating the maturity of the discipline of IVF.
However, this imposed a heavy and complex burden
on embryologists. Reducing this most important risk
of treatment while at the same time continuing the
expected increase in success rates has without doubt
brought to the forefront the continued central
importance of embryo selection.

Embryology has responded to these challenges in
a myriad of ways. Over the past 10 years, the speed
and breadth of innovation in the field of embryo
selection has been at times breathtaking. As with all
rapid journeys, there have been notable bumps on the
road and indeed the occasional wrong turn. As IVF
waves to its second generation of children, the tech-
nologies that will lead us into the third generation are
beginning to appear as valid and safe.

We hope that this manual will provide both
embryologists and clinicians a clear and informative
overview of the tools now available to assist in embryo
selection, as well as evidence for their efficacy and
safety and the broader considerations that must
underlie these important clinical decisions.
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Introduction

1.1 The Early Days

When fertilization in vitro was developed by the
pioneers — Dr. Robert G. (Bob) Edwards, Miss Jean
Purdy, and Dr. Patrick Steptoe - their primary focus
was to obtain oocytes that could be successfully fertilized
in laboratory conditions. Embryo culture and embryo
selection were just secondary aims at that time. In the
early 1970s, the first attempts to obtain a pregnancy after
IVF were in cycles in which ovarian stimulation was
performed by administration of human menopausal
gonadotropins (hMG) [1]. This resulted in multiple fol-
licular growth and thus more than one oocyte available
for fertilization. However, the first clinical pregnancy
obtained was tubal. Suspecting that an hMG-stimulated
cycle increased the likelihood of an ectopic pregnancy,
the next attempts were made in natural cycles. Carrying
out IVF in natural cycles presented several challenges
including the requirement for careful monitoring of
follicular growth by repeated measurements of pituitary
and steroid hormones. A single follicle, or at most two,
was then aspirated laparoscopically just prior to spontan-
eous ovulation. However, as remains the case today, not
all follicular punctures resulted in an oocyte, not all
oocytes were fertilized, and not all fertilized oocytes
developed into an embryo capable of implantation [1].
With only one or two oocytes available, the success rate
per attempt was therefore exceedingly low and only after
more than 200 unsuccessful attempts [2], Louise Brown,
the first child conceived in vitro, was born [3]. Because of
the complexity and the low success rate performing IVF
in a natural cycle, hMG-stimulated cycles were again
introduced [4]. A timeline of important events in the
development of IVF with associated technologies is
shown in Figure 1.1.

1.2 Gametogenesis, Fertilization, and
Embryo Quality

Follicular growth is a process that takes months; a
recruited primordial follicle may take more than
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180 days to develop into a preovulatory follicle [5].
The great majority of growing follicles arrest at vari-
ous stages during development. From the approxi-
mately 300000 follicles present in the ovary of a
newborn girl, only around 450 will ultimately ovulate.
Just prior to ovulation the cohort of mature follicles
are still dependent on continuous follicle-stimulating
hormone (FSH) stimulation. One of the follicles in
the maturing cohort then starts to express factors that
will inhibit the development of the other follicles in
the cohort. This follicle now becomes dominant in the
sense that it suppresses the maturation of the other
follicles. Usually only this follicle is then able to
respond to the luteinizing hormone (LH) surge and
ovulate [6]. The rationale behind hormonal stimula-
tion of the ovary is that continuous administration of
FSH in the preovulatory period will rescue some of
the follicles in the maturing cohort that otherwise
would have undergone atresia, thereby resulting in
multiple follicles from which to retrieve oocytes
(Figure 1.2).

In fetal life, the oocytes, enclosed in primordial
follicles, enter meiosis but shortly thereafter become
arrested at the diplotene phase of prophase I. For
some oocytes, this arrest will last for many years.
The last oocytes that are ovulated just prior to meno-
pause may have been in meiotic arrest for five
decades. Resumption of meiosis is triggered by the
LH surge and progression to metaphase II (MII)
occurs over the ensuing 36 hours or so, in preparation
for ovulation or, in an IVF cycle, for retrieval
Resumption of meiosis from MII to telophase II
(TTI) is triggered by the sperm and is finalized when
the oocyte is fertilized.

Oogenesis in humans is far from a perfect process.
It is complex and many oocytes that are ovulated do
not have the correct number of chromosomes. The
genetic quality of human oocytes in relation to the age
of the woman has a u-shaped curve, lower in young
and older women. The rate of aneuploid oocytes is
lowest around the age of 30, at around 20%. In
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Timeline of the Most Notable Advances in Clinical IVF
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Figure 1.1 Timeline of the most notable advances in clinical IVF (Courtesy of Dr. Catherine Racowsky)
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Figure 1.2 Follicular maturation

Growth and maturation of human follicles is a complex process that takes over 180 days. The majority of the growing follicles will arrest and
become atretic. Only 1in 1 000 follicles in an ovary of a newborn will ever reach ovulation. Despite this seemingly strong selection of growing
follicles, the frequency of aneuploid human oocytes is from 25% to 80% depending on the age of the woman. (Adapted from [7], with permission).

contrast, the rate of aneuploid MII oocytes in women
who are very young is above 55% [8] and this reaches
upward of 80% in women greater than 42 years of age
[9]. In addition to the correct number of chromo-
somes, a competent MII oocyte must have undergone
cytoplasmic maturation so that after fertilization it
can support early embryogenesis.

Spermatogenesis takes on average 60 days from
the germinal stem cell stage to ejaculated spermatozoa
[10]. This is a complex process that involves several
rounds of mitosis, followed by meiosis, and chromatin
remodelling, and synthesis of m-RNA and proteins, all
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packed into a highly specialized cell, the spermatozoa.
As with oogenesis, nondisjunction may occur during
spermatogenesis, resulting in an aneuploid sperm cell,
although the frequency of aneuploid sperm is generally
lower than for oocytes. It has been shown that in men
with reduced semen quality the frequency of aneuploid
spermatozoa is higher than in men with normal semen
quality [11]. In addition, a range of other factors such
as DNA fragmentation, chromatin structure, histones,
protamines, epigenetic profiles, and Y-chromosome
microdeletions may influence fertilization, embryo
development, and/or embryo quality [11].
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Aneuploidy
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Figure 1.3 Errors in embryo development

Human gametogenesis is far from perfect and mature gametes may contain the wrong number of chromosomes (aneuploid). Fertilization and
early cleavage may introduce new errors during mitosis (nondisjunction), frequently leading to embryos where at least one blastomere is
aneuploid. Culture conditions may also have an influence on embryo viability. The embryologist working in clinical IVF is therefore faced with a
situation where the embryos obtained may vary greatly with respect to implantation potential. The challenge therefore is to rank embryos so

the best ones may be selected for fresh transfer and for cryopreservation.

Fertilization and early embryo development are
complex processes where errors may occur that can
compromise the developmental potential of the
embryo (Figure 1.3). When this process takes place
in vitro, iatrogenic factors can add to this. The pro-
portion of embryos that are aneuploid or mosaic
euploid/aneuploid at the cleavage stage and/or at the
blastocyst stage varies according to the age of the
woman and has been reported to be higher in cleavage
stage embryos than in blastocysts [12]. Aneuploid
embryos have been shown to have a lower implant-
ation rate than euploid embryos [13].

Fecundity in the human is around 20% per cycle.
This means that a couple with normal reproductive
potential and regular intercourse have approximately
a 20% chance per ovulation of obtaining a delivery.
This is lower than most animal species, even when
compared to the nonhuman primates such as the
chimpanzee [14]. The low fecundity rate in humans
may perhaps not come as a surprise when one con-
siders that we have far from perfect gametes. There
are reasons to believe that this has been the case
for millennia and is part of being human and not
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due to a recent decline in the genetic quality of our
gametes [14].

Even today, more than 40 years after the birth of
Louise Brown, there are apparently still large differ-
ences in success rates between assisted reproduction
technology (ART) laboratories and clinics as well as
between countries. Laboratory variables such as the
oxygen level, pH, osmolality, temperature control, air
quality, and the culture media all have an influence on
embryo development in vitro [15, 16, 17]. Suboptimal
culture conditions will affect many steps of the pro-
cess, and thereby reduce the likelihood of obtaining a
delivery after IVF. As an example, a comparison of
aneuploidy rates in embryos obtained after fertiliza-
tion of oocytes from young oocyte donors show large
differences between ART laboratories [18]. The cause
of this is largely unknown but it cannot be ruled out
that it is partly due to iatrogenic factors. However,
prospective randomized studies have also shown that
the composition of the culture media may influence
the developmental speed and the epigenetic profile of
embryos in vitro as well as have an influence on the
phenotype of the children born [19, 20, 21].
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1.3 Number of Transferred Embryos,
Multiple Birth Rates, and Health of
the Children

An attempt to obtain a delivery of a child using
fertilization in vitro requires highly skilled profession-
als, expensive drugs, and a sophisticated laboratory.
The financial burden and the emotional stress associ-
ated with assisted reproduction may be substantial.
Couples that seek to be treated by assisted reproduc-
tion therefore obviously want to be offered a treat-
ment with a high probability of success. Due to the
poor results in the early days of IVF, several embryos
were often transferred, to provide a reasonable chance
of obtaining a pregnancy.

Reassuringly, now with more than 40 years of
development of in vitro fertilization, implantation
and live birth rates have been steadily improving.
Data from the European Society of Human
Reproduction and Embryology (ESHRE) European
IVE-Monitoring Consortium (EIM) registry show an
increase from a clinical pregnancy rate of 26% in
1997 (data from 18 countries; www.eshre.eu/Data-
collection-and-research/Consortia/EIM/Publications)
to 33% in 2018 (39 countries; [22]). This might seem
like a rather modest increase for a 20-year period, but
it is important to note that, during the same time, the
single embryo transfer rate increased from 11% to
51%. Results from the United States reported a
delivery rate of 23% for 1995 (www.cdc.gov/art/art
data/index.html) compared to 37% reported for
2019 [23].

Calculations from the ESHRE EIM datasets show
that the implantation rate doubled during these years,
from 12% in 1997 (mean numbers of embryos for
transfer, 2.6) to 25% in 2014 (mean number of
embryos transferred, 1.8). This considerable improve-
ment can be attributed to several factors: improved
stimulation strategies resulting in better oocyte qual-
ity and improved endometrial receptivity, improved
handling and culture conditions for gametes and
embryos, and optimization of assessment and selec-
tion of embryos. There are however considerable
variations regarding results among countries, show-
ing that there is still much room for improvement.

Unfortunately, the downside of the increased
implantation rates was the dramatic increase of mul-
tiple births. The profession did not adjust the
numbers of transferred embryos to the level of
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implantation quickly enough, and many clinics con-
tinued to transfer 3-4 or even more embryos, despite
the improved implantation results. In the USA, data
published by the Centers for Disease Control and
Prevention (CDC) show that, in 2011, 46% of infants
born from treatment with IVF were either twins
or higher-order multiples (www.cdc.gov/art/artdata/
index.html). The ESHRE EIM data show in the latest
report (data from 2018) that although the mean
multiple delivery rate has decreased from 29.6% to
12.5% for 2018, the variation is large, ranging from
1.9% to 27.4% [22]. It can be seen from these data
that the multiple birth rate has a clear correlation
with the number of embryos transferred, but inter-
estingly not with improved delivery rates. The same
trend has occurred in the USA where the CDC data
show that the multiple delivery rate decreased to 22%
in 2014, with a further decrease to 13% in 2018 with-
out an obvious impact on live birth rates [23].

The increasing multiple delivery rates and the
concurrent issues with health of the offspring have
been established in many follow-up studies (e.g. [24-
29]), highlighting the significant maternal, fetal, and
neonatal risks associated with these pregnancies. The
accumulated data finally led to regulation in many
countries. In Europe, this development was led by
Finland and Sweden. In 2003, the National Health
Authorities in Sweden stated that transfer of a single
embryo was strongly recommended, and that more
than two embryos should not be transferred. This led
to a dramatic decrease in national multiple rates,
dropping from 25% to 5% in only four years [30].
Despite this, there has been a concurrent steady
increase in live birth rates. In the USA, the Society
for Assisted Reproductive Technology and the
American Society for Reproductive Medicine have
issued recommendations to lower the number of
embryos for transfer. This has resulted in a single
embryo transfer rate of 77% for 2019 in parallel with
increasing live birth rates, but again with a large
varjation between states (www.cdc.gov/art/artdata/
index.html; [23]).

The declining multiple birth rates have resulted in
a positive impact for the health of the children.
Follow-up studies of offspring have shown that peri-
natal risks for ART offspring have decreased and
overall health has improved. An analysis of more than
92 000 children born from ART in Denmark, Finland,
Norway, and Sweden from 1988 to 2007 found a
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decline in numbers of preterm birth, low or very low
birthweight, stillbirths, and perinatal death [31].

1.4 Embryo Selection and

Cumulative Results

When extended culture to the blastocyst stage began
to be implemented, the slow freezing technique used at
that time unfortunately resulted in limited survival of
blastocysts after thawing. With the introduction into
clinical IVF of the vitrification technique (which had
been used in veterinary medicine for quite some time),
blastocyst cryosurvival rates of over 90% were reported,
with much increased implantation rates. This positive
development in turn led to a further increased use of
blastocyst culture in many clinics and countries, and in
addition to an increased possibility and willingness
from both patients and clinics to aim for single embryo
transfer. In a high-quality ART program, culture of all
excess embryos to day 5 or 6 for blastocyst cryopreser-
vation results in >60% likelihood of at least one cryo-
preserved extra blastocyst (Ahlstrom and Lundin,
personal observation). Thus, adopting this approach
provides a good chance of a subsequent frozen thaw
cycle adding to the likelihood of achieving at least one
pregnancy from a single cohort of embryos.

Several studies have shown that for women con-
sidered to have a good prognosis, the cumulative live
birth rate after single embryo transfer, followed by the
transfer of a cryopreserved embryo in a subsequent
cycle, is comparable to that after double embryo
transfer, but with a significantly lower risk of multiple
pregnancy (e.g. [32, 33, 34]). Thus, with the current
excellent survival rates and improved implantation
rates for cryopreserved blastocysts, we now have the
possibility of transferring the embryos from one
oocyte retrieval sequentially, one by one, without risk
of them failing to survive during the freeze-thaw
procedures. Somewhere along the way an embryo
with good potential for implantation will presumably
be transferred, and the cumulative pregnancy and
delivery rate will be similar irrespective of embryo
selection. However, for patients having a large
number of good-quality embryos, transfer of them
one by one without selection might in the end lead
to a high number of transfers, possibly including a
series of failed implantations and/or miscarriages,
causing stress, as well as being expensive and time-
consuming. There is currently a lack of good-quality
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studies investigating the relationship between embryo
selection algorithms and early miscarriage and cumu-
lative delivery rates. However, assessment, ranking,
and selection of embryos will in most cases shorten
the time to live birth as well as reduce stress and save
resources for both the patient and the care provider.

An additional positive aspect from the extended
culture of all extra embryos is that fewer embryos are
discarded at an early stage. It has been shown that
around 25-35% of so-called poor-quality embryos
on day 2/3 can give rise to good-quality blastocysts
[35-38], with potential for implantation and live birth
equal to those of blastocysts from high-quality
embryos. Thereby, today embryo/blastocyst assess-
ment is more a method of ranking potential biological
quality, instead of selecting at an early stage and
discarding the rest. The ranked embryos/blastocysts
can then be transferred one by one, starting with the
one considered to be of highest viability.

1.5 Future Challenges

There has been a shift in how we assess, select, and
utilize embryos. In the early days of IVF, due to
suboptimal culture conditions, the most common
practice was to transfer and to cryopreserve any
extra-good-quality embryos, on day 2 or 3 postferti-
lization. Poorer-quality embryos were discarded.
Gradually, as stated above, with improved culture
media and culture conditions, it has become more
common to extend culture until the blastocyst stage,
so as to “select” the more viable embryos. However, it
might be argued that our culture conditions in vitro
are perhaps still not good enough to support develop-
ment of all embryos and/or there might be differences
between patients. It is possible that some embryos are
more sensitive to the in vitro conditions and would
still have been capable of developing and implanting
if transferred at an earlier stage.

Thus, the challenge of embryo selection is how far
to go, and how many “add-ons” we really need - and
whether they are evidence based - to find the best
embryo. Assessment of embryos is still mainly per-
formed by embryologists scoring according to devel-
opmental and morphology criteria, either all the way
from the gamete stage to the transfer/cryo stage, or
only at certain predetermined times. Time-lapse (TL)
methodology, which allows images to be taken and
stored throughout the whole culture period, has enabled
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1978 Defining the developmental timeline
1980s | Conventional morphology selection — cleavage stage
1990s | Conventional morphology selection — blastocyst stage
1990 | PGT-M with FISH for X-linked disorder
1997 Time-lapse imaging of human zygotes
2001 [ PGT with blastomere biopsy
2005 | pPGT with trophectoderm biopsy and advanced sequencing platforms
2007 | Metabolomics
2011 Time-lapse imaging reintroduced
2016 | Machine learning and artificial intelligence started to gain traction
2016 | PGT-A with cell-free DNA analyses
2077 . ?2??

Courtesy of Dr Catherine Racowsky

Figure 1.4 Where are we with embryo selection going forward? (Courtesy of Dr. Catherine Racowsky)

the scoring of embryos at any time point. Although the
TL technology thereby facilitates the work and the
logistics of the IVF lab, it has so far not been conclu-
sively demonstrated to improve embryo selection and
downstream implantation or live birth rates [39, 40].
Still, TL imaging can reveal other developmental events
that may reflect compromised implantation potential
such as irregular cleavage patterns [41, 42]. In addition,
the technology is useful for training staff and for valid-
ating introduction of a new constituent in the IVF
laboratory, such as a culture medium.

Another highly debated method of selection is
PGT-A screening. This technique to select euploid
embryos has evolved much during the last few years.
Despite the logical reasoning behind the method, its
usefulness and value in specific patient groups is still
under discussion and concerns regarding interference
of mosaicism in interpretation of results prevail
Furthermore, the technique is quite invasive, with
cells being removed from the embryo. Noninvasive
methods, involving analysis of cell-free DNA in the
spent culture medium [43, 44, 45) or blastocoelic
fluid [46] are underway. However, currently no such
methods are routinely applied for clinical use.

There is much interest in many areas of our
society in machine learning, or so-called artificial
intelligence. Indeed, this has evoked great interest in
ART, and research is currently ongoing using datasets
from time-lapse documentation to “feed” and train
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computers and to try to find patterns that correlate
with embryo development and live birth [47, 48, 49].
If proven to have utility and application across clinics,
this would effectively remove the bias of the current
subjective assessment by the embryologist. If a highly
predictive model could be generated, additional “add-
ons” for selection might not even be needed in the
future (Figure 1.4).

1.6 Summary

Gametogenesis, fertilization, and embryo develop-
ment are all complex processes, which give rise to a
heterogeneous cohort of embryos, with varying
potential for implantation and live birth. The use of
blastocyst vitrification has dramatically increased cryo-
survival rates, whereby all embryos can be transferred
sequentially, and the cumulative success rates will be
similar irrespective of embryo selection. However, effi-
cient embryo selection will shorten the time to preg-
nancy and live birth since the embryos with the highest
potential will be transferred first. Embryo culture and
selection algorithms may also have an influence on the
utilization rate (embryos transferred fresh and cryo-
preserved counted per all embryos) and thereby on the
resources utilized. An efficient embryo selection and
ranking system will hopefully aid in continuing to
lower the multiple birth rate from IVF and improve
the health of the offspring.
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Key Messages

Gamete quality and culture conditions of
gametes and embryos will influence the clinical O

success rate.

A proportion of embryos resulting from an IVF .
procedure will not have the capacity to implant

or sustain a pregnancy.
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2.1 Introduction

It is over 40 years since the successful fertilization of a
human egg in vitro and development of the resulting
human preimplantation embryo led to the birth of a
healthy baby. In the intervening years, assisted repro-
duction technology (ART) has become routine treat-
ment for infertility worldwide with the birth of over
8 million babies to date [1] yet gaps remain in our
understanding of the earliest stages of human
embryogenesis. We know that human embryos vary
in their potential to implant and lead to a healthy
pregnancy, but are we confident that exposure to in
vitro culture conditions does not compromise their
inherent viability? Can we be certain that the
embryo’s intrinsic developmental program is suffi-
ciently robust to withstand environmental insults
imposed during ART, or does in vitro culture lead
to genetic or epigenetic changes in the more vulner-
able embryos, contributing to the known high rate of
implantation failure and early pregnancy loss? May
there even be long-term consequences for offspring?
These questions underline the importance of detailed
knowledge and understanding of the developmental
program of the human embryo, and emphasize the
vital need for continued study of the human preim-
plantation embryo in a research setting.

For obvious reasons, the human preimplantation
embryo as the subject of pure research is a precious
and limited resource. Consequently, while there is a
wealth of knowledge derived from direct observations
of human preimplantation embryos developing in
vitro in a clinical setting, much of our perceived
understanding of the cellular and molecular mechan-
isms underlying this early phase of human develop-
ment is extrapolated from studies of other
mammalian species, formerly the rabbit, and latterly
the mouse. However, recent advances in molecular,
genomic, and noninvasive imaging technologies have
begun to lead to significant advances in the direct

https://doi.org/10.1017/9781009025218.003 Published online by Cambridge University Press

Embryo Developmental Programming

investigation, and as a result our understanding, of
human development.

In the clinical setting, the varying developmental
potential of individual human embryos presents clin-
ical scientists with the challenge of developing
methods for embryo selection, to enable distinction
between those embryos destined to fail and those that
have the potential to lead to a viable pregnancy. This
chapter will summarize what is currently understood
about the developmental program of the human
embryo, setting the scene for an evaluation of the
different approaches to embryo selection for use in
ART treatment that will be considered in subsequent
chapters.

2.2 Preimplantation Embryo
Development

2.2.1 Fertilization

Penetration of the oocyte by a spermatozoon triggers
the complex series of fertilization events that culmin-
ate in the formation of a diploid zygote from two
haploid gametes. This series of events includes the
establishment of the block to polyspermy, establish-
ment of diploidy, securing the cytoplasmic constitu-
tion of the oocyte, syngamy, initiation of the
developmental program, and culminates in the first
cleavage division.

2.2.2 (leavage

During the cleavage stages of development, the
embryo remains the same size within the glycoprotein
matrix, the zona pellucida, that forms its outer
coating while its component spherical cells (totipotent
blastomeres) halve in size at each division. Cleavage
of the blastomeres is asynchronous, so that embryos
with intermediate blastomere numbers (3-cell, and 5-
to 7-cell stages) are seen before completion of the
second and third cleavage divisions. During each
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cleavage division, the maternal cytoplasm inherited
from the oocyte is divided between progressively
smaller blastomeres.

2.2.3 Blastocyst Formation

The 8- to 16-cell embryo begins to undergo the pro-
cess of compaction, where individual blastomeres of
the cleavage stage embryo become indistinct, as they
maximize intercellular contact through tight junction
formation, and adhere to and flatten against each
other to form a ball of indistinct cells (the morula).
Subsequent cell divisions within the embryo are less
easily discernible using conventional microscopy than
during cleavage stages.

During compaction, the phenotype of the cells
within the embryo changes for the first time during
embryogenesis, as the cells become polarized and lay
down the basis for the differential inheritance in
subsequent cell divisions that leads ultimately to dif-
ferentiation of the different cell types within the
blastocyst.

By day 5-6L, a fluid-filled cavity forms and expands
within the embryo and the blastocyst is formed.
The blastocyst is comprised of an outer layer of
trophectoderm (TE) cells that surround a blastcoelic
cavity and an inner cell mass (ICM). While TE cells are
destined for an extra-embryonic lineage, giving rise to
placental tissues, early ICM cells remain pluripotent,
and can give rise to all the cell types of the fetus. Around
the time of implantation, cells of the ICM differentiate
into pluripotent epiblast cells, and into primitive endo-
derm, whose cells will not contribute to the fetus, but
instead give rise to extra-embryonic endoderm cells
that will form the yolk sac.

2.2.4 Implantation

Implantation takes place at around day 7 of develop-
ment. As the blastocoelic cavity continues to expand,
TE cells emerge from the thinned zona pellucida, the
blastocyst hatches and attaches to the uterine lining.
Pregnancy is established and further development of
the embryo proper can begin.

2.3 Developmental Programming
and Control

Human embryogenesis begins in the near complete
absence of transcriptional activity, and the first three
days of development are directed by the maternally
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inherited program that has been laid down in the
oocyte. The maternal program for development
directs fusion of the egg and sperm, migration and
fusion of the male and female pronuclei, genetic and
epigenetic reprogramming within the cytoplasm of
the blastomeres, and three cleavage divisions (reviewed
by [2, 3]).

2.3.1 The Maternal Program

for Development
2.3.1.1 Oocyte Maturation and Laying Down the
Maternal Inheritance

Gene expression remains relatively inactive during
maturation of the oocyte from the germinal vesicle
stage, through germinal vesicle breakdown,
metaphase I (MI), anaphase I (AI), and telophase
I (TI), and then through the brief transition of pro-
phase II (PII) prior to becoming the mature ovulatory
oocyte that is arrested in second meiotic metaphase
(MII). When at MII, the oocyte has the capacity to
achieve fertilization. Within the cytoplasm of the MII
oocyte resides the maternal inheritance of organelles
and macromolecules that will direct the program for
embryo development until the embryonic genome
is activated. This includes ribosomes and a broad
spectrum of mRNAs along with the full protein bio-
synthetic apparatus; mitochondria and an ATP-
generating system; a Golgi system for synthesis and
modification of glycoproteins; and a cytoskeletal
system of microfilaments and microtubules for the
organization of cytokinesis and karyokinesis.

Maintenance of arrest at MII depends on the
balance of the cytoplasmic maturation-promoting
factor (MPF) that stabilizes the meiotic MII phase,
and cytostatic factor (CSF) that stabilizes MPF.

2.3.1.2 Fertilization and the Establishment of Diploidy

Fusion of the sperm and oocyte triggers a dramatic
increase in the level of free calcium in the egg, due
largely to the release of calcium from internal stores
mediated through the action of a sperm enzyme,
phospholipase-zeta (PLCZ), that passes into the
oocyte after fusion. The first rise, lasting 2-3 minutes,
sweeps in a wave across the oocyte from the point of
sperm entry, and is followed by a series of calcium
spikes that can last for several hours.

The calcium pulsations play a critical role in
achieving successful fertilization and the establishment
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of diploidy. Calcium-binding proteins are activated,
which in turn phosphorylate or dephosphorylate
several target proteins, and penetration by additional
spermatozoa is blocked. The block to polyspermy is
achieved through the cortical reaction, where periph-
eral cortical granules in the oocyte cytoplasm fuse with
the oocyte membrane and release their contents into
the perivitelline space between the oocyte membrane
and the zona pellucida. The contents of cortical gran-
ules include enzymes that act on the zona pellucida to
prevent further sperm binding. Through a mechanism
that remains unexplained, the oocyte membrane
also undergoes changes that reduce its sperm-
binding properties.

The calcium pulses also lead to resumption of
meiosis by the arrested MII oocyte, through the
inhibition of CSF and the consequent destabilization
of MPF. The second polar body is extruded and
meiosis II is complete resulting in a haploid oocyte.

2.3.1.3 Syngamy

Once the sperm and oocyte have fused, the contents
of the sperm, including the nucleus and centriole, are
incorporated into the oocyte cytoplasm. The sperm
nuclear membrane breaks down and, under the influ-
ence of maternally inherited cytoplasmic factors in
the oocyte, the chromatin begins to decondense.
Membranes form around each set of haploid chromo-
somes from the male and female gametes, and two
pronuclei are formed. Both pronuclei are clearly vis-
ible at the level of the light microscope (Figure 2.1),
with the male pronucleus usually the larger of the two,
and contain multiple nucleoli. The pronuclei, in
which DNA synthesis is underway in preparation
for the first mitotic division, migrate from the per-
iphery to the center of the oocyte, where they meet,
the pronuclear membranes break down, and syngamy
is achieved as the two sets of chromosomes come
together, resulting in diploidy. As the first mitosis of
the developing embryo commences the cytoskeleton
of the fertilized zygote is reorganized, and a cleavage
furrow forms in preparation for cytokinesis and the
first cleavage division.
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2.3.1.4 Initiation of Embryo Development

The maternal program for development persists in
the human embryo until day 3 of development, when
the second cleavage division has been completed in
embryos displaying a normal rate of development.
Even if transcription is blocked using the transcrip-
tional inhibitor o-amanitin, human embryos none-
theless undergo cleavage to the 4-cell stage and
display normal patterns of protein synthesis until
day 3 of development. Although some paternal tran-
scripts have been identified in the embryo before the
4-cell stage, it is now accepted that these represent the
products of minor transcriptional activity, and their
detection may be a reflection of their preferential
stability in an environment where maternal tran-
scripts are being degraded rapidly through subse-
quent rounds of cell division.

2.3.2 Activation of the Embryonic Genome

Morphological changes such as compaction as the
morula forms, or cavitation as blastulation proceeds,
take place according to a temporal program for devel-
opment. These changes are a function of the interval
(s) following trigger events such as the ovulatory
luteinizing hormone surge, or specific events associ-
ated with fertilization, rather than of the number of
cycles of cell division.

It is not until around day 3 of development that
the developmental program of the human embryo
switches from maternal to embryonic control, with
activation of a wave of transcription from the embry-
onic genome (Figure 2.2). In embryos undergoing
cleavage at the normal rate, this coincides with
genome activation taking place between the 4- and
8-cell stages, as shown when the distinct, novel pat-
terns of proteins synthesized between those stages is
blocked in embryos exposed to the transcription
inhibitor a-amanitin.

The timing of embryonic genome activation is
independent of cell number, or number of cleavage
divisions, and occurs on day 3 of development even in
embryos that have undergone developmental arrest

Figure 2.1 Preimplantation stages of
human embryo development

a. Normally fertilized oocyte 18-20 hours
post insemination, day 1; b—d. cleavage
stages, days 2-3; e. compacting, day 4;

f. compacted morula, day 4; g. expanded
blastocyst, day 5
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by that time. It remains the subject of debate as to
how, and precisely when, on day 3 embryonic tran-
scription is initiated.

Activation of the embryonic genome coincides
with the downregulation or degradation of maternally
inherited transcripts. In the mouse, it has been
shown that the widespread wave of embryonic gene
activation is accompanied by major changes in
chromatin modeling and accessibility, and in DNA
demethylation (reviewed by [4]). This presumably
serves to reset the genome toward the state required
for totipotency and pluripotency. While it is possible
that similar mechanisms for enabling widespread
transcription may apply across mammalian species,
in the human it is unlikely that demethylation is a
direct initiator of embryonic genome activation, as
progressive demethylation of both paternal and
maternal genomes begins at the 2-cell stage, well
before its onset [5].

Analysis of transcription products of whole
embryos, and of individual cells within the embryo,
has enabled identification of the range of genes
expressed when the human embryonic genome is acti-
vated. These include the dynamic expression of genes
encoding transcription factors, epigenetic modifiers,
and chromatin remodeling factors, but as yet, the
function of many more upregulated genes is unknown.
Further investigations are beginning to lead to an
understanding of the complexity of transcriptional
activation of the embryonic genome but, currently,
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principally occurs between the 4- and 8-cell
stages. It is unclear when genes associated with
the restriction of the TE or ICM cell lineage are
expressed in human embryos, but data suggest
that it is around the early blastocyst stage.
Human embryos implant around day 7. The
dashed arrows indicate the possibility of earlier
minor gene activation and lineage-associated
gene expression. Epi, epiblast; TE,
trophectoderm; PE, primitive endoderm.

Note: This figure is a copy of Figure 4 from [2].
Verbal permission has been granted by Kathy
Niakan for its use.

our understanding of the mechanisms for generation
of cell diversity, and for the establishment of distinct
cell lineages from pluripotent cells in the human
embryo, is far from complete. Interembryo variability
means that further extensive investigation of individ-
ual embryos, and of individual blastomeres or cells
from embryos at different stages of preimplantation
development, is needed to understand the full nature
and mechanism of regulation of transcriptional activ-
ity and embryonic genome activation.

After embryonic gene activation, the vast majority
of newly synthesized proteins are no longer mater-
nally coded. However, many of the proteins already
synthesized from maternal mRNA templates persist,
and therefore the maternal program continues to
influence development until the blastocyst stage and
beyond. Meanwhile, from the 8-cell stage onward the
embryo shows a marked increase in protein and RNA
synthesis, in amino acid and nucleotide transport, and
in synthesis and modification of phospholipids and
cholesterol.

2.3.3 Lineage Commitment

Identifying and understanding the molecular differ-
ences between ICM and TE cell lineages, the mechan-
isms that underlie them, and whether they cause or
are an effect of lineage commitment is important in
understanding how the ICM and TE form. It is
unclear precisely when genes associated with lineage
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decisions toward cell fate are expressed in human
embryos, but it would appear to be later than in the
mouse embryo, at around the early blastocyst stage.
Although some TE-associated gene expression has
been reported to occur as early as the 4-cell stage,
before major activation of the embryonic genome
takes place, there is some dispute over this. There is
a considerable body of evidence to suggest that, prior
to compaction, blastomeres in the human embryo
remain uncommitted regarding lineage (reviewed by
[6, 7]). Differences in transcriptomes and their prod-
ucts have been observed between individual 8-cell
stage blastomeres, some of which have characteristics
of the maternal, and others the paternal molecular
program. Perhaps individual blastomeres within the
8-cell embryo acquire molecular readiness to differen-
tiate into either ICM or TE cell lineage asynchron-
ously, in a cell-autonomous manner, around the time
of compaction. This seems plausible, given the asyn-
chronous cleavage of individual blastomeres between
the 4- and 8-cell stages.

Several lineage-defining transcription factors
(notably OCT4 and CDX2) have been identified that
are common to embryos of a number of mammalian
species including the human, and which show
species-specific differences in their patterns of
expression. Further direct studies of the temporal
and spatial expression of these and similar proteins
throughout human preimplantation embryogenesis is
needed to increase understanding of the molecular
mechanisms of lineage restriction.

Experimental separation of ICM and TE from
early human blastocysts has shown that both cell
types are able to regenerate a complete blastocyst,
indicating that irreversible commitment to the
respective cell lineages has not yet occurred.
Although there is, as yet, no direct evidence, differ-
ences between mouse and human embryos in this
respect suggest that different signaling pathways
may operate in the human embryo with respect to
establishing the two cell lineages, compared with the
mouse. Indeed, there is some evidence to suggest that,
in the human, the three cell lineages for epiblast,
primitive endoderm, and TE are established in the
same time frame. If correct, this differs from the
progressive segregation of these three lineages seen
in the mouse and implies that novel mechanisms
may be involved. It seems clear that full understand-
ing of the mechanisms for human embryo cell plur-
ipotency and cell lineage decisions cannot simply be
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extrapolated from findings in the mouse. To achieve
this, further direct analysis of human embryos is
required.

2.4 Kinetics of Preimplantation
Development

The timings of each cleavage division, of compaction,
morula, and blastocyst formation have been moni-
tored and documented since the earliest days of IVF,
providing a temporal framework for the accepted
“norms” for each event. Initially, when ART treat-
ment first became routine, embryo morphology was
assessed at discrete, relatively infrequent intervals
until day 2 or day 3 of development, only extending
to day 5 when improved culture conditions led to the
practice of in vitro culture to the blastocyst stage, in
the early 2000s. A consensus for optimal rates of
embryo development has been agreed, derived from
conventional morphology assessment data [8]. More
recently still, with the introduction of time-lapse
imaging technology, detailed information has become
available concerning dynamic changes throughout
preimplantation embryo development (reviewed by
[9]; see this volume, Chapter 11).

2.4.1 Timing of Cleavage Divisions

In embryos considered to be developing at a “normal”
rate in vitro, cleavage divisions take place every 18-20
hours (Figure 2.3). Embryos undergoing cleavage
more slowly or quickly may have lower viability and
may be manifesting inherent metabolic and/or
chromosomal defects, or display compromised viabil-
ity exacerbated by suboptimal culture conditions. The
consensus for optimum times by which embryos are
expected to have completed each cleavage division,
derived from conventional morphology assessment,
are: 2-cell stage: day 1 (26x1h post intracytoplasmic
sperm injection [ICSI], 28+1 h post-IVF); 4-cell stage:
day 2 (44+£1 h post IVF/ICSI); and 8-cell stage: day 3
(68+1 h post IVF/ICSI).

2.4.2 Morula Formation

The consensus derived from conventional morph-
ology assessment for the optimum time by which
the embryo should have commenced compaction
and morula formation, and undergone the fourth
cycle of cell division, is on day 4 (by 92+2 h post
IVF/ICSI).
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Figure 2.3 Normal developmental
timeline of human preimplantation
embryos
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2.4.3 Blastulation

The consensus for the optimum time by which
the embryo should have developed to the fully
expanded blastocyst stage, derived from conventional
morphology assessment, is on day 5 (1162 h post
IVF/ICSI).

2.5 Embryo Metabolism

Meeting the needs of the human preimplantation
embryo in vitro requires more than the simple provi-
sion of adequate conditions for sustenance to main-
taining stable physiological pH and osmolarity, and
provision of adequate levels of the appropriate energy
substrate. Similarly, evaluating the quality of culture
conditions requires more than the assessment of the
rate of successful blastocyst formation, or even the
rate of successful live birth following ART treatment.
It has become increasingly clear that the environment
to which the embryo is exposed, whether in vivo or in
vitro, influences the complex interplay of molecular
processes that regulate development. Perturbation of
the environment may lead to disruption of these
processes, or trigger adaptive compensatory responses
in the embryo that may contribute either to its demise
before successful implantation or persist beyond
implantation and affect the phenotype of offspring
across their lifespan. Understanding details of the
metabolic needs of the preimplantation embryo is
important if optimum conditions for development
in vitro are to be developed and maintained. The
potential consequences of suboptimal culture

conditions for the embryo, and for the long-term
welfare of the offspring born after ART treatment,
cannot be ignored (reviewed by [10, 11]).

ART entails manipulation of events related to
ovulation, fertilization, and embryo development.
Animal studies have shown effects of different in vitro
microenvironments, including constituents of culture
media such as hormones (insulin), amino acids, pyru-
vate, lactate, glucose, and growth factors, on birth
weight, growth rate, and cardiovascular function. In
humans, differences in the composition of culture
medium are thought to be associated with effects on
birth weight, and on body weight and BMI examined
in ART children at the age of 9 years. Some of these
effects have been shown to be reversed in animal
models through modification of culture media.

The effects of ART on offspring health are widely
considered to be epigenetic in origin. As described
earlier, the mechanism for regulation of gene expres-
sion is associated with DNA methylation and
demethylation. The observation that methylation of
certain imprinted genes in ART-derived human pre-
implantation embryos is perturbed supports this con-
clusion. Altered DNA methylation has also been
reported in the placenta, cord blood, and blood spots
from newborn ART offspring. The increased methyl-
ation of a paternal imprinted gene observed in the
buccal cells of children aged 2 years conceived
following ICSI, but not through conventional IVF,
led to the suggestion that this change is associated
with the extended manipulation in vitro that is neces-
sary for ICSI [12].
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That epigenetic changes may be influenced by the
microenvironment in which embryos are cultured has
been shown in numerous animal and human studies
with respect to culture media composition and DNA
methylation, and oxygen tension during culture [13,
14]. There is evidence to suggest that ART-induced
changes in DNA methylation could be gene- and/or
tissue-specific, and/or that subtle changes in DNA
methylation induced by ART may be compensated
or masked by the postnatal environment. Wide vari-
ations among and between populations and lifestyles
means that epigenetic studies in humans are inevit-
ably complex, and useful epigenetic data difficult to
extract. There is an urgent need for greater emphasis
on establishing databases for surveillance of ART
offspring, which have been implemented to date in
relatively few countries.

2.5.1 Metabolism Pre—Genomic Activation
2.5.1.1 Energy Substrate

Metabolic activity and substrate preferences of the
human preimplantation embryo alter between early
cleavage stages when pyruvate is the primary sub-
strate, to increased glucose and oxygen consumption
during later cleavage as embryos approach cavitation
(reviewed by [15]). Data from studies of nutrient
consumption by the embryo vary according to
medium composition and culture conditions, and
their interpretation is further complicated by the
existence of endogenous maternally inherited stores.
Nonetheless, the temporal association in the human
between the change in energy substrate utilization and
activation of the embryonic genome suggests a func-
tional relationship between the two, with significant
potential consequences for any perturbation of sub-
strate availability in vitro.

2.5.1.2 Hyperglycemia and Metabolic Stress

The implications of impaired metabolic activity in the
embryo is potentially serious. Direct consequences for
the cleavage stage human embryo must be inferred
from animal studies and understanding of cell physi-
ology, which suggest impacts on cell proliferation and
later development. Thus, elevated glucose levels can
result in suppression of insulin and glucokinase
expression, decreased mitochondrial function, and
accelerated apoptosis. Increased formation of reactive
oxygen species can lead to activation of common
stress-activated signaling pathways.
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2.5.1.3 Reactive Oxygen Species

Reactive oxygen species (ROS) represent a source of
stress for the embryo during in vitro culture, causing
an increase in hydrogen peroxide production and
possible DNA damage [16]. In response to ROS
exposure, homeostatic control is maintained through
increased activity of antioxidant enzymes, which may
itself compromise development. In bovine embryos,
vitamin E supplementation of culture medium has
been shown to suppress ROS damage.

2.5.1.4 Amino Acids

The many roles amino acids play in embryo develop-
mental programming, in addition to protein synthesis,
include energy production, regulation of osmolarity
and pH, homeostasis, and signal transduction [17].
Although animal studies have shown enhanced
embryo development when cultured in the presence
of certain amino acids, the optimum amino acid sup-
plementation for human embryo culture media has yet
to be identified; surplus or inappropriate amino acids
in the culture medium may spontaneously break down
to produce ammonium ions, which can cause short-
and long-term damage during development. The
potential consequences of unphysiological amino acids
in culture media on metabolic pathways in the
developing embryo are widespread.

Intracellular amino acid content in the embryo,
which is regulated through sodium-dependent and -
independent transporter systems, has been shown to
differ between mouse embryos in vivo and in vitro,
and its turnover to differ between human embryos in
vitro. Extensive in vivo studies in animal models have
demonstrated that the amino acid profile of uterine
fluid is influenced by manipulation of the maternal
diet, with consequences for abnormal programming
of preimplantation embryo development. Altered
levels of amino acids such as leucine, which is known
to play important roles in signaling and regulation of
protein synthesis, were identified. It is not difficult to
extrapolate these findings to conclude that there is
significant potential for effects on human preimplan-
tation embryos of exposure to altered amino acid
environments in vitro (reviewed by [10]).

2.5.2 The Metabolism Post—Genome
Activation

The level of metabolic activity in the 8-cell embryo
post activation of the embryonic genome increases
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significantly ~compared with earlier cleavage
stages, reflecting the major increase in levels of
protein and lipid biosynthesis and in transport of
macromolecules.

2.5.2.1 Energy Substrate

Glucose consumption increases in late cleavage, but
oxidative phosphorylation is the primary source of
energy production in blastocysts, rather than glycoly-
sis, due to the corresponding elevation in oxygen
consumption. However, hyper-elevated glucose
metabolism, particularly via glycolysis, may be a stress
response in the developing embryo.

2.5.2.2 Hyperglycemia and Metabolic Stress

Although information from direct investigation of the
human embryo is limited, using animal models
(rodent and bovine), where the extent of glucose
uptake in the late cleavage stage embryo shows a
positive association with developmental potential,
studies have shown that significant elevation of glu-
cose utilization is associated with reduced embryo
potential [18]. Hyperglycemia is known to affect the
expression of at least one transcription factor
(NF-iB), which regulates the expression of certain
growth factors, cytokines, and adhesion molecules
with roles in embryo developmental programming.
Exposure to excess external levels of glucose leads to
depleted glucose transporter expression, at both tran-
scriptional and translational levels, with consequences
for activation of the embryonic genome, apoptotic
pathways, chromatin degradation, and nuclear frag-
mentation. Reduced cell number in resulting blasto-
cysts exposed to these conditions in vitro may disturb
later morphogenesis and events associated with
implantation, through disruption of interactions
between the ICM and TE required for maintaining
trophectoderm proliferation.

2.5.2.3 Amino Acids

Again, our limited understanding of the specific
amino acid requirements, and their roles in human
preimplantation embryo development in vitro, is
derived almost exclusively by extrapolation from
animal models, so must be interpreted with caution.
Any direct role in activation of the embryonic
genome has yet to be demonstrated, but there is
sufficient knowledge of cellular physiology and the
metabolic pathways for amino acid turnover and pro-
tein biosynthesis to indicate that activation of the
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embryonic genome and blastocyst formation and
hatching will all be influenced by the in vitro amino
acid environment. In the mouse, a critical role in
blastocyst formation and expansion in vitro is sug-
gested for specific amino acids, notably isoleucine and
valine, by their significant uptake during these phases
of development. The overall pattern of amino acid
turnover and exchange observed in the mouse
embryo correlates with the capacity for blastocyst
formation, and the observation that embryos with
lower turnover exhibit greater developmental poten-
tial has led to formulation of the “Quiet Embryo”
hypothesis [19, 20].

2.6 Concluding Comments

The direct study of human embryos in a research
setting has revealed that preimplantation develop-
ment is characterized by reprogramming and pro-
gramming, triggered by sperm penetration, directing
the formation and fusion of the male and female
pronuclei and initiation of cleavage divisions.
Epigenetic reprogramming and modification direct
activation of transcription from the embryonic
genome between the 4- and 8-cell stages, degradation
of maternally inherited transcripts, and the differenti-
ation of and commitment to different cell lineages.
If parameters are identified during the cleavage
stages of human embryo development that predict
accurately the success or failure of a given embryo
to develop into a viable blastocyst, implant, and lead
to a viable pregnancy, it follows that the success or
failure of the embryo is predetermined in early
embryonic cells, even as early as the oocyte.

Key Messages

e A maternal program directs development almost
exclusively for the first three days of
development, from fertilization through to the
4- to 8-cell stage, utilizing macromolecules and
organelles laid down in the oocyte.

e In response to sperm penetration, calcium
pulsations in the oocyte trigger the cortical
reaction and resumption of meiosis.

e The sperm centriole is essential for mitosis in
the embryo.

e The first cycles of cell division in the embryo are
cleavage divisions with no net growth in embryo
size; cells halve in size at each division and the
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oocyte cytoplasm is divided between
pluripotent blastomeres.

The embryonic program directs development
beyond the 8-cell stage, with major activation of
transcription from the embryonic program
during the third cleavage division.

Maternal transcripts are degraded by this time,
although some functional maternal proteins
persist after the embryonic program assumes
overall direction of further development.
Compaction, resulting in morula formation on
day 4 of development, is characterized by
increased cell-cell adhesion and intracellular
polarization, laying down the basis for
differentiation during subsequent cell divisions,
and the generation of cell lineages in the embryo.

The blastocyst forms on day 5 of development,
within which different cell types with different
fates are evident for the first time: the pluripotent
inner cell mass (ICM) and the outer
trophectoderm (TE).

The primary energy substrate for the embryo
changes from pyruvate during cleavage to
glucose after embryonic genome activation,
which coincides with a major increase in
metabolic and biosynthetic activity.

The environment of developing gametes and
embryos, whether in vivo or in vitro, influences the
complex interplay of molecular processes that
regulate development; full understanding of these
processes and influences is essential if embryo
development in vitro during ART is to be optimized.
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3.1 Introduction

Following a natural conception, the embryo under-
goes preimplantation development sequentially
within the fallopian tube and the uterus. In the fallo-
pian tube, the ovum is fertilized and the resultant
embryo undergoes serial divisions to morula stage; it
enters the uterine cavity as a morula or unhatched
blastocyst (Figure 3.1). Here it is nurtured by endo-
metrial secretions and other critical uterine fluid
components to complete its final preimplantation
development before attaching to and invading the
endometrium. Subsequently, the placenta will develop
to sustain fetal growth and development until birth.
Both the fallopian tubes and the endometrium
undergo cyclical morphological and molecular
changes driven predominantly by ovarian hormones
during each menstrual cycle. In the macaque, which
undergoes menstrual cycles similar to the human,
estradiol-17p (E) is the critical hormone for prepar-
ation of the fallopian tubes whereas progesterone (P)
(in the presence of E) is critical for endometrial dif-
ferentiation. The fallopian tubes provide the milieu to
support sperm transport, fertilization, and very early
embryo development, while the endometrium under-
goes its major progesterone-driven differentiative
changes in preparation for implantation, which
typically occurs some 7-10 days after ovulation.
Importantly the embryo is relatively “quiet” during
its time in the tubes (see Chapter 12 in this volume)

Work in the author’s laboratory is largely funded by
NHMRC of Australia (project and fellowship grants) and by
the Victorian State Government’s Infrastructure Support to
the Hudson Institute. Thanks to designers Kim-Vu
Salamonsen (kDesignandthings.com) for Figure 3.1 and Sue
Panckridge at the Hudson Institute for Figure 3.2 and
Figure 3.3.
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although there are some influences of tubal fluid
contents on embryo development. The embryo
becomes highly active at a molecular level once it
enters the uterine environment as a blastocyst. In
infertile couples, after tubal patency is proven during
early workup, artificial reproductive technologies are
generally applied to fertilize and culture the embryo
in vitro to the morula or early blastocyst stage and
then transfer it directly into the uterine cavity, thus
bypassing tubal influence.

Embryo transfer studies in a range of animals and
subsequent human data from early IVF clinics [1]
unequivocally demonstrate the necessity for develop-
mental synchrony between the preimplantation
embryo and the cyclically changing endometrium.
Indeed, in women there is only a brief period of ~4
days in each menstrual cycle, termed the window
of implantation (WOI), when the endometrium is
receptive to implantation. This coincides with the
blastocyst entering the uterine cavity, undergoing
final development, and attaching to the endometrial
surface.

3.2 Endometrial Cyclicity and the
Development of Receptivity

The endometrium undergoes remarkable remodeling
during each menstrual cycle [2], with the functionalis
layer being shed at menstruation, followed by regen-
eration (proliferation of all cell types) under the influ-
ence of rising estrogen during the proliferative phase.
Following ovulation and largely driven by rising pro-
gesterone and estrogen levels, all cells then differen-
tiate to achieve endometrial receptivity for embryo
implantation in the mid-secretory phase. If no con-
ception occurs in that cycle, progesterone levels fall
with the demise of the corpus luteum, inducing men-
struation (Figure 3.2). Differentiative processes in
each of the endometrial cell types are required for
receptivity and implantation.
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Figure 3.1 The pathway of normal embryo development

The oocyte released from the dominant ovarian follicle enters the fallopian tube, where it is fertilized to form a zygote, then undergoes a series
of cell divisions to form 2-, 4-, and 8-cell embryos. A morula/early blastocyst is the embryonic stage of entry into the uterine cavity. It is within
this microenvironment that the blastocyst hatches and prepares for attachment to and invasion between the endometrial epithelial cells, in
the process of implantation.
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Figure 3.2 Cyclical endometrial changes are normally driven by hormones

Following endometrial shedding at menstruation, the tissue is restored during the proliferative phase of the cycle under the stimulus of rising
estrogen from the dominant follicle. Following ovulation, all the cells undergo differentiation under the influence of progesterone in the
presence of estrogen. This results in the endometrium becoming “receptive” to embryo implantation. In the absence of an embryo, falling
estrogen and progesterone levels result in menstruation.
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3.2.1 Luminal Epithelium

The endometrial surface facing the uterine cavity is
covered by a tightly packed layer of epithelial cells, the
luminal epithelial cells, which form a barricade
guarding and protecting the endometrium from
chemical injury and microbial infection. These cells,
being the first endometrial contact by an embryo for
implantation, must “weaken” their barrier function to
allow embryo attachment and penetration. Indeed,
the process of embryo implantation presents a para-
dox in cellular biology. To maintain their epithelial
characteristics, epithelial cells are generally polarized.
Both the outer layer of the embryo (the trophecto-
derm) and the luminal epithelial layer of the endo-
metrium typically present with a polarized phenotype.
Naturally two polarized epithelial surfaces will repel
each other. As an analogy, imagine the similar poles
of two magnets when introduced to each other will be
mutually repulsive. So too are two polarized epithelial
surfaces. Polarity also maintains tight junctional com-
plexes between the epithelial cells, providing an
impenetrable layer. The polarity of the luminal epi-
thelium must therefore change in preparation for
embryo implantation. This is demonstrated by a
decrease in electronegativity (shown in marmosets)
and a downregulation in factors controlling epithelial
polarity. Thus, the luminal epithelium undergoes
a partial epithelial-to-mesenchymal transition. In
laboratory assays, downregulation of polarity mol-
ecules in human endometrial epithelial cells decreases
tight junctions for implantation, reinforcing the
importance for receptivity of polarity changes in the
luminal epithelium [3].

The luminal epithelial surface must also become
adhesive for attachment of the trophectoderm. Some
of the molecules adapted for this purpose include
those that are important for leukocytes to adhere to
a vessel wall, such as the lectin-like protein L-selectin
(present on the trophectoderm) that can bind to spe-
cific carbohydrate structures on the endometrium.
Other candidate adhesion systems present at this
interface include integrins, heparin-like EGEF-like
growth factor (HB-EGF), and its receptor Erb4. In
addition, the cells remodel their plasma membrane
through a process called the “plasma membrane
transformation” (reviewed in [4]). For instance, they
lose long and regular microvilli and flatten their
apical plasma membrane, presumably to allow a
closer physical contact with the implanting blastocyst.
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The membrane-cytoskeleton interactions inside the
cell also alter substantially, and in the meantime
special apical protrusions termed uterodomes or
pinopodes develop on the cell surface, likely to assist
the immobilization of the blastocyst. These structural
alterations are achieved through molecular changes,
one of which is the enzymatic cleavage of the scaffold-
ing protein EBP50 and membrane protein dystrogly-
can by proprotein convertase (PC) 5/6 [5, 6]. Another
significant remodeling is the thinning of glycocalyx, a
layer of gel-like substance on the external surface that
lubricates epithelial cells but poses a steric hindrance
for blastocyst attachment. An example of glycocalyx
thinning for receptivity is the dramatic downregulation
of mucin-1 in mouse uterine epithelial cells. However,
mucin-1 is increased rather than decreased at receptiv-
ity in the human endometrium, signifying that the
mechanisms of endometrial epithelial glycocalyx
remodeling for receptivity differ between species.

3.2.2 Glandular Epithelium

The glandular epithelium plays a different role from
the luminal epithelium, being the primary source of
secretions into the uterine cavity. Accordingly, their
expression of polarity markers does not change con-
siderably throughout the menstrual cycle, likely
reflecting the need for the glandular epithelial cells
to maintain apico-basal polarity to facilitate secretion
of key factors into the glandular lumen [3]. Indeed,
while proteins released or “secreted” from the endo-
metrial glands can be identified within the uterine
cavity during the proliferative phase of the cycle, the
diversity of these secretions increases during the
secretory phase under the combined influence of
E and P. During this time these factors released by
the endometrial epithelium can enter into a “dia-
logue” with the preimplantation embryo to facilitate
implantation [7]. Furthermore, alterations in such
endometrial factors within the uterine cavity may
underpin infertility in some women. Subsequent to
implantation and during the first trimester, secretions
from the endometrial glands supply the histotrophic
nutrition to the developing conceptus while the pla-
centa is being formed [8].

3.2.3 Stromal Cell Decidualization

While the endometrial luminal epithelial cells
undergo a partial epithelial-to-mesenchymal transi-
tion in preparation for receptivity, the endometrial
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stromal cells undergo the opposite process; a partial
mesenchymal-to-epithelial transition known as decid-
ualization [2]. Menstruating species alone spontan-
eously undergo this hormone-mediated terminal
differentiation of the endometrial stroma as P levels
rise. During decidualization, polarity markers are
upregulated in stromal cells, highlighting that they
become more epithelial-like. Indeed, they fail to
decidualize when polarity marker expression is pre-
vented by genetic manipulation, suggesting that the
development of epithelial-like characteristics is a key
component in stromal cell decidualization. Together
with infiltrating leukocytes and cells of the vascula-
ture, these differentiated stromal cells will subse-
quently form the decidua, the maternal component
of the placenta. Rising levels of P, acting at least in
part through the mediator cyclic AMP, induce decid-
ualization initially in the stromal cells close to the
spiral arteries. Its progression is enhanced by a
number of paracrine factors that create a “wave of
decidualization” throughout the endometrial stromal
compartment. Decidualization alters cellular cytoskele-
tal organization, extracellular matrix composition, and
secretion of cytokines and chemokines. Cell respon-
siveness to external stimuli is also altered and indeed
this leads to their “sensing of embryo quality” [9] and
restraint of trophoblast cell invasion after implant-
ation. Other steroid hormones (E, glucocorticoids,
mineralocorticoids, and androgens) acting through
their receptors in the endometrium may help confer
specificity of hormone action during decidualization.
In a nonconception cycle, as P levels fall, the decidua-
lized stromal cells secrete degradative enzymes contrib-
uting to the tissue breakdown at menstruation.

3.2.4 (hanges in Blood Vessels

Spiral arterioles, unique to the endometrium, are
small vessels that temporarily supply blood to the
endometrium in the secretory phase. These are subse-
quently converted for uteroplacental blood flow during
the first trimester of pregnancy, when invasive tropho-
blasts colonize the vessels, transforming the elastic
lamina and enabling the vessels to become flaccid sacs,
ideal for gas and nutrient exchange. Histologically,
spiral arterioles are useful for defining cycle stage.

3.2.5 Leukocyte Infiltration

Leukocytes are present in the endometrium in varying
numbers across the menstrual cycle and contribute to
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its constant remodeling. These include uterine natural
killer cells (uNK), mast cells, T cells, and dendritic
cells. Many of these are quiescent and nonfunctional
until their activation. During the prereceptive phase
(early secretory) uNK cells proliferate and macro-
phages influx into the endometrium. There is no
evidence that uNK cells initiate or promote deciduali-
zation. These leukocytes have specific phenotypes,
expressing different markers of differentiation and
function compared with peripheral leukocytes.
Decidualized stromal cells secrete mediators including
chemokines and chemokines that can influence the
function and differentiation of these leukocytes. In a
nonconception cycle, the falling P and E levels in the
late secretory phase result in a massive influx of leuko-
cytes, mainly neutrophils, that create a highly inflam-
matory milieu, critical for menstrual breakdown.

3.3 Events of Implantation

Within the uterine cavity in vivo, the blastocyst first
hatches from the surrounding zona pellucida, pre-
sumably by mechanical forces and/or enzymatic lysis
using species-specific proteases of uterine origin (cur-
rently not characterized in the human). At this stage,
the outer layer of the blastocyst (that surrounds the
inner cell mass (ICM) and the blastocoele), the tro-
phectoderm, a layer of epithelial cells, participates in
implantation and will eventually form the maternal
component of the placenta. The polar trophectoderm
(that adjacent to the ICM) becomes apposed to and
attaches to the endometrial luminal epithelium. As
discussed in Section 3.2.2, since epithelial cells are
mutually repulsive by nature, there must be changes
in one or both surfaces to permit adhesion. The endo-
metrial epithelial cells also must reduce their polarity,
and decrease their lateral and basal junctional com-
plexes, to enable the blastocyst cells to penetrate
between the epithelial cells and their basal lamina
(Figure 3.3) to form a syncytium beneath the epithelial
layer, from which invasive trophoblast cells arise.
Simultaneously, the stroma has been undergoing
decidualization (as detailed in Section 3.2.3), with for-
mation of decidual cells and influx of immune cells,
particularly macrophages and uterine natural killer
cells, that together comprise the decidua. The invasive
trophoblasts traffic through the decidua (which exerts
constraint by secretion of antiproteases), until by the
end of the first trimester, they reach and invade the
spiral arterioles, transforming them into large conduits
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attachment

Figure 3.3 Processes leading to
successful implantation and early
placentation

The embryo as a blastocyst undergoes
preimplantation development within the
microenvironment of the uterine cavity. This
enables it to become apposed to, then
attach to the receptive luminal epithelium of
the endometrium. The trophectodermal cells
then penetrate between the epithelial cells
that transiently lose their polarity. The
trophectoderm forms a syncytium (S)
beneath the epithelium, from which invasive
trophoblast cells (TE) invade through the
decidual compartment to reach the spiral
arterioles (SA). Simultaneously, endometrial
stromal fibroblasts undergo decidualization.
The resultant decidual cells release
chemokines and other factors that attract
macrophages (M) and uterine natural killer
cells (NK) into the decidua. Straight arrows

invasion

of low resistance to provide the flaccid sacs of the
placenta, needed for gas and nutrient exchange for
the remainder of pregnancy (Figure 3.3).

3.3.1 The Uterine Tract Microenvironment:
Why s It Important?

Since preimplantation embryo development occurs
within the uterine cavity, the components of uterine
fluid are of considerable importance. They comprise
a complex molecular soup (the histiotroph) that
includes the nutrients required to nurture the final
blastocyst development, along with bioactive factors
that promote changes necessary for implantation on
both the endometrial and blastocyst surfaces. It is
these factors that provide a local embryo-maternal
dialogue essential for implantation. Some are soluble,
while others are contained within extracellular ves-
icles (EV) that protect them from degradation, and
include proteins, lipids, and miRNA. Both soluble
and EV-contained mediators are controlled by steroid
hormone action on their cell of origin, with changes
between proliferative (E-regulated) and secretory (E
+P regulated) phases clearly identified. While uterine
fluid contents can be derived from serum (selective
transudation) and the fallopian tubes, most are
secreted from the endometrial glands, particularly in
the mid-secretory phase when these are at their most
active, and also in conception cycles, from the blas-
tocyst (these include the hormone human chorionic
gonadotrophin [hCG]) [7]. Most factors are at con-
centrations differing from those in the serum. For
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represent soluble secretions. « represent
extracellular vesicles.

many of the secreted factors, the corresponding
receptor can be found; for example, for the secreted
chemokines CXCL3, CCL14, and CCL4 of endomet-
rial epithelial origin, specific receptors have been
identified on trophoblast cells and these chemokines
can regulate trophoblast migration. Likewise, secreted
proteolytic enzymes such as PC 5/6 can cleave epithe-
lial cell surface proteins, which act as a barrier for
embryo attachment.

3.3.2 Effects of an Elevated BMI

While a “cause” for infertility remains unknown in
many women, an elevated body mass index (BMI) is
significantly associated with infertility and an
increased time to pregnancy. A large oocyte donation
study linked an altered uterine environment/altered
endometrium with reduced pregnancy success in
women with BMI > 30. To underpin this finding,
an adverse environment within the uterus of women
with BMI > 30, characterized by ~4-fold elevated
levels of advanced glycation end products (AGEs)
has recently been identified [10]. AGES are deriva-
tives of fat- and sugar-related molecules, that can
cause “toxic” inflammation within the body. Such
AGEs can detrimentally impact both the developing
embryo (particularly the ratio of trophectodermal/
ICM cells, and embryo outgrowth ex vivo), the
endometrial epithelium (adhesive and proliferative
capacity), and stromal cell decidualization. Thus,
reduction of AGEs prior to treatment for infertility
in obese women is likely to enhance success rates.
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3.4 (Changes Induced in the
Infertility Clinic

3.4.1 Effects of Ovarian Stimulation

Controlled ovarian hyperstimulation, a key step in
IVFE treatment, aims to stimulate production and
maturation of multiple follicles, rather than as occurs
in normal cycles, when only one follicle reaches mat-
uration and ovulation, with the remainder undergoing
atresia. Stimulation is usually with GnRH agonists or
antagonists, the latter most commonly used, with
dosages and protocols differing between clinics.
However, such stimulation affects hormonal levels
and can be detrimental to development of endometrial
receptivity. It can also result in ovarian hyperstimula-
tion stimulation syndrome (OHSS, not discussed here).

3.4.1.1 Hormonal Levels

In a stimulated cycle, the multiple follicular growth
results in supraphysiological serum E levels during
the follicular phase, and daily injections with follicle-
stimulating hormone (FSH) are necessary to prevent
FSH levels falling below the threshold needed for
follicle stimulation. Elevation of serum P levels during
the late follicular phase in stimulated IVF cycles is
frequent, probably due to the action of the injected
FSH on granulosa cells, even in the absence of luteini-
zation. Since P is the major driver of endometrial
differentiation, these prematurely rising serum
P levels detrimentally affect the endometrium and lead
to asynchrony between embryo and endometrium
[11]. Thus, many clinics now adopt a “freeze-all” strat-
egy when P levels are >1.5 ng/ml on the day of hCG
administration. It is also likely that in “high respond-
ers” the P threshold to induce detrimental effects is
higher than in low and normal responders. A freeze-all
strategy or personalized stimulation could overcome
this problem, and the former is now widely applied.

3.4.1.2 Effects on Endometrial Development

Despite the availability of high-quality embryos, fresh
embryo transfer cycles regularly fail to result in a
positive pregnancy outcome. Many studies have dem-
onstrated a detrimental impact of ovarian hypersti-
mulation protocols on endometrial receptivity and
gene expression. A careful histological comparison
of endometrium from fertile women on LH+2,
fertile oocyte donors on hCG+2, and infertile women
(either GnRH agonist or GnRH antagonist protocols
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followed by fresh embryo transfer) showed clearly
that, histologically, the endometrium was altered at
hCG+2 in all women who had undergone ovarian
hyperstimulation compared with the natural cycle
at LH+2. These changes encompassed advanced
glandular development, precocious downregulation
of the progesterone receptor, altered blood vessel
development, and increased infiltration of inflamma-
tory leukocytes. Importantly, those women who
became pregnant after fresh embryo transfer had a
more “normal” endometrial histology (more similar
to that on LH+2 of a natural cycle) than those who
did not become pregnant, highlighting the critical role
of appropriate endometrial preparation in pregnancy
outcomes [12].

3.4.1.3 Effects of Ovulation Induction with hCG on
Endometrial Receptivity

The role of hCG in endometrial receptivity is contro-
versial. In natural cycles, release of hCG by the
developing embryo acts on the maternal endomet-
rium to enhance expression/production of proim-
plantation factors. However, precocious exposure to
hCG as experienced in IVF cycles in which hCG has
been used for ovulation induction appears to be det-
rimental to endometrial receptivity. This likely relates
to hCG downregulating its own receptor. Thus, when
the embryo is transferred back into the uterine cavity
5-7 days after an hCG bolus, the endometrium can no
longer respond appropriately to hCG released by the
embryo [12]. Indeed, a recent Cochrane review found
insufficient evidence to support the use of adjuvant
hCG in IVF cycles to improve pregnancy success [13].
Further, two prospective and one retrospective clin-
ical studies found a negative effect of intrauterine
hCG administration on pregnancy outcomes, reinfor-
cing the need for “physiological” rather than “supra-
physiological” communication between endometrium
and embryo in achieving a pregnancy.

3.4.2 Freeze—Thaw Cycles

The recent increase in the proportion of frozen
embryo transfers (FET) can be ascribed to the factors
detailed in Table 3.1. While transfer in either modi-
fied natural cycles (mNC-FET) or in artificial cycles
(AC-FET) are both widely practiced, the best method
of endometrial preparation before thawing and trans-
fer remains under debate. Embryo transfer must be
within the endometrial “window of implantation” or
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Table 3.1. Reasons for increased frozen embryo transfers
Increased number of oocytes generating viable embryos
Widespread move to single blastocyst transfer
Vitrification replacing slow freeze cryopreservation

Understanding that ovarian stimulation protocols
adversely impact endometrial function

receptive period, which starts 5-7 days after ovulation
and remains for 4-5 days. Despite numerous trials
including “ANTARCTICA,” no endometrial prepar-
ation method has been shown as superior in terms of
live births (review in [14]).

3.5 Testingfor Endometrial Receptivity

Endometrial receptivity should not be considered a
single event but rather a period of orchestrated multi-
factorial change, during which the endometrium
becomes able to interact with an embryo to a greater
or lesser extent. This complexity of “receptivity,”
combined with a variety of fertility-impacting etiolo-
gies and a range of patient outcomes (e.g. recurrent
implantation failure, pregnancy loss, and pregnancy
complications), has meant that progress toward an
endometrial receptivity test has been slow. While
many individual markers (proteins, genes, or
miRNAs) have been proposed, few have reached the
clinic because proofing studies are either absent or
inadequate, with likely useful markers abandoned due
to unrealistic performance expectations that failed to
account for the complex nature of receptivity, etiolo-
gies, and outcomes [15].

Histological analysis to define the timing of the
endometrial cycle, either conventional Noyes criteria
or more recently integrin analysis, has been displaced
in favor of gene expression analysis of endometrial
biopsy, in the form of the “Endometrial Receptivity
Array” (ERA) and the new ERPeak (for which no data
are published). The ERA combines expression of
238 genes to optimize the synchrony of the endomet-
rium and embryo. Endometrial biopsy is collected in
a prior cycle raising concern of potential intercycle
variation. To date published intercycle comparisons
have demonstrated consistency but results are limited
to women with dysregulated endometrium in
whom greater cycle variation might reasonably be
anticipated. More recently, the ReceptivaDx test
measuring BCL6 as a marker of progesterone resist-
ance, typically associated with endometriosis, has
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become available. Thus far mixed results are pub-
lished from small cohorts and retrospective studies
comprising a mix of patient subgroups and patient
outcomes. Effectiveness and applicability of all these
assays are not evaluated supportively [16], and better
assays are still required along with multicenter ran-
domized clinical trials of well-defined patient cohorts
with pregnancy outcome as an endpoint.

It is anticipated that in the future a single yes/no
receptivity test will be abandoned in favor of patient
stratification and multivariate testing combining
many biomarkers. Expanded knowledge is hoped to
deliver a broadly useful and reliable test.

3.6 Adjuvant Therapies

A large number of adjuvant therapies have been
introduced into clinics in recent years. Many of these
are suggested to improve endometrial receptivity.
However, evidence for benefit is largely absent and
some are shown to be even somewhat detrimental.
A summary derived from a number of excellent
reviews of the topic is provided in Table 3.2.

3.6.1 The Endometrial Scratch: Myth
or Reality

The first report that an endometrial “injury” in the
cycle preceding embryo transfer could double the
chance of pregnancy success spurred the assisted
reproductive technology world to routinely offer this
intervention. The original study examined women
defined as “good responders to hormone stimulation”
who had failed to conceive in at least one previous
IVE-ET cycle. Pipelle biopsy was performed on days
8, 12, 21, and 26 of the spontaneous menstrual cycle
prior to the IVF-ET cycle. This resulted in a live
birth rate of 48.9% versus 22.5% in the control
group. Subsequently, multiple global studies were
performed in a variety of patient groups, with some
supporting the original findings while some did not.
A recent international randomized trial examining
1364 women did not support endometrial scratching
to improve pregnancy outcomes [21]. However, the
timing of endometrial injury occurred over a large
time span, day 3 of preceding cycle to day 3 of embryo
transfer, and did not focus on women with recurrent
implantation failure. Thus, there is potential for this
intervention to benefit some women, but how to
define such women remains to be determined.
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Table 3.2. Adjuvant therapies: what is the evidence?

Treatment

Hormonal

Prolonged progesterone

Luteal estradiol
supplementation

Aromatase inhibitors

Insulin-sensitizing drugs

GnRH agonist

DHEA (dehydro-
epiandrostenedione)

Growth hormone

Testosterone

Human chorionic
gonadotropin infusion

CSF3 (G-CSF) as
Filgrastim

Immune therapies

Ascorbic acid

Glucocorticoids

Proposed mechanism of
action

Luteal phase
supplementation in
downregulated cycle

Luteal phase
supplementation in
downregulated cycle

Reduced estrogen
synthesis reducing
endometrial receptivity
Minimizing insulin
resistance

LH-releasing properties

Helps in production of
testosterone and estrogen

Indirect via follicular
insulin-like growth factor
stimulating estradiol
production

Modulation of
decidualization and
decidual-trophoblast
interactions

May affect implantation
through angiogenesis,
increased endometrial
receptivity, and reduction
in NK cells

Affects endometrium via
its receptors on
endometrial epithelium

Anti-inflammatory and
immunostimulant

Immunomodulatory,
suppress NK cells

Overall outcomes -
pregnancy rates in
nonselected IVF
populations

No significant benefit'

Still controversial'

No significant benefit'

No significant benefit. May
reduce miscarriage and
OHSS rate in women with
pPCOS'

No significant benefit'

No significant benefit>?

Inconclusive — may be
effective but only in GnRH
agonist cycles*?

No significant benefit®

No significant benefit,
but new Cochrane trial
suggested significant
improvement®

Inconclusive — new
evidence indicates no effect
on implantation but
possibly positive for
recurrent miscarriage
postimplantation®

No significant benefit'

No significant benefit’
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Any detrimental effects

Minor androgenic side
effects

May negatively affect
endometrial receptivity

Its use in stimulating
ovulation reduces
subsequent endometrial
receptivity”

There may be a fine balance

between too little and too
much?
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Table 3.2. (cont)

Treatment Proposed mechanism of

action

Immune therapies
including IV
immunoglobulins, TNF«
inhibitors, GCSF, PIF, LIF
PBMCs, intralipids
vitamin D
supplementation

Manipulating peripheral
NK cells

Antibiotics May reduce infection in
upper genital tract
Steroids Alter immunological
uterine environment
Melatonin Antioxidant

No known action in
implantation

Antioxidants including
cQ-10

Vasoactive drugs

Aspirin Improving uterine blood
flow, reducing platelet
aggregation and
vasoconstriction

Heparin Antiplatelet aggregation

Combined aspirin and
heparin

Nitric oxide donors and Uterine vasodilatation

nitric oxide (as sildenafil)
Note: Data derived from 1. [17]; 2. [18]; 3. [19]; 4. [20].

Overall outcomes -
pregnancy rates in
nonselected IVF
populations

Any detrimental effects

No significant benefit, no
randomized control trials®>

Many have side effects
including anaphylaxis (ivig),
lymphoma, heart failure,
infections, induction of
autoantibodies (anti-TNFa)

No significant benefit®

No significant benefit'
Significant benefit®

No proven benefit

No significant benefit®?

No significant benefit in 4/5
meta-analyses'?

No significant benefit®? May increase bleeding

No significant benefit? May increase bleeding
including vaginally;

thrombophilia

No significant benefit' Possibly detrimental to

embryo development

3.7 Conclusions

The importance of the endometrium in achieving a
pregnancy within an infertility clinic setting can no
longer be ignored. The evidence is clear. Preparation
of the endometrium to be receptive at the appropriate
time must be considered in clinical protocols — often
this will not require any external treatment other than
a high-quality embryo transfer into a fully natural
cycle. Most of the adjunct treatments offered to
couples provide no advantage, and indeed some can
be detrimental. A good test for endometrial receptiv-
ity in the cycle of transfer is still not available but,
once it is, will provide considerable benefit to
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outcomes of medical fertility treatment. Emerging
technologies, including new genomic techniques,
and those using organoids and blastoids, are rapidly
expanding our knowledge in this field [22] and are
providing solid support for these conclusions.

Key Messages

e The endometrium undergoes shedding,
restoration, and differentiation in each
menstrual cycle.

e This is driven predominantly by the ovarian
steroid hormones estradiol 178 and
progesterone. In the proliferative phase the
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tissue is restored while after ovulation the
endometrial cells differentiate in preparation
for implantation.

The endometrium is receptive for an embryo to
implant for only ~4 days in the mid-secretory
phase of the cycle, known as the “receptive
phase” or “window of implantation.”

The embryo undergoes its final development
(blastocyst hatching, preparation for
implantation) in the uterine cavity, which is rich
in nutrients and regulatory factors that support
this development.

The blastocyst comprises two cell types,

the inner cell mass and the outer
trophectoderm. It is the trophectoderm that must

mediated largely by their secretions into the
uterine cavity. This enhances

implantation potential.

In an IVF cycle, the hormones used for ovarian
stimulation disturb endometrial development.
The more disturbance, the less likely it is that an
embryo will implant.

The hCG given to stimulate ovulation
downregulates its own receptors on the
endometrium, making it unresponsive to the
subsequent hCG originating from the blastocyst.
There is little evidence to support any of the
currently available adjuvant therapies. Indeed,
there is evidence of some harm.

Evidence for the “endometrial scratch” is

attach to, and penetrate the outer epithelial

layer of the endometrium and then

further passage through the tissue to form

the placenta.

The blastocyst and the endometrial epithelium
set up an embryo-endometrial dialogue,
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The Sperm’s Role in Embryo Development

‘ Nahid Punjani, Russell P. Hayden, and Peter N. Schlegel

4.1 Introduction

It is commonly stated that a male factor is involved
in up to 50% of couples presenting with infertility.
With the advent of IVF, intracytoplasmic sperm
injection (ICSI), and testicular sperm extraction
(TESE), the most severe forms of male infertility
became treatable. This apparent ability to bypass
significant sperm dysfunction drove much of the
early research of embryo development to focus on
the oocyte. With direct observation of oocyte and
sperm interaction, the role of sperm contributions to
fertilization, early embryo quality, and subsequent
development of a successful pregnancy became pos-
sible. Evidence is now mounting concerning the
importance of DNA integrity, chromatin organiza-
tion, epigenetics, and prepackaged RNA that the
sperm passes to the zygote.

The optimization of IVF and IVFE-ICSI outcomes
has been hindered by several ongoing obstacles
regarding the male gamete. Nearly all of the current
assays used to judge sperm quality are destructive in
nature, precluding the rational selection and eventual
use of sperm following these tests. In addition, sperm
DNA integrity tests likely only detect the most severely
damaged spermatozoa, so the proportion of damaged
or defective sperm is underestimated by such evalu-
ations. Inferences are usually made about a given
semen sample based upon the analysis of previously
procured sperm. For instance, all currently available
methods to measure sperm DNA fragmentation
destroy the cell. Ideally, when spermatozoa are selected
for use in ICSI, the embryologist would choose the
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cells with the best DNA integrity. Such technology
does not yet exist, and so judgments are made based
upon prior testing, and the motility and morphology
of the current sample at hand. Unfortunately, trad-
itional semen parameters such as morphology have
proven poor predictors of reproductive outcomes.
Additionally, it is now appreciated that even favorable
appearing sperm assessed by microscopy may harbor
significant DNA fragmentation [1].

Assessment of sperm quality beyond traditional
semen parameters has been hindered by limited evalu-
ation of sperm quality and the lack of standardization
for sperm quality testing. Much of the data generated
for newer forms of male assessment have relied upon
retrospective and or highly heterogenous cohorts. For
instance, it is well known that without strict control of
female factors, which are often strong predictors of
reproductive outcome, the signal from even significant
sperm dysfunction may be easily obscured [2]. The
resulting multitude of contradictory studies have dis-
couraged investment into advanced semen assays and
obscured the importance of a secondary reproductive
factor such as sperm quality. Currently, the sperm
chromatin structure assay (SCSA™) remains the only
primary test that has been clinically standardized with
established thresholds.

Nevertheless, the initially underappreciated role
of the sperm, and how it may be manipulated to
improve the outcomes of advanced reproductive
technology, remains a promising territory for
embryologists. In this chapter we will highlight the
sperm’s influence on embryo development. Firstly,
the current understanding of sperm physiology will
be discussed, as emerging clinical technology will
hinge upon this knowledge. Lastly, the currently
available techniques for sperm assessment and selec-
tion will be reviewed. Special attention will be paid to
sperm DNA integrity, as this topic carries the
broadest data and is already being used for specific
clinical scenarios.
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4.2 Implications of Sperm Physiology
for the Embryo

Spermatozoa are remarkably specialized cells adapted
to deliver their genetic payload across two distinct
reproductive tracts, all the while evading an immune
response. Once deposited in the lower female repro-
ductive tract, motility and chemotaxis are both
employed to hone to an oocyte. The process of capa-
citation in the female reproductive tract further
enhances sperm functionality. Successfully engaged
with its target, both sperm and oocyte begin a coord-
inated species-specific fusion event that leads to fertil-
ization. Considerable effort has been spent in
exploring the mechanics of these processes. As stated,
the advent of IVF-ICSI has deemphasized much of
the importance of reproductive physiology’s “front
end.” Beyond the necessary contribution of the
sperm-derived centrosome and sperm-based oocyte
activation factors, the male’s role in early embryogen-
esis has remained understudied [3]. We will detail the
current understanding of the sperm’s contribution to
a developing embryo following fusion, an emerging
field that will potentially alter clinical embryology.

4.2.1 DNA Packaging and Delivery

The male gamete is equipped with a unique chromatin
structure that prepares it for safe transport, while also
carrying implications for the embryo. Spermatozoa are
uniquely prone to oxidative damage because of a lack
of cytoplasm and cytoplasm-derived antioxidant
enzymes. When considering DNA organization, three
elements currently appear relevant to embryo develop-
ment: nuclear matrix attachments, protamination, and
regions of preserved histone backing (Figure 4.1).

4.2.1.1 Nuclear Matrix Attachments

Appropriate chromatin organization requires attach-
ments of the sperm DNA to the nuclear matrix
approximately every 50 kb. These matrix attachment
regions appear necessary and sufficient to promote
pronuclear formation and for the initiation of DNA
replication within the zygote [4]. Animal studies have
shown that even with significant removal of up to
50% of the sperm’s DNA with endonucleases, preserv-
ing the matrix attachment regions will still permit
the initiation of DNA replication within the oocyte.
On the other hand, injecting intact DNA without
attachment to the nuclear matrix did not result in

https://doi.org/10.1017/9781009025218.005 Published online by Cambridge University Press

either formation of the male pronucleus or initiation
of DNA replication [4]. The matrix attachment
regions remain an underappreciated, and understud-
ied, aspect of sperm physiology.

4.2.1.2 Protamine

The replacement of histones for protamines is a
sperm-unique process that imparts a significant
decrease in size and increases resistance to exogenous
insults such as reactive oxygen species (ROS) [5]. The
importance of protamination beyond its protective
role has been debated for several decades [6].
Multiple groups have purported that incomplete pro-
tamination may lead to impaired decondensation of
the male genome, delayed cleavage, and impaired
embryo development overall. Much of the initial data
that demonstrated an association with chromatin
maturity and reproductive outcomes have been
refuted by more contemporary studies with higher
power, which have also been substantiated by findings
in mouse models [4, 6].

Nevertheless, the repeated observation that infer-
tile males are more likely to have incomplete or aber-
rant DNA condensation continues to fuel further
attempts to establish a causal relationship between
protamination and embryogenesis [7]. Particular
interest has been paid to the ratio of protamine 1 to
protamine 2, in addition to the protamine to histone
proportion. Stronger evidence has been presented that
altered ratios of either variety may deter normal fer-
tilization and impair subsequent progression to the
blastocyst stage [6].

Proponents that improper DNA packaging leads
to poor reproductive outcomes, independent of DNA
damage that may accrue due to incomplete protami-
nation, point to two proposed mechanisms. Firstly,
DNA wrapped into protamine toroids will undergo
demethylation in the zygote, an epigenetic process
that is further discussed in Section 4.2.2. The second
mechanism involves desynchronization of the oocyte
and sperm genomes. Adequate protamine content
within the sperm imparts resistance to meiosis-
promoting factors, allowing the male’s contribution
to remain in G1 of the cell cycle as the oocyte pro-
gresses through the remainder of meiosis from meta-
phase II. It is theorized that an inappropriately
histone-rich male nucleus would be responsive to
these meiosis-promoting factors, prematurely leading
to condensation of the sperm’s DNA prior to the
oocyte reaching G1 [8]. Premature chromosomal
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condensation will lead to fertilization failure, limiting
outcomes for IVF and ICSI cycles. However, abnor-
mal sperm protamination appears to be a relatively
rare cause of reproductive failure.

4.2.1.3 Sperm Histones

A small percentage of sperm DNA will remain bound
to histone-based nucleosomes. The amount of DNA
remaining in this chromatin structure is species
dependent, and is approximately 15% in humans
[3]. The properties of the histones that remain in
the cell nucleus are significant, as they partially deter-
mine early gene expression in the developing embryo.
Multiple groups have now established that the
remaining histone residues in the male genome are
not randomly distributed but appear to be concen-
trated in predictable locations [4]. As protamine-
bound regions will initially be silent in the zygote,
these histone-bound regions that are open for tran-
scription are thought to be linked to genes important
in early embryogenesis.

The evidence supporting the putative action of
these genes within the male genome is supported by
three pieces of evidence. Efforts to localize the loci in
which histone backing is preserved have revealed that
these locations are often rich in gene-promoter
regions, suggesting they will become influential in
transcription once fusion with the oocyte is achieved
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[3, 4]. Additionally, genes known to partake in
embryogenesis have been linked, either directly or
indirectly through their promotors, to these regions,
including the HOX family of transcripts [3]. Lastly, it
has been demonstrated that the histones within the
sperm nucleus are heavily acetylated, a property
linked to upregulation of gene expression. These his-
tones are not replaced by maternal proteins during
sperm chromatin remodeling, and so maintain these
epigenetic marks that will promote expression in the
period of early transcription [3, 4].

4.2.2 Understudied and Evolving Topics
in Epigenetics
4.2.2.1 Imprinting

As discussed in Section 4.2.1.3, the histone residues
that remain within the sperm nucleus retain their
epigenetic marks during chromatin remodeling in
the early embryo [4]. However, the epigenetic modi-
fication of the male genome involves several other
mechanisms that may be relevant to embryogenesis.
Beyond histone modification, imprinted genes will
often carry differential methylation of cytosines
between the paternal and maternal alleles. It was
initially assumed that much of these paternal epigen-
etic marks were erased during genome reprogram-
ming in the developing gamete, in addition to the
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round of reprogramming shortly after fertilization in
the zygote [3, 9]. However, multiple groups have now
pointed to significant morbidity in the offspring
of men with epigenetic derangements [3]. Relevant
to the embryologist, it has also been posited that
advanced reproduction techniques may result in global
hypomethylation of the embryo’s DNA, perhaps
potentially explaining the slight increase of imprinting
disorders in children stemming from assisted repro-
ductive technology (ART) [10].

In terms of early embryo development, imprinting
becomes particularly relevant when considering
impaired protamination within the sperm genome.
During the early phases following fertilization, genes
originating in protamine toroids will undergo signifi-
cant demethylation, whereas methylation may be pre-
served in those segments of DNA wrapped around
paternal histones. As a result, imprinted genes are
often found in the locations where nucleohistones
remain after spermiogenesis [8]. However, inappro-
priately high histone content within the sperm’s chro-
matin, which is often observed in subfertile males, may
preserve methylation of key genes involved in early
embryogenesis [8]. In normal fertilization, it has been
observed that the male pronucleus is considerably
hypomethylated compared to the female’s, resulting
in an apparent several-fold increase in transcription
of paternal genes. Additionally, several key develop-
mental promoters are hypomethylated in healthy
mature sperm, including most of the Yamanaka
factors [3]. Theoretically, if hypomethylation failed at
these loci due to impaired histone-to-protamine
exchange, embryogenesis may be irreparably altered.

4.2.2.2 Sperm RNA

During the later stages of spermatogenesis, much of
the cytosol is shed, along with the majority of RNA
transcripts carried from earlier stages of development.
However, it has long been appreciated that a subset of
RNAs remain with the mature sperm, protected by
RNA-binding proteins. Initially, these were thought
to be relics of prior transcription during spermato-
genesis [3, 10]. However, newer evidence is demon-
strating that these transcripts may be necessary for
embryo development and may also carry epigenetic
information to influence phenotype.

Rodent models have been helpful in elucidating
the importance of sperm RNAs. As these transcripts
are carried into the oocyte, they may undergo
translation (messenger RNAs), or modulate gene
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expression (small RNAs and long noncoding RNAs).
Removal of the sperm’s RNA content in a murine
model, via RNase treatment, resulted in a significant
decrease in the progression to the blastocyst stage [10].
With the advent of next-generation sequencing and
single-cell sequencing, more than 4 000 different RNA
species have been found in mature sperm [10]. The
significance of nearly all of these transcripts is not yet
understood, though mounting evidence suggests that
they are influential in altering offspring phenotypes
based upon environmental exposure of the father [9].
As of yet, sperm RNAs remain an understudied but
promising paradigm for embryology.

4.2.3 DNA Integrity

Sperm DNA integrity has become an increasingly
popular area of study over the last decade. It has
become apparent that all sperm accrue some level of
damage to their genome, whether during spermato-
genesis or during storage and transit. A multitude of
conditions have been reported to initiate DNA
damage in sperm, ranging from varicocele to xeno-
biotic exposure, and even lifestyle factors such as
cigarette smoking. Observations of ejaculated sperm,
when compared to testicular sperm from the same
men, strongly suggest that the majority of the identi-
fiable sperm DNA damage occurs during sperm tran-
sit through the reproductive tract (Figure 4.2) [11].
Early work by Aitken and colleagues has convincingly
argued that nearly all of these etiologies share oxida-
tive stress within their mechanistic pathways [1]. The
inevitable insult to the male genome can result in a
variety of modifications to the DNA molecule,
although most assays used for sperm DNA integrity
are designed to detect only DNA strand breaks.
Interestingly, the sperm requires a small amount of
oxidative activity for capacitation during natural con-
ception [1]. Additionally, low levels of oxidative stress
may provide a protective effect on sperm has been
hypothesized, thought to occur from increased cross-
linking of sperm chromatin secondary to glutathione
peroxidase, an enzyme that normally protects DNA
from ROS [12]. However, at high concentrations,
ROS may cause a multitude of direct or indirect
changes to the DNA, as well as to effect endogenous
ROS production by the sperm’s mitochondria. In the
latter case, a positive feedback loop is established
where a cell exposed to too much oxidative stress
begins to produce a surge of ROS from its midpiece.
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Figure 4.2 DNA fragmentation throughout the male
reproductive tract

Schematic showing measurements of DNA fragmentation in the
male reproductive tract, from the lowest levels in the testis, followed
by the epididymis and then vas deferens, with the highest levels in
the ejaculate. Measurement data are adapted from Xie et al. [11].

This altered and unique form of apoptosis is necessary
in sperm secondary to their unique morphology, as
much of the nucleus and its contents are not readily
accessible to the traditional pathways of programmed
cell death [1]. The process results in a spectrum of cell
states, ranging from a healthy but uncapacitated
spermatozoon to a moribund cell with complete frag-
mentation of its genome. Abortive apoptosis has been
used to describe the situation in the middle of this
spectrum, in which significantly damaged sperm can
still fertilize an egg, or in cases of ART, be selected for
ICSI [2]. Under normal circumstances, the oocyte has
some capacity to repair the genetic defects within the
male genome prior to the first cleavage event [1].
Returning to chromatin organization within the
sperm, it is well known that the exchange of histones
for protamines imparts significant sperm resistance to
ROS. Some authors have postulated that the poor
performance of sperm that have impaired protamina-
tion is mainly a reflection of the resulting DNA
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damage that accrues due to increased sensitivity to
oxidative stress [3, 6]. Ni et al. conducted a meta-
analysis evaluating the correlation of DNA fragmen-
tation and protamine content [13]. Combining the
data of 12 studies, they confirmed the initial suspi-
cions that deficient protamination resulted in signifi-
cantly worse DNA fragmentation, especially when
chromomycin A3 (CMA3) staining was used as the
methodology for quantifying protamine content.

However, it has been more difficult to establish a
relationship between sperm DNA damage and early
reproductive outcomes. Simon et al. reviewed the
clinical data from a single high-volume institution in
an attempt to connect poor sperm DNA integrity to
deficient embryo development [14]. In their cohort,
in which they attempted to correct for female factors,
DNA fragmentation in the male genome predicted
worse embryo quality and lower implantation rates.
Of note, female factors dominated the fertilization
rates, whereas a damaged paternal genome was not
as influential. In a follow-up meta-analysis, which
suffered from significant study heterogeneity, male
DNA integrity had a less convincing impact on fertil-
ization and embryogenesis, although an adverse effect
on pregnancy outcomes was seen [15]. However,
when examining studies that utilized the alkaline
comet test as in the Simon et al. cohort, a more
convincing relationship was found between sperm
DNA damage and embryo quality. The authors attri-
bute this finding to the sensitivity of the comet test
when  compared to  competing  methods.
Unfortunately, clean clinical data in which female
factors are well controlled have yet to be published,
and so it is difficult to make strong inferences from
these observations.

Many have argued that the effects of a comprom-
ised male genome are not manifested in the early
embryonic period, but later in pregnancy. This “late
paternal effect” has stronger clinical evidence than
that connecting DNA fragmentation and preimplan-
tation rubrics [2]. Zhao and colleagues conducted a
meta-analysis comparing ART technique and miscar-
riage rates [16]. They found an approximately 2.5-
fold increase in pregnancy loss for those couples who
underwent IVF-ICSI as opposed to IVF alone.
Presumably, the ICSI process allows for successful
fertilization by sperm that may have accrued signifi-
cant DNA damage. Conversely, those undergoing
traditional IVF preserved the competitive nature of
fertilization, in which sperm may be less likely to have
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damage, or less damaged sperm may outperform their
impaired counterparts. These data bolster prior work
conducted by Zini et al. [17]. With current embryo-
grading practice, it appears that the late paternal effect
could not be anticipated based upon clinical criteria at
the time of embryo selection for transfer.

Nevertheless, sperm DNA integrity remains at the
forefront of much of the research in male factor
infertility. As a result, many of the evolving tech-
niques in sperm assessment and manipulation involve
either quantification of DNA fragmentation or
methods to select for sperm with the least genomic
damage. As a result, much of the remaining content
of this review will focus on the practical techniques
and methods relevant to sperm DNA integrity that
may be employed by clinical embryologists.

4.3 Techniques for Sperm Assessment
and Manipulation

In this section, we will present a detailed discussion of
the many techniques for the quantification of sperm
DNA damage, as this serves as one of the paradigms
to assess male fertility potential beyond the basic
semen analysis.

Finally, as ART outcomes can be dependent upon
sperm quality, techniques for sperm separation and
selection will be addressed (Table 4.1). Commonly
utilized techniques include the swim-up method,
migration-sedimentation method, density gradient
centrifugation, and glass wool filtration [18]. We will
present a detailed discussion of each technique,
including emerging microfluidic methods that may
become more commonplace.

4.3.1 Techniques for Assessing

DNA Fragmentation

4.3.1.1 Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling (TUNEL)

TUNEL works via the utilization of a labeled deox-
yuridine triphosphate (dUTP) that is incorporated at
single- and double-strand breaks. This labeled mol-
ecule can then be identified and further quantified
utilizing flow cytometry, fluorescence, or light micro-

scopy [15].

Advantages

This technique is able to capture both single- and
double-stranded DNA breaks, with relatively little
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intrasubject variability across time [15]. Another
benefit of TUNEL is that specimens may be frozen
or be completed on freshly prepared samples with no
impact on the results of the assay. This allows signifi-
cant use, ease, and cost effectiveness in the clinical
setting as well as in research studying DNA fragmen-
tation. This technique prevents issues related to
fading dyes that allows technicians more time to
analyze higher volumes of cells. It also has low inter-
observer and intraobserver variability and therefore is
a reliable diagnostic tool [15].

Disadvantages

Unfortunately, the TUNEL assay is expensive in terms
of reagents and labor. The assay does not quantify the
magnitude of DNA damage within a cell, rather it
counts the number of cells within a subset with a
threshold level of DNA damage. In TUNEL, no
nuclear decondensation technique is used and there-
fore labeling of the DNA fragments is restricted to the
sperm nucleus periphery [15]. Universal clinical
norms have not been set, although many studies
report an effect on reproductive outcomes when more
than 25-30% of sperm are TUNEL positive [15].

43.1.2 (omet

The comet assay works by analyzing single-sperm
nuclear DNA that is separated based on charge and
fragment size in an electric field, which can then be
stained and assessed by fluorescence microscopy
either qualitatively or quantitatively. The images then
resemble comets with a head- and tail-like configur-
ation depending on the extent of DNA damage. The
double-stranded DNA tends to remain in the head
and single DNA strands and shorter DNA fragments
migrate to the tail [15].

Advantages

The assay is simple to complete and affordable. It
measures both single- and double-stranded DNA
breaks. The assay may be performed in a neutral
environment where only double-strand DNA damage
is measured, or an alkaline environment where both
single- and double-stranded defects are appreciated
due to DNA strand unwinding. This technique has
the benefit of qualitatively measuring levels of DNA
damage within a cell, which other techniques are not
able to do. The assay may also be used in other cell
types and not just sperm [15].
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Table 4.1. Comparison of techniques for assessing DNA fragmentation

TUNEL Comet
Commercially No No
available
Cost High for Affordable
labor and
supplies
Double- or Both Both
single-
stranded DNA
damage
Ease of use Relatively Time consuming
easy and laborious
Variability and  Low inter- High variation and
reproducibility and intra- accuracy impacted
observer by overlapping tails
variability
Other Labeling Applicable to other
restricted to  cell types
nucleus Qualitatively
No clinical measures DNA
norms damage
Standardization is
difficult

SCSA™ In situ nick Sperm
translation chromatin
dispersion
assay
Yes No No
Equipment is expensive Inexpensive Inexpensive
(no complex
equipment
needed)
Both Single Both
Standardized and fast Simple and only ~ Simple and
protocol requires rapid
fluorescence
microscope
DNA damage constant Low inter- and Reproducible
over freeze-thaw Multiple  intra-observer
lab factors that may variability
increase variation
Measures large number Associated with  Halo
of sperm but cannot be  protamine assessment
used with very low deficiency can be
counts Low sensitivity challenging;
Needs flow Sperm tails
cytometer are not
preserved

Notes: TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; SCSA™: sperm chromatin structure assay.

Disadvantages

The technique, although affordable and simple, has a
much higher rate of interlaboratory (and intralabora-
tory) variation due to the lack of standardized proto-
cols for the technique. Since alkaline reagents are
used, they mark alkali-labile sites that may make it
difficult to discriminate between endogenous and
induced DNA breaks. This technique may also under-
estimate the amount of DNA damage due to DNA
strand entanglement in instances of incomplete chro-
matin decondensation, in which all DNA breaks will
not be revealed. Overlapping tails also decrease accur-
acy and therefore small tails can be difficult to see, or
lost. The assay is also very time consuming and
laborious [15].
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4.3.1.3 Sperm Chromatin Structure Assay (SCSA™)

This technique utilizes flow cytometry to determine
abnormal sperm chromatin. DNA is denatured using
heat or acid, and then labeled using acridine orange to
intercalate with DNA. This allows for a metachro-
matic shift from green (double-stranded DNA
bounded by dye) to red fluorescence (single-stranded
DNA bounded by dye). The flow cytometry separ-
ation process identifies the number of cells with DNA
damage as well as the percentage of those sperm with
high DNA stainability [15].

Advantages

It is the only commercially available test, and so
benefits from established norms and protocols. It
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may be used to measure large numbers of spermato-
zoa per sample. The DNA damage measured by
SCSA™ is constant over long periods, is reproducible,
and can be conducted after a freeze-thaw cycle. This
test may also determine the actual total percentage of
sperm with damaged DNA [15].

Disadvantages

As with TUNEL, this technique does not report the
extent of DNA damage in each individual sperm.
While the test is easy to complete, the equipment
required for analysis is expensive. There have also
been reported laboratory factors that may affect the
test creating potential for result variation [15]. Large
numbers of cells are required, and so this test cannot
be conducted on patients with cryptozoospermia or
on testicular samples.

4.3.1.4 In Situ Nick Translation

This technique is a modified version of TUNEL that
quantifies the incorporation of dUTP at single-
stranded DNA breaks in a reaction that is catalyzed
by DNA polymerase I [15].

Advantages

The test can identify sperm with low and variable
levels of endogenous DNA damage and is positively
associated with protamine deficiency [15].

Disadvantages

It can only be utilized for single-strand breaks, pre-
cluding any assessment of double-strand breaks.
There are no correlated studies to reproductive out-
comes and the test lacks sensitivity. Very low levels of
fluorescence can be seen with this assay, which intro-
duces background noise, thereby making interpret-
ation difficult [15].

4.3.1.5 Sperm Chromatin Dispersion Assay

This test utilizes the concept that fragmented DNA
fails to produce a characteristic halo when mixed with
agarose, followed by acid denaturation and removal
of nuclear proteins. Removal of sperm nuclear pro-
teins leaves a nucleoid with a central core and a
peripheral halo of dispersed DNA loops. Fluorescent
staining is then used to examine the sperm with
elevated DNA fragmentation as they produce very
small or no halos of DNA dispersion, while low
DNA fragmentation sperm have large halos [15].
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Advantages

The assay is simple and inexpensive. The assay is
reproducible and rapid. It does not rely on fluores-
cence intensity, which certainly makes it easier to
analyze. No complex instrumentation is needed [15].

Disadvantages

Unfortunately, the assay can result in low-density
nucleoids that are fainter, and therefore the limit of
the halo where the chromatin is less dense may not be
accurately seen on the background. The halos may
also be in different planes, which makes focusing
challenging. Finally, the sperm tails are not preserved
and therefore it can be difficult to differentiate a
sperm from another cell type [15].

4.3.2 Methods for Sperm Manipulation
and Selection for ART

The selection of sperm has been proposed to identify
gametes with less DNA damage and hence to abro-
gate the effects of sperm DNA damage on reproduct-
ive outcomes (Table 4.2). Since only neat sample
DNA integrity testing predicts outcomes (not pro-
cessed sample testing), it is quite possible that high
DNA fragmentation in the neat sample predicts
a significant level of “subclinical” damage in the
other sperm, limiting the value of sperm selection
for ART.

4.3.2.1 Swim-Up Method

The swim-up method, which was originally described
by Mahadevan and Baker, is commonly used for
couples with limited male factor infertility and abnor-
mal semen parameters. The technique relies on
intrinsic sperm motility and active sperm movement
[18]. Typically, semen is taken and combined with
appropriate media and is subsequently centrifuged to
form a pellet. The supernatant is discarded and new
media is added to the pellet. This is then incubated for
up to 60 minutes at 37°C. This step permits separation
of both cellular debris and other cells as the motile
sperm swim up away from the pellet [18].

Advantages

This technique is very simple to perform, and
inexpensive compared to other methods. Swim-up
generally produces a clean sample to be used for
ART [18].
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Table 4.2. Comparison of methods for sperm manipulation and selection for assisted reproductive technologies

Swim-up Migration- Density Glass wool Microfluidics
sedimentation gradient filtration
centrifugation
Clean Clean samples Very clean Clean fraction Has debris Clean sample
sample samples remnants, not
as clean
Cost Inexpensive Higher cost for  Expensive dueto  Expensive Higher equipment cost, but
collection gradient limited reagent requirement
cones supplies due to small volumes
Ease to Simple to Requires Easy to perform Easy to Easy to use
perform perform caution and perform
gentle
handling
Reactive  Yes from contact  Limited as no Eliminates the Reduced Reduced
oxygen with debris and direct contact majority of
species leukocytes leukocytes
Sperm Low Low Good yield Good yield Low
yield
Other Relies on Removes need  May be either Can be used Works with small volume
favorable semen  for continuous or for retrograde
parameters centrifugation discontinuous samples
Disadvantages from semen into a supernatant medium, in which an

The technique relies on patients with favorable semen
parameters such as good motility and high counts. The
actual yield of sperm may be low due to the reliance on
the surface of the centrifuged pellet and the actual
quality of the patient sample. There have been reported
decreases in in the proportion of sperm obtained with
normally condensed chromatin. Also, due to the
pelleting method, there is increased cellular contact
with sperm to other cell types including debris and
leukocytes that are capable of producing high levels of
oxidative damage, inducing sperm DNA damage and
potentially impacting sperm motility [18].

Suggested methods to overcome the significant
impact of reactive oxygen species damage may be to
perform the technique on liquified semen rather than
a pellet, but this typically requires multiple tubes to
maximize surface area and contact between the media
and the liquified semen [18].

4.3.2.2 Migration-Sedimentation

This technique developed by Tea et al. builds upon
the swim-up technique by utilizing sedimentation
[18]. As opposed to the swim-up technique, in
migration-sedimentation, the sperm swim up directly
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additional inner cone or container is present, which
serves as the location where the sperm will sediment.
There is no centrifugation step in this technique [18].

Advantages

The technique provides a very clean fraction of
sperm. Without the centrifugation step in the swim-
up method, there is no increased risk of direct contact
with cells that may cause reactive oxygen species [18].

Disadvantages

Given the absence of a centrifugation step, this tech-
nique requires caution and gentle handling. The tech-
nique also has a lower yield, and therefore also requires
high-quality ejaculated semen. This technique does
require additional collection cones or tubes that may
add cost [18].

Some groups have shown this method to be help-
ful in cases of oligospermia and asthenozoospermia
with a sperm yield enough for some ART methods
such as ICSI [19].

4.3.2.3 Density Gradient Centrifugation

In this technique, previously created polymer gradi-
ents are used, and the ejaculated semen is placed on
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top of the lowest-density media. It is then centrifuged
for up to 30 minutes [18]. Highly motile sperm move
more efficiently and effectively in the direction of the
gradient providing a pellet of the most motile sperm
at the bottom of the gradient.

Advantages

Similar to the previous methods, a clean fraction of
motile sperm is typically obtained. The yield is more
reasonable than some of the other methods, has
limited reactive oxygen species created, and is easy
to perform. Given the density gradient method,
leukocytes and cellular debris are usually limited [18].

Disadvantages

Since the procedure requires a gradient, the technique
is more expensive and may require more time to
perform in order to produce high-quality interphases.
The technique is also known to potentially increase
the risk of endotoxins, cause membrane alteration,
and create inflammatory responses [18].

In general, this technique provides an opportunity
for modification and optimization for different sperm
parameters given the ability to modify the various
levels of density gradients.

4.3.2.4 Glass Wool Filtration

This method was first described by Paulson et al. [20].
The method permits separation of motile sperm using
glass wool fibers that are densely packed [18]. As glass
wool has natural filtration effects, the technique is
linked to the type of glass wool used (chemical com-
position, surface area, charge, thickness, pore size)
[18]. Of course, the outcomes are also related to the
initial quality of the sperm.

Advantages

This technique generally provides a good yield of
motile sperm since it uses the entire volume of the
ejaculate. The technique is generally considered easy
to perform. Similar to the density gradient method,
leukocytes are often eliminated, and reactive oxygen
species are therefore minimized. The procedure
may also select for sperm without chromatin-
condensation abnormalities. This technique may
also be used for patients with retrograde ejaculation
but does require centrifugation of the postejaculate
urine specimen and resuspension in media before
use [18].
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Disadvantages

This method is more expensive and may include rem-
nants of debris with the final product, which may not
be as clean as the other methods listed above [18].

Given its ease and use of whole-volume ejaculate,
this technique may be ideal for the oligospermic or
asthenozoospermic patient.

4.3.2.5 Microfluidics

This may carry the greatest potential for sperm selec-
tion, but the effect of this sperm preparation tech-
nique (based on sperm motility and microfluidics) on
reproductive outcomes has not been demonstrated to
date [22].

Another novel and promising technique involves
microfluidics, which is the manipulation of fluid on a
microscopic level by way of microchannels and their
physical properties. This allows fluid mixing but also
fluid separation and isolation of particles, including
cells such as sperm (Figure 4.3) [21]. These devices
have been able to analyze sperm count, motility, and
morphology. The technology is simple, accurate, and
rapid [22]. In addition to recognition of sperm, the
technology has been successfully used for sperm
sorting, in which sperm with the best motility and
morphology are selected [11]. Sperm populations
selected with microfluidics can also be dramatically
enriched for cells with significantly lower DNA frag-
mentation and appears to confer improved ICSI
and clinical outcomes [11, 23].

4.3.2.6 Other Techniques

Other techniques have been described but are much
less commonly used. Glass beads have been studied
previously but have not been adopted due to spillover
of the beads [18]. Sephadex columns have produced
high yields but lower counts and poorer morphology
than other gradient and centrifugation methods [18].
Transmembrane migration uses a Nucleopore mem-
brane filter, but due to issues with the cross-sectional
area of the pores, the yield has been very low [18].

4.4 Conclusions

The role of the male gamete in embryo development
has been underappreciated until recent years. The
early embryo is influenced by the sperm’s unique
arrangement for genome delivery and the physiologic
processes that result in DNA oxidative damage.
Although our current understanding is limited, it is
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Inlet

Sperm collection

Porous membrane

Semen sample

Figure 4.3 A microfluidic technique for isolating the highest-quality sperm

Schematic of a microfluidic technique demonstrating that the highest-quality sperm (high motility and low DNA fragmentation levels) are able

to traverse through the porous membrane into the upper chamber.

already apparent that important epigenetic processes
are at play, the understanding of which may ultim-
ately prove useful to optimize ART outcomes. As our
knowledge evolves, it is clear that more emphasis will
be placed on the impact of oxidative damage and
DNA fragmentation within the sperm. In the above
review we presented the current state-of-the-art for
assessment of sperm DNA integrity. We also outlined
the laboratory techniques that may help enrich a
sperm population for higher quality. A critical under-
standing of these subjects is necessary for the embry-
ologist to optimize current protocols, as well as to
judge and interpret new studies and technology that
may influence ART in the future.

Key Messages

e Necessary components of embryogenesis
contributed by sperm include oocyte-activating
factors and the sperm-derived centrosome.
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5.1 Introduction

The adage that “embryogenesis begins with oogen-
esis,” conceptualized and experimentally established
decades ago for animal models, has withstood the test
of time within the purview of contemporary human
assisted reproductive technology (ART). While
broadly applicable to the practice of human embry-
ology, evaluating oocyte quality as a predictor of
embryo quality has remained a challenge despite the
improvements in technology and the efforts of both
clinical- and embryologic-oriented specialists. This
chapter will take the reader through two parallel areas
of interest for the student of human embryology: (a)
an updated understanding of how the differentiation
of the ovarian oocyte contributes directly to the devel-
opmental competence exhibited from the zygote to
blastocyst stages of the early development (up to
implantation) and (b) what current practical and
future considerations are anticipated in the embry-
ology laboratory setting that will contribute to evalu-
ation of human oocyte quality for use in embryo
selection for transfer or cryopreservation.

Current efforts to evaluate oocytes for embryo
selection rely primarily upon morphological criteria.
Even though the evaluation of high-quality mature
human oocytes has followed standards adopted over
40 years ago, it remains a fact that despite the vast
majority of oocytes undergoing fertilization and
cleavage, only about 50% form blastocysts, and
embryos selected for transfer on day 5 or 6 yield term
live births in, at best, 50-60% of cases.

The reasons for failure to implant and sustain
term gestations are manifold and extend well beyond
attempts to deselect embryos harboring abnormal
chromosomal composition. Patient age, health status,
and methods of controlled ovarian hyperstimulation
and ovulation triggering, while not visibly altering the
appearance of mature oocytes, contribute to vari-
ations in the extent of development evident during
culture. Moreover, cryopreservation and endometrial
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preparation prior to transfer also contribute to loss of
developmental competence of normal-appearing
mature oocytes and their associated embryos. It is
against this clinical backdrop that we review the
female gamete’s contribution to embryo develop-
ment. In many ways, the ability to culture zygotes
produced by IVF or intracytoplasmic sperm injection
(ICSI) up to the blastocyst stage yields testimony to
the developmental fitness or competence in at least a
fraction of retrieved oocytes. However, what it is at a
cellular and molecular level that distinguishes oocytes
capable of yielding a term pregnancy, or not, remains
an elusive question.

Until recently, our knowledge base for under-
standing how the mammalian oocyte contributes to
and directs early embryonic development has relied
upon a vast literature on ART in laboratory and
domesticated animals. One attempt to combine
assessments and biology between mammalian species
and human biology is the book by Coticchio and
colleagues [1]. Classical, and largely invasive analyses,
or those deploying genetic or pharmacological
manipulations have been reviewed and provide a
template for future exploration into the link between
oogenesis and embryogenesis [2].

In the end, the qualities acquired by the oocyte
while it grows, differentiates, and matures establish a
platform for the remarkable ability to generate a com-
plete organism. Estimates for the duration of oogenesis
in humans encompass 90-100 days from activation of
the primordial follicle to being able to ovulate in
response to the luteinizing hormone (LH) surge.
Some 34-38 hours following the LH surge maturation
is completed with maintenance of a fertilizable state
limited to a period of 12-24 hours. However, when are
these qualities — or competencies — acquired? How is
the manifestation of competencies regulated during
ovulation and after fertilization? And how will our
understanding of the human oocyte in future years
contribute to the advancement of human ART?
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5.2 Maternal Determinants of
Embryogenesis

5.2.1 Current Clinical Standards

Over 40 years of experience have established criteria
for oocyte selection that have become accepted and
put into practice. Organizations like the European
Society of Human Reproduction and Embryology
provide regularly updated guidelines for evaluating
oocyte and embryo quality [3]. Practice patterns
worldwide rely heavily on oocyte morphology seeking
to define the stages of maturity using conventional
optics or polarization microscopy - evaluations
always occurring after the removal of cumulus cells.
Figure 5.1 illustrates variance in oocyte maturity as
well as variations in the appearance of intact cumulus
oocyte complexes suggestive of oocyte maturity
status. Many other parameters are considered when

evaluating oocytes including distortions in oocyte
and/or zona shape, size of the polar body, morpho-
logical qualities of the oocyte cytoplasm (granularity,
vacuoles), blebs at the cell surface, and extent and
contents of the perivitelline space) [4].

Despite these rather obvious signs of maturity and
morphological abnormalities recognized as signs of
degeneration, prematurity, or follicular atresia, reli-
able quantifiable biomarkers that directly predict
developmental potential have eluded critical demon-
stration thus far.

5.2.2 Monitoring Developmental
Competence

The oocyte acquires numerous developmental com-
petencies at specific stages of oogenesis, each of which
is associated with key developmental events and out-
come failures when disrupted (Table 5.1). The

Figure 5.1 Human oocyte morphology following controlled ovarian stimulation

A: low-magnification image of cumulus—oocyte complex shortly after retrieval illustrating monodispersed nature of expanded cumulus and
disposition of corona cells surrounding the oocyte. B: intact corona with enclosed metaphase-2 oocyte with polar body (arrow); note radially
oriented striations formed by corona cell transzonal projections. C: metaphase-2 stage oocyte with polar body (arrow) following removal of
cumulus corona; note abundance of vesicles within perivitelline space. D: compact, unexpanded corona enclosing immature, germinal vesicle
(GV) stage oocyte; GV (arrow) shown in E following hyaluronidase and mechanical stripping, although some corona radiata cells remain (**).
F: presumed aged metaphase-2 oocyte with flattened first polar body at 2 o'clock (arrow); cytoplasm lacks homogeneity. Hoffmann

modulation optics (A, C, E, and F); polarization optics (B, D).
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Table 5.1. Developmental competencies acquired during stages of oogenesis

Competency Cell cycle stage
acquired

Meiosis Growth (late)

Genomic imprinting Growth (late)

Cortical reaction M-phase

Calcium oscillations M-phase

Male pronuclear M-phase

development

Subcortical maternal M-phase

complex

assembly

Compaction PM/M-phase

Derivation of totipotent G/PM/M-phases

stem cells
Implantation G/PM/M-phases
Term birth G/PM/M-phases

Role in development

Cell cycle resumption and
completion

Methylation of imprinted genes
Establish block to polyspermy
Egg activation

Protamine disulfide bond
reduction

Blastomere cytokinesis

Cell polarization and lineage
assignment

Propagate stem cells from inner
cell mass

Correct lineage assignment

Sustained gestation

Outcome failure

Arrest at GV or M1, failed fertilization

Inappropriate lineage assignment
Polyspermy, multiple pronuclei
Failed fertilization

Failed fertilization

Blastomere fragmentation

Embryonic arrest

Embryonic arrest

Failed implantation

Miscarriage

Source: Modified from Albertini, Table 2.1, reference [2]. Based on sequential stages of oogenesis from early growth (G),
prematuration (PM, oocyte arrested in Graafian following awaiting LH surge), and maturation (M) stage involving events elicited

following reception of LH.

sequential and visible signs of competency are evident
initially during the period encompassing meiotic mat-
uration (meiotic competence), and then in corres-
ponding embryos, through fertilization (competence
to undergo cortical reaction, egg activation, comple-
tion of meiosis 2 upon second polar body extrusion),
cleavage, compaction, and blastocyst formation.

The concept of competency took hold in studies
on mouse and bovine, two of the best-studied animal
models [5]. One of the many advantages established
in these studies was the ability to evaluate compe-
tence to fertilize and beyond. In mouse studies this
meant tracking through culture to blastocyst and
importantly following embryo transfer. In bovine,
evaluation includes in most cases the ability to reach
blastocyst stage. This body of work established
important physiological aspects of oocyte quality that
in the case of the human has yet to receive adequate
attention.
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5.2.3 Reliance of Development on Metabolic
Loading during Ovulation

There is mounting evidence to suggest that many of
the processes driving early development depend on
the procurement of metabolic substrates from cells
of the cumulus during ovulation. This concept is
referred to as metabolic loading [2]. The larger
principle at hand pertains to the influence of cumulus
cell metabolism on proximate bioenergetic require-
ments, such as those needed to drive nuclear and
cytoplasmic maturation during ovulation, and those
demands placed on the nascent zygote and early
cleavage stage embryo. An example of the former
applies to sourcing of ATP, the hydrolysis of which
is tightly coupled to both cell cycle progression and
cytoskeletal remodeling associated with meiotic
spindle assembley and function as well as the cytokin-
esis that controls formation and emission of the first
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(and second) polar body. For these purposes, which
very likely extend into the first few cell cycles of
development, the oocyte, and subsequent embryo,
does not rely on glycolysis or oxidative phosphoryl-
ation, but rather utilizes the adenosine salvage path-
way to regenerate ATP from AMP, and in so doing
avoids the costly consequences of free radical gener-
ation were mitochondrial metabolism called into play.
A second classical example of how metabolic
loading at the time of oocyte maturation ensures
developmental progress relates to a mechanism that
protects the oocyte, and zygote, from damage due to
oxidative stress.

In this instance, it is important to bear in mind
that cells deploy the tripeptide glutathione in its
reduced form (GSH) as a potent and physiological
antioxidant capable of neutralizing free radical oxi-
dants generated from internal (e.g. mitochondrial) or
external sources such as follicular fluid. For the
oocyte, besides defending against protein or nucleic
acid damage before and after fertilization, there is a
crucial role served by GSH at the time of fertilization.
The male genome as introduced into the oocyte cyto-
plasm consists of nonnucleosomal DNA complexed
with disulfide-bonded protamines. For syngamy to
occur, and development to proceed, the male genome
must be quickly and efficiently converted into nucleo-
somes, a process catalyzed by the reducing activity of
GSH on sperm protamine. As is already known, vari-
ations in the timing of sperm head decondensation
after IVF or ICSI can lead to a loss of cell cycle
synchrony offsetting DNA replication and chromo-
some formation, thus compromising syngamy.
While not well understood, it is widely believed that
inadequate stores of GSH could delay this fundamen-
tal modification in chromatin. So, where does the
GSH come from that mediates this key event in
development?

With transcriptional expression patterns well
established in both cumulus cells and oocytes, it is
now clear that the enzymatic pathway components
responsible for the synthesis of GSH are within cumu-
lus cells and not the oocyte. And as was discovered in
the bovine system more than two decades ago, the
upregulation of GSH pathway genes occurs within
hours of the LH surge, giving sufficient time for robust
synthesis and transport of GSH into the oocyte via gap
junctions formed at the ends of transzonal projections
at the oocyte cell surface. This fundamental and
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well-documented example of metabolic cooperation
between the cumulus and oocyte emphasizes how crit-
ical this enduring relationship is in establishing a vital
link between oogenesis and embryogenesis.

The role of metabolic cooperation between the
somatic and germ cell lineages of the follicle begins
with the activation of primordial follicles. Figure 5.2
illustrates the sequence of cell interactions that have
been documented in mammals including those
responsible for preventing the activation of dormant
follicles, such as receptor-mediated tyrosine kinases
and direct cell contact.

Following activation of follicle development, vari-
ous ligands and their cognate receptors mediate infor-
mation exchange during the growth phase of
oogenesis, as well as the prematuration and matur-
ation phases prior to and following the LH surge.
Thus, the oocyte—cumulus relationship is truly endur-
ing and complex drawing upon a variety of cell sig-
naling modalities to assure that follicle quality is
translated into oocyte quality well before fertilization.

5.2.4 Patient Health Status and Qocyte
Quality in Clinical Settings

A large body of evidence now exists relating oocyte
properties described above with documentation of
developmental progress in culture or after embryo
transfer when pregnancy outcomes are tracked. In
general, this work has confirmed what was long
expected from earlier studies monitoring morph-
ology - that development during extended culture
itself reflects oocyte competence. Further confirm-
ation of the utility of morphological scoring as
being predictive has derived from the growing use
of oocyte donors in IVF centers offering treatment
to older patients, or those exhibiting low antral
follicle counts and/or low anti-Mullerian hormone
levels.

Important variables that enter into the determin-
ation of oocyte quality based upon traditional criteria
are a reflection of health status with respect to age,
type of controlled ovarian stimulation (COS) used, or
preconditions known to affect clinical outcomes.
Obesity and BMI are examples where an influence
of oocyte size has been noted. And recent studies have
reinforced the relationship between oocyte size and
ART outcomes in polycystic ovarian syndrome
(PCOS) patients [6]. Why preexisting health
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Figure 5.2 Schematic illustrating the sequence of signaling interactions known to occur between granulosa/cumulus cells and the

oocyte during the course of folliculogenesis

In dormant primordial follicles (top), cell contact and receptor tyrosine kinases maintain oocytes in an arrested state. Upon follicle activation, a
series of signaling systems develops at the cumulus—oocyte interface that regulate the growth phase of oogenesis (G) and the pre and

maturation phases (PM/M). Image redrawn from reference [2].

conditions result in altered oocyte characteristics, in
this case size, is not fully understood. However, evi-
dence from animal studies strongly suggests that sys-
temic metabolism alters the follicular environment in
which the oocyte grows and matures possibly as a
result of altered communication between oocyte and
granulosa cells [2, 3].

To summarize, while some degree of variation in
oocyte properties has been shown to be linked to
poorer clinical outcomes, mounting evidence sug-
gests that deficiencies are not generally manifest
under typical laboratory evaluation of mature
oocytes currently being practiced. Moreover, atten-
tion is increasingly being focused on the immediate
environment in which the oocyte completes its devel-
opment and the role of communication between
oocyte and somatic cells whereby metabolic cooper-
ation successfully, or pathologically, mediates the
vital link between host metabolic status and oocyte

quality [1].
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5.3 Molecular and Physiological
Correlates Linking Oogenesis
and Embryogenesis

5.3.1 Molecular Determinants of Qocyte
Developmental Competencies

The long road through oogenesis, culminating in the
final stages of maturation, endows upon the oocyte
multiple competencies. Most prominent among these
are the ability to reinitiate and complete the meiotic
cell cycle, the ability to mount and execute the block
to polyspermy, the ability to support the remodeling
of male chromatin, the ability to methylate and
demethylate genomic DNA supporting progressive
epigenetic modifications of chromatin, and the abil-
ity to compact and elicit the inner cell mass and
trophectoderm lineages specified at the time of
compaction.
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From a molecular point of view, each of these
competencies derives from precise changes in gene
expression, translational and posttranslational protein
modifications, proteostasis, and RNA stability [1, 2].
At the heart of this sequence of events lie the func-
tions of gene products ranging from housekeeping
genes, and genes responsible for some of the unique
molecular signatures shown by mammalian oocytes,
including those of the human. We now consider the
molecular underpinnings of the transition from egg
to embryo that define processes that in the final
analysis determine the efficacy of developmental
competencies.

Among the most substantive of reviews is that
authored by Conti and Franciosi in 2018 [7]. While
based primarily on studies done with the mouse, they
take on the challenging task of describing how it is
that maternally encoded gene products are subject to
stage-specific alterations in RNA stability and turn-
over as the oocyte undergoes and completes the pro-
cess of meiotic maturation. From first principles, it is
known that critical cell cycle transitions constitute a
series of starts and stops regulated by (a) the timely
processing of mRNAs that support synthesis of key
cell cycle factors, (b) the role of protein posttransla-
tional modifications that either stabilize or destabilize
components at key junctures in meiotic cell cycle
progression, and (c) targeting mRNAs and proteins
for rapid degradation or stabilization prior to or
during the process of fertilization.

Among the more specialized targets for these cell
cycle transitions are those of the cytoskeleton. As
shown in Figure 5.3, remodeling of both the F-actin
and microtubule cytoskeletons occur during the tran-
sition from the germinal vesicle stage (Figure 5.3A) to
metaphase-2 (Figure 5.3B). Shifting from an inter-
phase state in the germinal vesicle to that required
to assemble the meiotic spindles involves precisely
timed phosphorylation of key proteins that mediate
the interaction of chromosomes with microtubules.
Similarly, the assembly of actin filaments during mei-
otic maturation establishes the organization of the
oocyte cortex that is polarized relative to the position
of the meiotic spindle (compare Figure 5.2C with
5.2D). As will be noted in Section 5.3.2, superimposed
upon these mechanisms resident within the oocyte are
spatially proximal mediators of mRNA and protein
homeostasis imposed by the surrounding cumulus
granulosa cells and environmental conditions speci-

fied by the follicle itself.
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5.3.2 Intrinsic and Extrinsic Mediators of
Oocyte Developmental Competence

Oocyte intrinsic factors integrate nuclear and cyto-
plasmic events during the course of meiotic matur-
ation and are the direct and indirect consequence of
environmental signals processed within the ovarian
follicle. Far from the original ideas implicating
an uncoupling of physical interactions between
oocyte and cumulus cells as the trigger for meiotic
maturation, current evidence suggests a far more
complicated system is at play involving granulosa cells
and follicular fluid [8]. These extrinsic components
participate by modulating the response of the follicle
to ovulation-inducing ligands during natural
LH-triggered cycles or triggering in the context of
traditional ART [3, 4].

Follicular fluid is a serum transudate composed
of blood-born factors required to assemble the
hyaluronate-rich extracellular matrix, the formation
of which is catalyzed by LH-induced changes in gene
expression. The induction of enzymes like HAS-2 in
granulosa cells initiate the assembly of the matrix that
will come to encase not only the expanded cumulus
mass but much of the mural granulosa cell popula-
tion. Active cell motility coincident with matrix
assembly is now believed to serve as a reservoir of
factors retained within the zona pellucida that may
have a role later in development. Central to eliciting
the resumption of meiosis in the oocyte is the now-
recognized synthesis and secretion of EGF-like mol-
ecules like AREG, whose role it is to effect changes in
cAMP and cGMP metabolism in the oocyte that allow
for the activation of the cell cycle. Coupling between
corona cells persists for hours enabling the transport
of small molecules synthesized in cumulus corona
cells into the oocyte, the condition of metabolic
loading referred to in Section 5.2.3. Thus, the timely
transformation of matrix deposition with profound
upregulation in granulosa cell gene expression and
secretion serve to coordinate ovulation with the
resumption of the meiotic cell cycle.

Besides modulating the metabolism and cell cycle
status of the oocyte, the environment of the follicle
serves to buffer potentially adverse outcomes associ-
ated with the inflammatory state established during
ovulation. Oxidative stress introduced into this envir-
onment is not only a potential risk factor that the
oocyte must somehow endure but the persistence of
free radical generation during and after fertilization
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Figure 5.3 Comparison of immature GV stage oocyte (A) and mature metaphase-2 oocyte with spindle positioned 180 degrees

opposite the first polar body (B, C, and D).

Note transzonal projection remnants within the zona pellucida (arrow heads, B), perpendicular orientation of metaphase-2 spindle with respect
to the polar body (C), and gradient of filamentous actin from left to right, with lowest density apparent at pole demarcated by meiotic spindle
(B, D). All images are single optical planes obtained with laser scanning light microscope after labeling with antitubulin antibodies (A, green; C,

white) or red phalloidin (B, D). Scale bar = 50 microns.

continues due to intrinsic and extrinsic sources [9]. It
is interesting to note that conditions for culturing
human embryos have yet to fully address this matter.

5.3.3 Oocyte Competence: Insights from
Clinical Practice

The combination of the expanded use of human ART
and the opportunities to detect, report, and in some
cases rectify abnormalities in normal development,
has yielded a growing body of data with which
to understand the function and dysfunction of
oocyte competencies. The spectrum of recognized

https://doi.org/10.1017/9781009025218.006 Published online by Cambridge University Press

abnormalities is large, extending from defects in
oocyte maturation, failure to fertilize and, in corres-
ponding embryos disorders in the first cell cycle,
fragmentation, delayed compaction, and failure to
complete blastocyst formation [10]. In some cases,
evidence for penetrance for a specific phenotype has
warranted, and sometimes uncovered, a genetic basis
to the disorder (see Section 5.3.4). More often, the
defects observed exhibit mixed phenotypes from the
same patient or even the same ART cycle suggesting a
more complicated origin of the aberrant behavior.
One of the earlier defects reported by Combelles and
colleagues was a case where oocytes exhibited
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spontaneous activation [11]. One of the key events
required for the egg to embryo transition is the
removal of factors responsible for maintaining mei-
otic arrest at the metaphase-2 stage. The cMOS pro-
tooncogene has long been recognized as the cell cycle
brake whose removal at fertilization by mRNA and
protein degradation would permit entry into the first
mitotic cell cycle of development. Not surprisingly,
cases like this and others have noted disruptions in
the state of cytoskeleton organization and cell cycle
progression, or lack thereof.

To date, the majority of instances linking abnor-
malities in human oocyte or embryo developmental
competencies to problems in cytoskeletal organiza-
tion have been confined to the oocyte and early cleav-
age stages. Importantly, few of these have shown a
level of penetrance that would be indicative of an
underlying genetic basis for the observed defects
[12]. With exception to the cases referred to below,
and the mounting evidence regarding epigenetic deter-
minants in early development, direct links between
genotype and phenotype seem unlikely to explain the
range of variations emerging from laboratory reports.
It seems more likely that the root cause of competency
failures will reside in other areas of control including
RNA diversity and proteostasis. Regarding the latter,
posttranslational regulation of protein function and
turnover has long been understood to be fundamental
to the control of cell cycle progression. And in the case
of protein phosphorylation and dephosphorylation, the
concept was advanced some years ago, now confirmed,
that such a control system operating at the oocyte cell
surface would be critical to both polar body extrusion
and early cleavage stages of development [13]. Should
we add the notion of “cortical maturation” to our
attempts to bridge the gap between oogenesis and
embryogenesis?

5.3.4 From Form to Genetics: The
Subcortical Membrane Complex

The process of oocyte maturation is much more than
one designed to support the genetic transformation
from meiosis to mitosis. Shifting the unique program
in oogenesis that allows for asymmetric cell division
during polar body extrusion to that of symmetric
division after syngamy and beyond may constitute
one of the major logistical issues the embryo must
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deal with. Over and above the biomechanics is the
matter of sorting the maternally inherited hardware
(e.g. mitochondria) that each resultant blastomere
must retain in order to contribute to the trophecto-
derm or inner cell mass lineages. The subcortical
membrane complex (SCMC) fulfills an important
role in localizing and stabilizing maternal and zygotic
gene products to prevent errant degradation and
ensure correct positioning at later stages in develop-
ment [14].

What has made this structure relevant to early
development in the human is the recent identification
of mutations in core components of the SCMC that
appear to be associated with defects, either during
oocyte maturation or after fertilization. TUBB8 was
among the first of these genes where a genotype-
phenotype relationship was revealed but since those
earlier studies, other SCMC components have been
recognized [15]. In the end, it is likely that the role
of genetics will continue to contribute to the genomic
basis of how oogenesis drives embryogenesis. However,
many of the practical principles exploited in conven-
tional ARTs, such as COS, extended culture, and elim-
ination of follicular support at retrieval, may introduce
subtle forms of stress that will challenge the overall
performance of embryos with respect to competence
expression before or after embryo transfer [16].

5.4 Future Directions

A look back at trends in clinical practice over the past
decades reveals several patterns emerging including
the adoption of extended embryo culture, time-lapse
imaging/morphokinetics, biopsy and genetic assess-
ments, and spent culture media sampling for subse-
quent -omics analyses. The emphasis placed on the
embryo and not the oocyte is obvious and under-
standably related to the greater duration in which
the embryo is available for analysis. The introduction
of multi-parametric testing offers greater depth for
clinical decision-making and can be expected to
expand on current and future technologies designed
to enrich the deselection strategy especially in the
context of single-embryo transfer. One example of
this pertains to comparison of conventional morpho-
logical grading and morphokinetics. While the overall
utility of morphokinetics analysis continues to be
debated, its dominant adoption from some centers
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has proven useful and predictive of likelihood of preg-
nancy with encouraging signs of widespread utility
evidenced in large-scale center comparisons [17]. At
the time of this writing, several other technologies
including but not restricted to noninvasive autofluor-
escence assays of metabolism and artificial intelligence
are under development and will likely complement the
tests mentioned above [18].

But what about the oocyte? Reliance on morph-
ology is insufficient due to the inability to determine
qualities of obvious importance to embryo develop-
ment. Indirect and noninvasive measures of oocyte
competence derived from monitoring cumulus cell
function have to date failed to demonstrate clinical
utility. However, we can expect that many of the
above techniques will eventually be applied as their
sensitivity, reliability, and reproducibility continue to
mature. Returning to the subject of multiparametric
analyses, past efforts to monitor oocyte morphology
with the earliest events of development hold promise
such that the transition from egg to embryo offers
quantifiable milestones that together report on the
likelihood that certain oocytes exhibit properties indi-
cative of developmental potential.

Matziotis and colleagues recently demonstrated an
example of how linking oocyte morphology to cor-
tical properties deduced from fertilization by ICSI
reflect what is likely to be an important determinant
of oocyte competence [19]. A major feature of
oocyte maturation is the assembly of a rigid cortex
due to reorganization of the oocyte cytoskeleton
(Figure 5.2). It has long been recognized that oocytes
exhibit a wide range of penetrance properties, from
extreme fragility to resistance to penetration by
an ICSI needle. This study shows an association
between cortical stiffness and future development
and should serve as a point of departure for exploring
and monitoring this crucial dimension of oocyte qual-
ity [13, 14].

Finally, the stage is set to investigate early and late
stages of oogenesis in the human at systematic and
analytical levels not previously possible. While widely
recognized for benefits that among other things
would limit traditional exposures and consequences
to COS such as ovarian hyperstimulation syndrome,
the field of oocyte in vitro maturation (IVM), is
poised to become a mainstay in ART practices.
Several reasons account for mounting interest in
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IVM not the least of which is the fact that a much
more detailed understanding is emerging of how the
LH surge triggers and effects the process of oocyte
maturation. Clinical success rates in PCOS patients
undergoing a novel two-step IVM protocol are a
promising indication of both clinical utility and a
deeper understanding of the complexities and conse-
quences of this stage-setting dimension of human
oogenesis [20].

Key Messages

e Current standards for gauging the
developmental potential of human oocytes
remain primarily based upon gross morphology.

e Nuclear maturity, in the absence of biomarkers
for cytoplasmic or cortical maturity, is insufficient
to predict development in corresponding
embryos beyond the zygote stage, failure to
cleave, compact, form blastocysts, or implant
after transfer.

o Developmental failure is likely a consequence of
genetic and/or epigenetic factors attributable to
events taking place during growth and
maturation stages of oogenesis and
perifertilization.

e Many conditions embedded in conventional ART
protocols influence the acquisition and
expression of developmental competence in
human oocytes including stimulation protocols,
media composition, and status of cumulus cells.

e Meiotic cell cycle exit and entry into the first
mitotic cell cycle are key control points that
involve maternal effect genes and their
translational products whose localization and
stability dictate the kinetics of cleavage divisions.

e The subcortical maternal complex provides a
protein scaffold that integrates cell cycle
progression and compaction via maternally
inherited components of the cytoskeleton

e Biomarkers for the detection and assessment of
maternal effectors are required before useful
assays for the developmental potential of human
oocytes enter the embryology laboratory

e At present, progress in artificial intelligence and
noninvasive screening using oocyte-secreted
products and/or -omics assessments of cumulus
cells are paving the way for more discriminating
methods to evaluate oocyte properties and
characteristics consistent with improved embryo
quality
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6.1 Introduction

The laboratory plays a key role in an embryo’s devel-
opment and therefore is a critical element of embry-
ology key performance indicators (KPIs) [1]. The
primary goal of the IVF laboratory is to provide an
optimal environment for successful embryo develop-
ment, mimicking an optimal in vivo environment.
When the laboratory environment, culture conditions,
and embryology handling are optimized, the collective
environment yields embryology KPIs that translate
into maximal fertilized embryos, high-quality blasto-
cysts, and ultimately healthy live births. Ongoing and
rigorous quality control within the embryology labora-
tory ensures that each patient’s cohort of embryos has
the appropriate environment to reach developmental
milestones, with the goal of ensuring safety and quality
of care. This chapter describes the laboratory’s role in
embryo development and embryo selection, including
the embryology KPI frameworks and quality control
pathways utilized by the laboratory.

6.2 The Laboratory’s Role in
Embryo Development

The laboratory itself accounts for a large proportion
of the entire IVF process (Figure 6.1) and is conse-
quently a significant influencer of embryo develop-
ment and ultimately IVF outcome [1]. When
suboptimal, laboratory conditions may compromise
the pregnancy potential of an otherwise competent
oocyte or embryo. A complex network of laboratory
factors culminates in optimal conditions for in vitro
embryo growth, and within each laboratory step there
are many known physical, chemical, and biological
modifiers to consider. These laboratory factors have
been well described over the past few decades through
research dedicated to optimizing embryo develop-
ment within the IVF laboratory, now resulting in
the modern-day laboratory [2].

https://doi.org/10.1017/9781009025218.007 Published online by Cambridge University Press

The Laboratory’s Role in Embryo

6.3 The Laboratory and Culture
Environment

The embryo’s direct culture environment is ultimately
assembled through many different physical and chem-
ical constructs within the IVF laboratory (Figure 6.2).
Although knowledge of what constitutes the optimized
IVF laboratory has progressed immensely over the last
decades, it is important to consider that it might only
approximate an optimal in vivo environment that by
nature is extremely difficult to replicate [3], though
extensive research and improvement on culture condi-
tions likely provides a better environment than is present
in many patients experiencing infertility.

Immediately surrounding the embryo, culture
media provides essential constituents necessary for
metabolism and growth [4, 5], and which is covered
with oil to minimize osmotic changes in this micro-
environment. The incubator housing the dish must
maintain appropriate temperature, humidity, and
gas concentrations, which ultimately lead to optimal
medium pH. However, as the embryo moves
through the IVF process and transitions to different
dishes or positions within the laboratory, along with
numerous manipulations (e.g. pipetting sheer stress
or technical variation), changes to this exacting
environment are inevitable. The wider laboratory
and external environment also influence the quality
of air within the working environment [6]. The
IVE process may also involve several adjunctive
micromanipulations such as intracytoplasmic
sperm injection (ICSI), trophectoderm biopsy, and
cryopreservation that, despite being invasive and
deviating significantly from the in vivo environment,
are well tolerated by gametes and embryos under
optimized conditions. In summary, the goal of the
IVF laboratory is to create an in vitro environment
that promotes successful embryo growth while
limiting environmental and physical interference
where possible.
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Figure 6.1 The laboratory’s impact on the IVF process

The laboratory has a large impact on the IVF process, accounting for many steps that occur within the entire process. Each step within the
laboratory process may be influenced by physical, chemical, and biological variation.
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Figure 6.2 The laboratory and culture
environment
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The IVF culture environment is a result of complex
interactions between hundreds of materials and

° physical settings. The microenvironment directly
m surrounding the embryo is a summation of the
environment created by the embryo's direct (culture)
and wider (laboratory) surroundings.

A

6.4 Biological Effects of an
Environmental Stressor

If physical, chemical, or biological factors are not opti-
mized for an embryo’s developmental requirements,
then biological effects on an embryo can arise
(Figure 6.3; [1]). Translation of biological effects on
embryos, however, is complex and not necessarily
obvious or always detected at the time the insult
occurs. Potential downstream effects of an environ-
mental insult include, but are not limited to, slow
speed of development, poor embryo quality, metabolic
stress, and even epigenetic changes. Yet, the way a
suboptimal culture environment acts on a develop-
ing embryo is poorly understood as it depends on the
factors involved, including magnitude and duration,
the stage of embryo development, and whether an
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embryo is adaptive to the environmental change. In
terms of embryo stage, the oocyte and early embryo
are the most sensitive to physical and chemical stress
(Figure 6.4), and conversely the blastocyst, which
has a more mature homeostatic regulatory system
due to having more and differentiated cell types, is
the least sensitive [3].

When performing troubleshooting in the IVF
lab, we must acknowledge that our understanding of
the causative biological effects following the presence of
a laboratory stressor is usually speculative, and
thus limited to observations inherent to the IVF pro-
cess, such as embryo morphology, developmental
timings, and ultimately pregnancy potential. At this
intersection, embryology KPIs signal how the
culture environment interacts with embryo biology as
an indication of the overall health of the culture system.
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Figure 6.3 Potential biological effects of environmental stressors arising during embryo culture
Environmental stressors arising during embryo culture may perturb the embryo’s microenvironment and result in an array of biological effects
including developmental delay, epigenetic changes, metabolic disruption, poor morphology, and, ultimately, reduced implantation potential.
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Figure 6.4 Impact of environmental stress by preimplantation stage of development
The gametes and early embryo have the highest sensitivity to physical and chemical stress. Conversely, the blastocyst, with a large number of

differentiated cells, has the lowest sensitivity to environmental stress.

6.5 Embryology Key
Performance Indicators

Embryology KPIs provide a measure of gamete
competence and embryo development, for instance
the rates at which successful fertilization, blastulation,
and pregnancy occur [7]. They are a proxy or indica-
tor of how the laboratory interacts with embryo
development; if an embryology KPI is reduced across
a sufficient number of cycles, then the laboratory
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environment is questioned, after ruling out known
clinical or laboratory process changes or shifts in
patient demographics. Monitoring embryology KPIs
on a weekly and/or monthly basis is an important part
of quality control within the IVF laboratory to ensure
the absence of culture disruptors, and hence a stable
culture environment [8]. The frequency of monitor-
ing is influenced in part by the size of the laboratory.
The timeline of embryology KPIs by developmental
stage is shown in Figure 6.5.
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DAY 0-1 DAY 2-3

ICS| fertilization rate Time-lapse indicators

ICSI degeneration rate Early cleavage timings

Cell cycle timings

IVF fertilization rate

IVF 3PN rate

DAY 5-7

Day 5 usable blastocyst rate

Total (day 5-7) usable blastocyst rate

CLINICAL KPIs

Estimated clinical pregnancy rate

Clinical pregnancy rate

v

Figure 6.5 Embryology KPI timeline

Fertilization rate KPIs are assessed according to insemination type (IVF or ICSI). During the cleavage stage, time-lapse indicators identify delays
in early development. During the postcompaction stage, the usable blastocyst rate assesses ability of the system to support blastocyst
development as well as speed of blastocyst development. After embryo transfer, the estimated pregnancy rate based on serum BhCG level is
used as a surrogate marker for implantation, and is later replaced by clinical pregnancy rate to confirm viability.

Embryology KPIs requiring frequent monitoring
are described in Table 6.1, along with their calcula-
tions and competency and benchmark values (or
aspirational goals) adapted from the Vienna consen-
sus assisted reproductive technology laboratory per-
formance indicators document [9].

Fertilization rates are calculated by insemination
type (IVF or ICSI) and capture the number of nor-
mally fertilized oocytes (two distinct pronuclei [2PN])
from the number either injected (ICSI) or insemin-
ated (IVF). Reduced fertilization rates may be caused
by changes to oocyte quality, sperm preparation, cul-
ture conditions such as air quality or pH, or, in the
case of ICSI, operator variation. The ICSI degener-
ation rate, reflecting the percentage of oocytes dam-
aged following injection, can increase with operator
variation or following changes to ICSI equipment and
consumables [10]. Like all KPIs, degeneration rate can
be influenced by patient characteristics and clinical
factors, such as suction pressure at oocyte retrieval.

Time-lapse incubators have greatly increased the
amount of data on pre-implantation development,
enabling extension of the embryology KPIs described
in Table 6.1. Cell cycle timings provide detailed
information about early embryo development and
are KPIs in their own right, a concept illustrated with
mouse embryo quality control [11]. Time-lapse
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reference values are either derived from the literature,
or ideally established internally within each labora-
tory, in which timing differences have the potential
to occur with respect to the ratio of IVF to ICSI
insemination, utilization of thawed oocytes, culture
media, and patient demographics.

Usable blastocyst rates reflect the proportion
of embryos that progress past embryonic genome
activation to become blastocysts of usable quality
(transferred or frozen). Usable blastocyst rates are
calculated for cycles that either have a blastocyst
transfer or are “freeze all.” Cycles that have cleavage
stage transfer are not included in the usable blastocyst
rate calculation as blastocyst development is not con-
firmed. Sites that mainly utilize day 3 transfer should
develop an in-house validated KPI as a substitute to
usable blastocyst rates, for example “good day 3 devel-
opment rates” that take into account the proportion
of embryos with 7-9 cells and less than 10% fragmen-
tation on day 3. The day 5 usable blastocyst rate
(D5BUR) measures speed of blastocyst development,
whereas the total usable blastocyst rate (TBUR) meas-
ures the total proportion of embryos progressing
to the blastocyst stage that are suitable for clinical
use. We have observed that D5BUR was a more
sensitive measure of a change in culture conditions
than TBUR (Figure 6.6). In this example, a change to
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Table 6.1. Definitions of several embryology key performance indicators with competency and benchmark values

Key performance indicator Calculation

number of oocytes with 2PN % 100

ICSI fertilization rate Sumber of MIl inected

number of degenerated oocytes
number of Ml injected % 100

ICSI degeneration rate

number of oocytes with 2PN % 100

IVF fertilization rate number of cumulus oocyte complexes (COCs) inseminated

number of good quality blastocysts on day 5* % 100
number of oocytes with 2PN

Day 5 usable blastocyst rate (D5BUR)

number of good quality blastocysts on day 56 or 7* % 100
number of oocytes with 2PN

Total usable blastocyst rate (TBUR)

Estimated pregnancy rate (EPR)
number of embryo transfers resulting Beta human chorionic gonadotropin (BhCG) > 50lU\L on~day 14 % 100
number of cycles with embryo transfer

Clinical pregnancy rate (CPR)

number of embryo transfers resulting in fetal heart beat at weeks 7—9 % 100
number of cycles with embryo transfer

Note: *Blastocyst utlisation for transfer or vitrification (not calculated for cycles with cleavage stage utilisation).

Competency

65%

10%

60%

30%

40%

45%
*plastocyst

35%
*plastocyst

Benchmark

80%

5%

75%

40%

50%

75%
*plastocyst

60%
*blastocyst
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Day 5 usable blastocyst rate (D5BUR) and total useable blastocyst rate (TBUR; %)

50%

45%
Monthly TBUR rate

40%

Monthly DSBUR rate
DSBUR Mean

35%

AN\
% \/\/

DSBUR Lower wairning limit (26)

25% DSBUR Lower control limit (3a)

20% {Umifs from previous 6-months of KPI dora}

10%

Jun-16 Jul-16 Aug-16 Sep-16  Oct-16 Nov-16 Dec-16 Jan-17 Feb-17  Mar-17  Apr-17  May-17 Jun-17 Jul-17 Aug-17

Figure 6.6 lllustration of time-series control chart for KPI tracking of monthly day 5 usable blastocyst rate (D5BUR) and total usable
blastocyst rate (TBUR; %)

Lower warning (20) and control (3c) limits are calculated retrospectively from the preceding six months of KPI data to distinguish meaningful
changes from chance variation given an adequate sample size (30 cases or more). In this illustration, lower warning and control limits for
D5BUR identified a shift in DSBUR, lasting for five months from November 2016 to March 2017 and corresponding to a change in embryo
culture medium. During this time, TBUR remained within statistical process control and did not cross TBUR control limits (TBUR control limits

not shown).

a new culture medium resulted in a significant shift in
D5BUR that also coincided with a decrease in preg-
nancy rates [12], though the latter was only detected
three months after the change. Had we been tracking
D5BUR, we would have acknowledged the difference
and changed back to our previous medium sooner.
Note that TBUR is also influenced by other factors,
such as changes to blastocyst grading protocols that
occur following grading revision or gradual shifts to
grading practices.

Clinical outcomes are determined by calculating
the proportion of transfers resulting in a successful
pregnancy. The pregnancy rate is tracked most accur-
ately by determining those cycles resulting in fetal
heartbeat at 7-9 weeks gestation (clinical pregnancy;
CPR). The limitation associated with relying exclu-
sively on clinical pregnancy, however, is the time
delay following transfer, potentially delaying detec-
tion of effects on pregnancy rates. As an early surro-
gate marker for clinical pregnancy, serum beta human
chorionic gonadotropin (BhCG) is used to calculate
an estimated pregnancy rate (EPR). The cycle day of
BhCQG testing, the hCG threshold level, and maternal
age all influence the magnitude by which the calcu-
lated EPR correlates to CPR. Choosing a relatively
high BhCG threshold (e.g. 50 IU/L) allows better
correlation with CPR. For example, at day ~14 the
CPR decreases by 29.6% and 19.4% for phCG levels
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of >10 IU/L and >50 IU/L, respectively, in women
aged 37 years or younger. The relative difference is also
more pronounced for those women aged 38 years and
over. Table 6.1 uses a BhCG threshold of >50 IU/L at
cycle day 14 (~) instead of phCG levels of more than
0 or >10 IU/L because it has a higher degree of correl-
ation to the eventual CPR.

The CPR varies by maternal age, number of embryos
transferred, proportion of cleavage stage embryo trans-
fer, and proportion of PGT-A cycles. Changes to clinical
pregnancy rates relate to many clinical and embry-
ology factors, as well as being heavily dependent on
patient demographics, the most influential being
maternal age [13]. CPRs are analyzed by maternal
age subgroups, and while some groups use four or
more subgroups, in the interest of sample size and
simplicity, we find the most biologically relevant
divide being 37 years or younger versus 38 and over,
given the significantly higher aneuploidy rates for
those over 38 years of age.

6.6 Tracking Key Performance

Indicators

Tracking embryology KPIs is integral to the labora-
tory’s quality management system. Electronic medical
recording systems that promote timely and accurate
access to cycle data are recommended for optimal and
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regular KPI tracking. Embryology KPIs are regularly
tracked on a weekly and/or monthly basis, and fre-
quency of tracking is modified according to cycle
volume, patient demographics, and the KPI involved
[8]. When a significant shift or drift is identified
during these time frames, a root-cause analysis is
performed to determine the source of the fluctuation
(e.g. for a decrease in ICSI fertilization rates, a thor-
ough review of technique, supplies, etc.).

Embryology KPIs are monitored using statistical
process control with time-series control charts
(Figure 6.6). Control charts have statistical control
limits that aim to distinguish meaningful changes
from chance variation when there are an adequate
number of cases (e.g. n >30). Warning (2 sigma)
and control limits (3 sigma) define the region of
expected baseline variation determined by historical
data, which can be derived from historical data, often
corresponding to six months of performance during a
stable period of performance. We use KPIs for two
reasons — to compare to standards so we know we are
doing well, and to track our performance over time.
Analysis of data in relation to the laboratory’s internal
historical rates provides a measure of culture stability.
When KPI changes are detected by control chart
tracking, further root-cause analysis using appropri-
ate statistical tests that account for confounding vari-
ables, such as patient age, are performed.

Control and warning limit thresholds as well as
the clinic average should change over time as process
improvement results in better outcomes. When a KPI
consistently measures above the mean for several

CLINICAL INFLUENCE

Lifestyle/genetic factors

consecutive periods, the mean and limits should be
recalculated to improve the sensitivity of the tracking
process going forward. While control charts typically
employ both upper and lower limits, for the purpose
of tracking inadvertent deviations from good practice,
it is acceptable to use a one-sided control chart, where
either lower limits (e.g. fertilization rate) or upper
limits (e.g. 3PN after IVF) are used.

6.7 Key Performance Indicators and
Embryo Selection

The gradual increase in IVF success rates during the
past three decades is in part attributed to enhance-
ment of the laboratory environment and associated
quality control operations, illustrating the labora-
tory’s influence on embryo development and cycle
outcome. Improvements in culture environment and
stimulation protocols yield more embryos and thus
better embryo selection. As one of the fundamentals
of clinical embryology, more embryos enables choice
about which embryo is selected for transfer to maxi-
mize success at single embryo transfer.

At the patient level, negative shifts in the culture
environment and KPIs can directly influence embryo
selection (Figure 6.7). The interaction between
embryology KPIs and embryo selection occurs pri-
marily by assuring development of suitable embryos
available for transfer. When a negative KPI shift
occurs (e.g. blastocyst use rate) selection of the best
quality embryo within the patient cohort is com-
promised, especially if the number has been reduced

N
) \/

Figure 6.7 Influence of the culture environment and laboratory KPIs on embryo selection

Although the number and quality of gametes entering the laboratory are predetermined by clinical factors, the culture environment influences
the development of each patient’s cohort of embryos, which are thus captured by the respective KPIs. For example, lowered fertilization rates,
reduced developmental speed and quality, as well as decreased usable blastocyst rates reduce the number of viable embryos suitable for

transfer and ultimately prevent optimal embryo selection.
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to one or none. Tracking embryology KPIs during a
change in embryo culture media illustrates D5BUR as
an important KPI that identifies reduced speed of
blastocyst development by day 5, a change that has
the potential to promote difficulty selecting the best
quality embryo at day 5 fresh transfer. During the
study, reduced D5BUR was also accompanied by
reduced pregnancy rates, illustrating that in some
cases D5BUR can act as an early indicator to changes
in clinical outcomes [12].

6.8 Summary

Human embryos are sensitive to their culture environ-
ment and optimization and monitoring of this envir-
onment is critical to successful IVF outcomes. Culture
stability is regularly monitored through embryology
KPIs (including time-lapse indicators). Culture stabil-
ity is key to ensuring that at each step of the IVF
process, each patient’s cohort of embryos is cultured
in conditions that promote successful growth, thereby
maximizing embryo quality and optimizing selection
for increased odds of pregnancy after single embryo
transfer. The laboratory role of ensuring safety and
quality of care during the IVF process is critical.
Deviation of embryology KPIs outside control limits
may signal a shift within culture conditions, promot-
ing further process investigation into settings, culture

References

1. Cohen J, Consensus Group C.
‘There is only one thing that is

single-step media used for human 8.
embryo culture. Fertil Steril.
2017;107:1055-60.

environment, consumables, processes, and patient
demographics.

Key Messages

e The laboratory covers a large number of steps
and variations within the IVF process.

e The embryo’s microenvironment is a summation
of the physical, chemical, and biological settings
of the culture and laboratory environment and
the early oocyte/embryo is the most sensitive to
culture disruptors.

e Environmental stressors arising within the culture
environment have the potential to result in
developmental delay, epigenetic changes,
metabolic disruption, poor morphology, and
ultimately reduced implantation potential.

e Stable culture conditions are monitored through
embryology KPlIs.

e Monitoring embryology KPIs is recommended
weekly to monthly depending on clinic volumes.

e Tracking of KPIs using time-series control charts
determines whether each KPI remains within
statistical control limits.

e Deviation of a KPI outside control limits may
signal an adverse event or shift within culture
conditions, promoting further process and
statistical investigation into patient
demographics, laboratory processes, and the
culture environment.

ESHRE Guideline Group on
Good Practice in IVF Labs, De
los Santos MJ, Apter S, et al.
Revised guidelines for good

truly important in an IVF
laboratory: everything’ — Cairo
Consensus guidelines on IVF
culture conditions. Reprod
Biomed Online. 2020;40:33-60.

2. Swain JE. Optimal human embryo
culture. Semin Reprod Med
2015;33:103-17.

3.  Wale P, Gardner D. The effects of
chemical and physical factors on
mammalian embryo culture and
their importance for the practice
of assisted human reproduction.
Hum Reprod Update.
2016;22:2-22.

4. Morbeck DE, Baumann NA,
Oglesbee D. Composition of

60

5. Tarahomi M, Vaz FM, van

Straalen JP, et al. The composition
of human preimplantation
embryo culture media and their
stability during storage and
culture. Hum Reprod.
2019;34:1450-61.

Mortimer D, Cohen J, Mortimer
ST, et al. Cairo consensus on the
IVF laboratory environment and
air quality: report of an expert
meeting. Reprod Biomed Online
2018;36:658-74.

Mortimer ST, Mortimer D.
Quality and risk management in
the IVF laboratory. 2nd ed.
Cambridge University Press; 2015.

https://doi.org/10.1017/9781009025218.007 Published online by Cambridge University Press

10.

practice in IVF laboratories
(2015). Hum Reprod.
2016;31:685-6.

ESHRE Special Interest Group of
Embryology, Alpha Scientists in
Reproductive Medicine. The
Vienna consensus: report of an
expert meeting on the
development of art laboratory
performance indicators. Hum
Reprod Open. 2017;35:494-510.

Rubino P, Vigano P, Luddi A,
Piomboni P. The ICSI procedure
from past to future: a systematic
review of the more controversial
aspects. Hum Reprod Update
2016;22:194-227.


https://doi.org/10.1017/9781009025218.007

The Laboratory’s Role in Embryo Development

11.

12.

Wolff HS, Fredrickson JR, Walker
DL, Morbeck DE. Advances in
quality control: mouse embryo
morphokinetics are sensitive
markers of in vitro stress. Hum
Reprod. 2013;28:1776-82.

Hammond ER, Morbeck DE.
Tracking quality: can embryology

13.

key performance indicators be
used to identify clinically relevant
shifts in pregnancy rate? Hum
Reprod. 2019;34:37-43.

Vaegter KK, Lakic TG, Olovsson
M, Berglund L, Brodin T, Holte J.
Which factors are most predictive
for live birth after in vitro

https://doi.org/10.1017/9781009025218.007 Published online by Cambridge University Press

fertilization and intracytoplasmic
sperm injection (IVF/ICSI)
treatments? Analysis of

100 prospectively

recorded variables in 8,400 IVF/
ICSI single-embryo

transfers. Fertil Steril.
2017;107:641-8.

61


https://doi.org/10.1017/9781009025218.007

Sharon T. Mortimer

7.1 Introduction

The underlying philosophy for assisted reproduction
technology (ART) is to maximize the chances of
pregnancy from a single oocyte retrieval cycle, by
transferring an embryo with a high likelihood of
implantation and cryopreserving the remaining
embryos for transfer in later cycles. The ideal out-
come would then be that all of the embryos required
for the creation of the family would arise from that
one oocyte retrieval. Following this philosophy means
that it is the responsibility of the laboratory to main-
tain each gamete’s and embryo’s developmental
potential. It is unlikely that the laboratory can
increase this potential, as that is generally determined
by patient-related factors such as age, health status,
and gametogenesis, which are out of the laboratory’s
control. However, the conditions in the laboratory
can certainly decrease this potential, if the gametes
and/or embryos are exposed to environmental and
culture conditions that are not optimal, as this
requires them to expend energy in adapting to their
environment, causing stress. As observed over the
past 40 or so years, human gametes and embryos
can adapt to the in-vitro environment, and still give
rise to pregnancies and healthy live births. However,
an improved understanding of the requirements of
gametes and embryos in culture, and development of
the technology to support these requirements, has
increased the chance of pregnancy from around 10%
per transfer (with up to four embryos per transfer) in
the 1980s, to the current rates of around 35-60% per
transfer (with only one or two embryos per transfer)
depending on maternal age.

Although there have certainly been improvements
in the ovarian stimulation protocols over this period,
and improvements in embryo transfer catheters and
transfer technique, which have all contributed to
the increased chance of pregnancy, it has been the
changes in the laboratory’s handling methods that
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have supported improved rates of embryo develop-
ment, both in terms of speed and number. In the early
days of clinical IVF, when the culture requirements
were not as well understood, it was felt that embryos
developed more slowly in vitro and so time in the lab
should be minimized. To address this, day 2 (ideally
4-cell) embryos were transferred to the uterus based
on the assumption that the uterine environment
might provide better conditions to support embryo
development than were available in vitro, even though
in nature an embryo does not reach the uterus until
the blastocyst stage. Although it was certainly possible
to culture embryos to the blastocyst stage in the
1980s, the blastocyst development rates were often
quite low, with low cell numbers. It was not until
after significant changes in embryo culture systems
were introduced in the 1990s that blastocyst develop-
ment rates and blastocyst quality improved to the
point that it became clinically feasible to move to
the routine transfer of one or two blastocysts to the
uterus on day 5. Further technological improvements
since 2000, including the widespread use of time-lapse
imaging of embryo development, are now increasing
our knowledge and understanding of the require-
ments of gametes and embryos in vitro.

The aim of this chapter is to provide a general
overview of the factors in gamete and embryo hand-
ling that can affect the cycle outcome, along with
recommendations of approaches to support the con-
trol of variability in the culture system.

7.2 The Culture System

In nature, gametes and embryos exist within a dynamic
environment that supports their functional and devel-
opmental requirements. While this cannot yet be repli-
cated in vitro, there are several physical factors that can
be maintained and controlled, specifically temperature,
pH, oxygen, osmolarity, culture medium composition,
contact materials, light exposure, and incubators,
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collectively termed the culture system. Gametes and
embryos must also be protected against exposure to
toxic substances, including volatile organic com-
pounds (VOCs) such as aldehydes, which can cause
significant damage to embryo development. VOCs
can enter the laboratory from the outside air, or from
materials in the fabric of the laboratory (e.g. offgas-
sing of paints, adhesives, manufactured wood prod-
ucts, etc.), as well as in the day-to-day functioning of
the laboratory (e.g. from sterilizing or sanitizing prod-
ucts). It is possible to manage the VOC load in the
ART laboratory, but this is easier in a new facility,
where various strategies can be incorporated into the
lab design [1]. Further, the use of in-line filters in the
gas supply lines to the incubators have been recom-
mended to facilitate the removal of VOCs, bacteria,
dust, etc. [2].

The culture system provides cells with the nutri-
ents they require, as well as support to maintain
homeostasis. If the conditions are not ideal, then the
cells must adapt or they will die. Adaptation, though,
is a stressor, and cellular stress has been associated
with altered gene expression and/or regulation (e.g.
imprinting). Therefore, to maximize the developmen-
tal potential of gametes and embryos, it is critical to
provide suitable physico-chemical conditions, as far
as current technology allows.

7.2.1 Temperature

Normal human body temperature is around 37°C.
Although gametogenesis occurs at slightly lower tem-
peratures, fertilization and embryo development
occur at 37°C in vivo. Consequently, maintaining
the cell cultures as close to 37°C as possible should
be optimal, although this has not been established
unequivocally [2]. Care should be taken to protect
against exposure of gametes and embryos to tempera-
tures significantly cooler or warmer than this, as that
could adversely affect cellular metabolism and func-
tion. For example, there is some evidence that transi-
ent cooling of oocytes to room temperature causes
disorganization of the meiotic spindle in some
oocytes, with displaced chromosomes and a conse-
quent risk of aneuploidy. Therefore, while it is pos-
sible for fertilization and embryo development to
occur in oocytes that have been cooled to room
temperature, this is not an optimal approach. For
maintenance of the laboratory systems, and to sup-
port effective troubleshooting, temperature control is
therefore an important aspect of the culture system.
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Particular attention is required to maintain a
stable temperature during follicular aspiration, trans-
port of the aspirates to the “egg search” workstation,
the egg search procedure, and subsequent handling of
cumulus-oocyte complexes (COCs), as well as the
resulting embryos.

7.2.2 pH

In addition to stable temperature control, gametes
and embryos require the culture medium to be pH
7.2-7.4. At sea level, a culture environment contain-
ing ~6% CO, is required to maintain this pH range in
a 25 mM bicarbonate solution (as is used in the
majority of culture media). The concentration (or
rather, the partial pressure) of CO, (pCO,) required
to maintain medium pH increases with altitude.

The approach of measuring the pH of cultures
each morning, and then adjusting the amount of
CO, in the incubator environment to meet a pH
target, does not take into account fluctuations in
atmospheric pressure that often occur throughout
the day as the weather changes, which influence the
pCO; required.

7.2.3 Oxygen

Oxygen levels in the reproductive tract are in the
range of 2-8% [2], while ambient oxygen is ~20.9%
at sea level. The earliest IVF labs cultured embryos
under a gas phase of 5% CO,/5% 0,/90% N, in
special chambers placed inside incubators, but over
time, the gas phase for culture changed to 5% CO,-in-
air. The reasons for this change were likely both
economic and ergonomic, as special mix gas is more
expensive, and not using it meant that the culture
dishes could be placed directly onto the incubator
shelves, rather than into special chambers. These
“big-box” incubators, the standard type of incubators
used in research laboratories, contain room air, to
which CO, is added to reach the desired CO, concen-
tration, using CO, controllers.

However, culture of human gametes and embryos
under ambient pO, levels affects developmental poten-
tial, and has been reported to result in reduced cell
number; reduced fetal development; disturbances of
the epigenome, transcriptome, and proteome; and
increased production of reactive oxygen species (ROS),
which can cause DNA damage [2]. Therefore, it is now
becoming the standard to culture gametes and embryos
in a low-oxygen environment.
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7.2.4 Osmolarity

Loss of water from the culture environment due to
evaporation increases the osmolality of the culture
medium: another stressor. Evaporative loss occurs
during exposure to a dry environment in the labora-
tory and/or incubator. When preparing culture dishes
for overnight equilibration, care must be taken to
reduce the risk of evaporation from the microdroplets
before the oil is added. However, there is evidence
that even an oil overlay cannot provide long-term
protection against evaporative loss: A strategy to
manage cultures in a nonhumidified incubator is to
replace the medium every 48 hours [2].

7.2.5 Culture Medium

Protection against significant changes in the culture
medium is critical for optimal oocyte and embryo
metabolism and homeostasis, but the chemical com-
position of the medium itself can also affect the out-
come of ART. For example, even a five-minute
exposure of fertilized mouse oocytes to a collection
medium that did not contain amino acids resulted in
fewer embryos reaching the blastocyst stage, with
those that did reach the blastocyst stage having lower
cell numbers [3].

Another important factor to consider is whether
an IVF culture medium contains antioxidants.
Antioxidants assist in reducing the incidence of ROS
production, and in moderating its effects [4].

7.2.6 Contact Materials

Contact materials are all the consumables that come
into direct contact with gametes and embryos. These
include culture medium, dishes and other plasticware,
pipettes, pipettor tips, other solutions, gases, and the
laboratory environment.

Most clinical ART laboratories have an extremely
limited ability to conduct embryo toxicity testing of
the contact materials, and so several manufacturers
have released cultureware in a certified “IVF range”
that has been assayed by a 1-cell mouse embryo assay
(MEA). In some jurisdictions, labs are required to use
MEA-tested consumables, if they are available,
regardless of the price.

Cost should never be the sole consideration
when selecting consumables for use in the ART
laboratory, particularly as it is often possible to
negotiate pricing for good-quality items, based on
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ordering patterns and volume. The more important
factors in choosing consumables are related to pro-
duction quality, reproducibility, and performance in
the culture system.

It is good practice to record for each treatment
cycle the lot number of each of the contact materials
used. In this way, should a recall be issued, it is
relatively simple to identify and verify the affected
patients/cycles.

7.2.7 Incubation System

In the more traditional IVF process, gametes are taken
out of the incubator for insemination, and then daily
for observations of fertilization and embryo develop-
ment, with transfer into fresh culture medium on days
1 and 3 of culture. However, in many laboratories,
particularly those using time-lapse systems, insemin-
ated oocytes are left undisturbed for several days, or
until the time of embryo transfer or cryopreservation.
When the gametes and embryos are outside the
incubator, care must be taken to ensure that the
observations and handling are conducted in either a
temperature- and gas-controlled environment (such
as an enclosed workstation) or are completed as
quickly as possible, ideally within two minutes [5].
This is to reduce the risk of the gametes and embryos
being exposed to ambient conditions, which will
affect the temperature and pH of the culture medium.
Sufficient incubators should be available to min-
imize the number of times each incubator door is
opened throughout the day [6]. This is because when
the door of a big-box incubator is opened, its internal
atmosphere is disturbed through exposure to room
air and requires some time to reequilibrate, so
repeated openings and closings expose all of the
embryos in that incubator to these conditions.

7.2.8 Light

In nature, gametes and embryos are not exposed to
light. Consequently, in many ART laboratories, room
lighting is suppressed, but microscopy exposes
gametes and embryos to light that is many times
brighter [2]. The use of colored filters on the micro-
scopes can reduce the exposure of oocytes and
embryos to the more harmful blue end of the visible
light spectrum.

The following sections consider the specific
factors that should be taken into consideration when
handling spermatozoa, oocytes, and embryos.
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7.3 Spermatozoa

There is a common tendency in ART methodologies
to overlook the relative importance of the male
gamete, but the outcome of a cycle can certainly be
influenced by how the semen sample is processed and
the motile sperm preparation handled.

During their transit from the testes to the epididy-
mides, spermatozoa undergo maturational changes
that stabilize them for storage in the male reproduct-
ive tract. Therefore, before a spermatozoon can fertil-
ize an oocyte, these changes must be reversed as part
of the process of capacitation. Capacitation is a series
of metabolic and physiological changes that occur
during the transit of the spermatozoa through the
female reproductive tract in vivo, or as part of the
sperm preparation process for IVF, which leave
the spermatozoa with the capacity to fertilize oocytes.

When capacitated spermatozoa reach the oocyte,
they undergo the acrosome reaction, triggered by
binding to the zona pellucida. The acrosome is a
membrane-bound organelle covering the front of the
sperm head, lying immediately under the plasma
membrane. In the acrosome reaction, the outer acro-
somal membrane and the overlying plasma mem-
brane become more fluid, and the matrix inside the
acrosome expands, causing localized contact, fusion,
then loss of these membranes. The fertilizing sperm-
atozoon then traverses the zona pellucida, binds to the
oocyte plasma membrane via ligands in the equatorial
segment exposed during the acrosome reaction, and
the sperm and oocyte membranes fuse [7].

The fertilization process relies on the sperm mem-
branes being sufficiently fluid to support fusion. It is
therefore important to reduce their risk of exposure
to ROS as this can cause reduced membrane fluidity,
as well as DNA fragmentation. Since there is no active
repair mechanism for nuclear DNA in the sperm
head, DNA strand breaks can lead to failure of
embryo development pre or postimplantation. The
biggest contributors to ROS generation in semen are
leucocytes and immature sperm cells, so it is critical
to isolate the functional spermatozoa from the other
cells in semen without pelleting all the cell types
together, which is why whole semen should never be
centrifuged.

Spermatozoa must also be carefully isolated from
seminal plasma as it contains decapacitation factor(s)
that reversibly inhibit capacitation and the acrosome
reaction, and extended exposure to seminal plasma in
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vitro can inhibit sperm function [8]. It is for this
reason that sperm washing and selection procedures
must be started as soon as liquefaction has occurred,
ideally within 30, but certainly no more than 60,
minutes postejaculation. Apart from chain-of-custody
questions, this is the main reason that semen samples
are collected within the clinic - to remove travel time
thereby minimizing exposure of the spermatozoa to
seminal plasma.

7.3.1 Sperm Preparation Methods

There are many methods for preparing sperm suspen-
sions for insemination, but those used most often are
density gradient centrifugation, or direct swim-up
from semen into culture medium [9, 10]. The
common aim to is maximize the yield of functional
spermatozoa while minimizing the risk of iatrogenic
damage, such as physical separation of the head from
the midpiece/tail or ROS generation [8]. Whichever
method is selected, normozoospermic samples should
yield a preparation with at least 90% motile sperm-
atozoa [11].

7.3.2 Dealing with Unusual Sperm/

Semen Samples
7.3.2.1 Extremely Low Sperm Concentration

For samples with relatively few motile spermatozoa,
the semen can be layered over 1 ml of the upper layer
suspension for a density gradient, and centrifuged
(500 g; 20 min). This separates the spermatozoa from
the seminal plasma, debris, and nonsperm cells, redu-
cing the risk of iatrogenic ROS-generated damage.

7.3.2.2 Cryopreserved Semen

Frozen-thawed semen should first be diluted with a
5x volume of sperm buffer added very slowly, and in
stages, to protect the spermatozoa against osmotic
shock during processing, as the freezing medium has
a very high osmolarity. The diluted sample can then
be processed as for fresh semen.

7.3.2.3 Extremely Low Motility

Because not all immotile spermatozoa are dead, there
can be live spermatozoa in samples with 0% motile.
In the HOS test, immotile spermatozoa are placed
into a hypo-osmotic solution (~150, rather than 285,
mOsm/kg), which causes the tail of live spermatozoa
to swell and coil. These are collected and placed in
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standard culture media to reverse the membrane
coiling, before being inseminated via intracytoplasmic
sperm injection (ICSI).

7.3.2.4 Retrograde Ejaculation

This occurs when a man’s semen passes back into the
bladder at ejaculation. As sperm are sensitive to low
pH, it is critical that the patient’s urine be alkalinized
before a sample is collected. The sample is centrifuged
immediately, and the pellet(s) resuspended in sperm
buffer before processing.

7.3.2.5 Surgically Retrieved Spermatozoa

Surgical sperm retrieval can be an option for patients
with no spermatozoa in their semen. Percutaneous
epididymal sperm aspiration (PESA) from the effer-
ent ducts of either the cauda epididymis or vas
deferens usually yields relatively clean samples with
numerous motile spermatozoa, but there can be a
high concentration of dead and senescent spermato-
zoa. The alternative is to retrieve spermatozoa directly
from the testes, by testicular sperm aspiration, or by
testicular sperm extraction where sections of semin-
iferous tubules are taken from the testes. While the
absence of seminal plasma means that conventional
sperm preparation methods are not required, ideally
the motile spermatozoa are separated from the other
cell types before selection for ICSI [12].

7.4 Oocytes

At the time of retrieval, “mature” oocytes are at the
metaphase 2 stage of meiosis and remain at this stage
until penetration by the fertilizing spermatozoon,
when they undergo their final reduction division
resulting in extrusion of the second polar body. It is
the oocyte’s mRNA that directs the first two rounds of
cell division before activation of the embryonic
genome. The success of the ART cycle, in terms of
fertilization and embryo development, is heavily
dependent upon the oocyte, which must undergo
many physical and biochemical transformations.
Handling oocytes in vitro is therefore much more
intricate than handling spermatozoa. Oocytes are very
sensitive to changes in their environment, and this
can affect their functional ability, so care must be
taken to protect them from exposure to stressors.
These stressors have already been discussed above,
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in Section 7.2, so the following are strategies to
manage these exposures when handling oocytes.

7.4.1 Equilibration and Set-Up

An oocyte retrieval (or oocyte pick-up, OPU),
requires prewarmed search dishes, into which the
follicular fluid is transferred, as well as wash and
culture dishes that contain medium. It takes several
hours for culture medium to gas- and temperature-
equilibrate, so any dishes and tubes containing
medium must be prepared the day before and placed
in an equilibration incubator overnight. Ideally, the
tubes that will be used to collect the follicular fluid
will also be prewarmed and labeled with the patient’s
name and other unique identifiers, as an extra check
step when they are brought into the lab or worksta-
tion. All of the cultureware used should be from
batches that have been QC-tested for IVF.

The workstation that is used for oocyte retrieval
should maintain the temperature of the COCs close to
37°C, and certainly above 35°C, to reduce the risk of
iatrogenic meiotic spindle depolymerization. To
achieve this, the work surface might need to be kept
slightly warmer than 37°C. To determine the best
temperature for the work surface, it is best to do some
“dummy runs” with the same volumes of medium
(and oil, in the case of microdroplets of medium) that
will be used and check the temperature inside the dish
using a thermal probe. In addition, the work surface
temperature to be used must be calibrated for every
type of culture dish that will be used there [2].

7.4.2 Qocyte Retrieval

The timing of the OPU is a clinical decision, based on
the kinetics of follicular growth and often on the
amount of circulating estradiol. Once these criteria
have been met, the ovulation process is triggered and
the patient scheduled for OPU a few hours before
ovulation is due to occur. By that stage, the mature
COC s should be floating in the follicular fluid, rather
than being attached to the follicle wall.

Before the OPU, a process of positive identifica-
tion of the patient should be followed, where the
patient tells the staff her name and other identifying
details, rather than simply confirming that informa-
tion. Ideally, the embryologist participates in this
process to ensure that the correct patient’s dishes are
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in the work area. This matters because sometimes the
planned running order of cases is changed, and if the
embryologist does not know whose oocytes are being
collected, this greatly increases the risk of an inadvert-
ent error in mixing patients’ gametes. An alternative
identification strategy is the use of electronic witness-
ing systems, where the patient’s identity is confirmed
via a system-generated ID card and must match the
labeled dishes in the work area.

Once the patient has been prepared for the pro-
cedure, her ovaries are visualized via transvaginal
ultrasonography, the follicles punctured, and the fol-
licular fluid collected. Whether to flush the follicles is
essentially a clinical decision. The flushing fluid,
which should contain amino acids [3], must be at
37°C to reduce the risk of cooling the COCs, but it
is virtually impossible to maintain this temperature in
a syringe or down the thin length of a needle and
tubing. The follicular (and flush) fluids are collected
into sterile, prewarmed, labeled, culture tubes. The
use of a tube-warmer is recommended at this stage,
as simply holding the tubes by hand is not enough to
maintain their temperature.

The contents of each tube are then transferred
into search dishes and scanned under a dissecting
microscope to identify any COCs. The search dishes
have a diameter of 60 mm or more, so if the micro-
scope is in a laminar flow hood, and the fan is left
running, there is a risk of evaporative cooling, even if
the dishes are on a warmed surface. An option to
reduce this risk is to switch off the fan during the
egg search procedure, or to use a warmed, humidified,
and CO,-controlled workstation.

There is also a significant risk of temperature loss
when the COCs are held in a glass pipette or pipette
tip — a temperature loss of 5°C per 5 s has been
reported, irrespective of whether the pipette was pre-
warmed [2]. Therefore, as each COC is identified, it
should be transferred immediately into the wash dish
(37°C), and never held in the pipette while the rest of
the search dish is checked. To modulate any effect of
differences in the media compositions when moving
oocytes and embryos between different culture media,
a small volume of the medium into which they are
being moved can be expelled around the oocyte or
embryo before it is aspirated into the pipette.

Once the COCs have been retrieved and washed,
they are placed in a fertilization medium and cultured
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until the time of insemination. Every time that
gametes or embryos are moved from one dish or tube
to another, an independent witness should verify that
the correct patients’ gametes or embryos are being
processed, and that the labels on the old and new
dishes are for the same patient. This can be done by
having two people checking each other’s work, or by
the use of an electronic witnessing system. Whichever
strategy is followed, it must be followed consistently,
and done every time gametes or embryos are moved
from one container to another, to minimize the risk
of mix-up errors.

7.4.3 Insemination

Before performing the insemination, it is critical that
the patient identity is checked and validated, as the
insemination step is irreversible.

7.4.3.1 “Traditional” IVF

The COC:s are left intact, and a suspension of washed,
motile spermatozoa is added (in some labs, the COCs
are moved into a microdroplet of the sperm suspen-
sion). It is best if the COCs are left intact, as this
provides a matrix for the spermatozoa to enter, and
the progesterone produced by the cumulus cells sup-
ports capacitation. Insemination must be done care-
fully, but sufficiently rapidly to not affect the
temperature or pH of the preparations. Care must
also be taken to ensure that there is no possibility of
transfer of any spermatozoa onto or into the barrel of
the pipettor, as this would represent a significant risk
factor for cross-contamination of another sperm
sample.

7.4.3.2 Insemination by ICSI

Because it is very difficult to access the oocyte through
the cumulus and corona cells, oocytes for microinjec-
tion are denuded of their cumulus cells enzymatically
and of their corona cells mechanically. The cumulus
cells are in a hyaluronic acid matrix, so are dispersed
by hyaluronidase treatment. Mechanical removal of
the corona cells is managed using the flexible tips of a
defined internal diameter (usually 175-200 pm, then
135-45 pm), to minimize the risk of oocyte damage.

Depending on whether the ICSI equipment is on
the open bench or in a CO,-controlled chamber,
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microinjection is performed in either HEPES-
or MOPS-buffered media or bicarbonate-buffered
medium, respectively.

After microinjection, the oocytes are washed,
placed in fresh medium in equilibrated dishes, and
returned to culture until the fertilization assessment
on day 1. For time-lapse incubators, the injected
oocytes are usually left in place until the day of
embryo transfer or cryopreservation.

7.5 Embryos

Preimplantation embryos undergo significant phys-
ical transformation, developing over the course of
four days from a single cell into a blastocyst with
defined cell types. Although the biochemical require-
ments of the developing embryo differ from those of
an oocyte, it shares the same requirements for
physico-chemical control to support optimal develop-
ment in vitro. Therefore, care must be taken to ensure
that the cultures are maintained under stable condi-
tions, with minimal exposure to ambient conditions.
This can be managed by designating task-specific
work areas in the laboratory, to give the shortest time
between incubator and workstation.

As many of these requirements have already been
outlined, this section presents additional consider-
ations for embryo handling beyond those required
for oocytes.

7.5.1 Fertilization Assessment

During the fertilization check 17 + 1 hours postinse-
mination [11, 13], any remaining cumulus and
corona cells that are interfering with a clear visualiza-
tion of the oocyte are stripped away as quickly and
gently as possible, usually using manufactured flexible
plastic pipette tips. It is also important (especially in
IVF cases, where this removal process can take some
time) to only have as many oocytes per dish that can
be stripped and graded within an acceptable time (i.e.
within two minutes). Of course, if using a tempera-
ture- and gas-equilibrated enclosed workstation, then
these timings become largely irrelevant, as pH and
temperature can be maintained for a longer period.
After the fertilization assessment, zygotes should be
washed in the medium that they are about to be
cultured in (to remove any of the fertilization
medium, or any residual sperm etc.), placed into
new dishes of preequilibrated medium, and returned
to culture.
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For ICSI-derived zygotes in a time-lapse incuba-
tor, the fertilization check is usually performed with
the dishes in situ, so the medium is not changed at
this step.

7.5.2 Embryo Culture to the Blastocyst
Stage: Days 2-5

For laboratories that use a “single-step” medium, the
embryos remain in the same type of medium through-
out embryo development, although the medium might
be refreshed partway through the culture period. For
laboratories that use a sequential culture medium
system, the embryos remain in “cleavage medium”
from days 1-3, and if culture is to be continued beyond
the cleavage stage, they are then transferred into a
“blastocyst medium.”

There is a question of whether to culture embryos
individually or in groups. The argument for group
culture is to capitalize on any coculture effects that
might derive from beneficial substrates produced by
the embryos; the argument against it is the possibility
that embryos utilize substrates and leave depleted
media and potential toxins as a product of cellular
apoptosis, so individual culture protects an embryo
against exposure to potential detrimental products
from another embryo [14]. One approach that some
labs take is to culture the higher- and lower-quality
embryos in separate groups.

Key Messages

e Successful handling of gametes and embryos
requires careful attention to all aspects of the
laboratory systems and environment.

e These systems must respect the biology of the
gametes and embryos, supporting their needs,
rather than meeting lab scheduling constraints.

o Effective temperature control is required from
the moment an oocyte is aspirated from its
follicle until the embryo is transferred into
the uterus.

e Medium pH and osmolarity must be maintained
throughout the ART process.

e Fertilization and embryo culture should be in a
low-oxygen environment.

e Effective risk management requires the use of at
least two human-readable unique identifiers as
well as witnessing of, at least, each step where
gametes and embryos are moved from one
container to another.
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8.1 Introduction

The mature human oocyte is the largest cell in the
body; once fertilized by a sperm, it has also the
capacity to direct preimplantation development and
ultimately give rise to more than 200 cell types that
constitute the fully formed individual. Such an aston-
ishing characteristic and role in reproduction and the
life cycle is not reflected in its shape and subcellular
morphology. When released from the follicular
environment and stripped of its companion cumulus
cells in preparation for intracytoplasmic sperm injec-
tion (ICSI), the oocyte may be easily observed
unstained at x200 magnification with a phase con-
trast microscope. Under such conditions, a typical
oocyte, ideal according to the standards of IVF prac-
tice [1], appears as a spherical cell, enclosed by the
glycoprotein shell of the zona pellucida (ZP) and
displaying a cytoplasm with finely granulated, but
rather inconspicuous and dull, texture (Figure 8.1).
Many variations on this morphological theme, sus-
pected to indicate a pathological condition on a cell
scale, have been well-known to embryologists since
the dawn of IVF. Indeed, if it were possible by simple
morphological observation to discern and use select-
ively competent oocytes from those destined to
developmental failure or associated with pathological
clinical outcomes, IVF would gain significant benefit
in terms of efficiency and safety. For such a reason,
over more than three decades, numerous studies
have been carried out seeking to establish possible
associations between oocyte morphology and devel-
opmental competence. This quest, still ongoing, has
been made difficult by several factors including (a)
the need to preserve oocyte viability and therefore
observe this cell noninvasively, (b) a general lack of
understanding of possible relationships between
oocyte phenotypes and cell function, (c) poor stand-
ardization of methods aimed at describing types and
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magnitude of oocyte dysmorphisms, and (d) the
static nature of the oocyte at the mature stage.
Nevertheless, noninvasive oocyte selection based
on morphology remains a central topic in clinical
embryology and continues to evoke a passionate
debate. This chapter describes the current knowledge
on noninvasive assessment of oocyte morphology as
an approach for gamete selection.

8.2 Stage of Maturation

The size of the mammalian oocyte in the primordial
follicles is 20-30 mm, depending on the species.
During follicular development, its volume increases
100-fold reaching its maximum in the early antral
follicle. At this stage, the diameter of the human
oocyte is 120 pm and will not increase over the subse-
quent phases of follicle development [2]. Oocytes
collected in stimulated assisted reproduction technol-
ogy (ART) cycles are fully grown in all cases.
Generally, they are found at the metaphase IT (MII)
stage of meiosis (Figure 8.1) and ready for fertiliza-
tion, but typically up to 20% appear meiotically
immature, arrested at the prophase stage of meiosis
or at intermediate stages between prophase and MII,
presumably metaphase I (MI) [3]. Morphological
observation allows these cases to be discerned: (a)
prophase-arrested oocytes (Figure 8.2) displaying a
large and visible nucleus, the germinal vesicle (GV);
(b) MI oocytes not exhibiting the GV or the first polar
body (1st PB) (Figure 8.3); and (c) MII oocytes devoid
of the GV but showing the 1st PB, which appears
extruded in the perivitelline space (PVS, the space
between the oolemma and the ZP) but juxtaposed
to the oocyte surface. According to such criteria,
morphological assessment of oocyte maturity is
straightforward. However, of note, if GV or MI
oocytes are matured in vitro and extrude the 1st PB
at a given time point, they will not reach the MII stage
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Figure 8.1 Mature oocyte enclosed into the glycoprotein shell of
the ZP and displaying a cytoplasm with finely granulated,
homogeneous texture

Figure 8.2 Immature prophase-arrested oocytes displaying a large
and visible nucleus localised peripherally, the GV

before at least two hours of culture. In fact, the time of
1st PB extrusion is followed by a short period of a few
hours during which oocytes progress through telo-
phase I to finally reach MII [4].

https://doi.org/10.1017/9781009025218.009 Published online by Cambridge University Press

Figure 8.3 Immature oocyte at an intermediate stages between
prophase and MIl, presumably MI, and not showing the 1st PB

8.3 Shape, Size, and
Extracellular Correlates

8.3.1 Shape

The human oocyte, similar to those of other
mammals, displays a regular spherical shape. A negli-
gible flattening may occur at the site of the extrusion
of the 1st PB. Occasionally, MII oocytes may present
with a relatively elongated shape, characterized by two
orthogonal axes of different length (Figure 8.4). This
unusual profile Is likely to occur as a consequence of
abnormal formation of the ZP and might therefore
indicate significant alterations during folliculogenesis,
with possible developmental implications. Isolated
observations suggest that, following fertilization, an
elongated shape of the oocyte can affect cell contacts
between blastomeres. Under such conditions, at the
4-cell stage, blastomeres fail to develop the typical
tetrahedral configuration, arranging themselves
alternatively into a more planar organization. This
morphology is associated with a delay in the times
of compaction and blastocyst formation [5].
However, the evidence of an impact on embryo devel-
opmental competence and ultimately clinical out-
come is lacking.

n
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Figure 8.4 MIl oocyte with elongated shape. The ZP is also
elongated.

8.3.2 Size

By routine, nonquantitative observation, oocyte size is
difficult to appraise comparatively. Oocytes of one or
different cohorts may appear as the same size. On
the other hand, by considering simple geometrical
dimensions, small differences in diameter (almost
imperceptible if not measured precisely) correspond
to significant differences in volume. This might have
importance for oocyte competence, because embryo
development depends also on the amount of cyto-
plasm stored during oogenesis. Interestingly, recent
data suggest that oocyte diameter (including the ZP)
is negatively associated with female BMI, while
oolemma diameter (excluding the ZP) is positively
associated with fertilization and embryo utilization
rates [6]. Therefore, oocyte diameter can represent a
possible target for noninvasive assessment, especially
because it is amenable to quantitative evaluation.

Oocytes of exceedingly large size, clearly discern-
ible comparatively, are rare and represent a unique
case. They are likely to derive from fusion of oogonia
shortly before formation of the primordial follicle.
They often display two polar bodies and two MII
spindles, if analyzed by polarized light microscopy.
They are therefore diploid and should not be used for
treatment [7, 8].
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8.3.3 Zona Pellucida

The ZP may display several morphological abnormal-
ities, such as increased thickness, irregularities of
the outer surface, or may appear unusually dark.
Occasionally, limited parts of the ZP may show a
gap (or “chamber”) between internal and external
layers. As mentioned before, ZP abnormalities might
represent a downstream effect of perturbations of
folliculogenesis and therefore indirectly reflect oocyte
quality or have implications for sperm recognition
and penetration during fertilization. However, oocyte
morphology can only be assessed in ICSI cycles,
where direct deposition of sperm into the oocyte
cytoplasm bypasses the role of the ZP. ZP abnormal-
ities have been less investigated compared to other
dysmorphisms. Most studies do not indicate an asso-
ciation between abnormal ZP patterns and fertiliza-
tion rates, embryo quality, or clinical outcomes [9].
Nevertheless, isolated reports suggest that ZP dys-
morphisms may impact on implantation and preg-
nancy rates [10, 11]. Notably, electron microscopy
analysis, although impossible to apply routinely and
noninvasively, has allowed identification of specific
ZP morphological abnormalities, described as numer-
ous indentations and protuberances of the outer sur-
face, extensive electron-light regions, and a thick
inner surface. This phenotype, recurrent in isolated
cases, was associated with low maturation rates, high
cancellation rates, and reduced pregnancy rates [12].

8.3.4 Perivitelline Space

The PVS is the region delimited by the ZP and not
occupied by the oocyte. Its volume has been assessed
in relation to embryological and clinical outcome.
Most studies ([13, 14, 15]) do not indicate significant
relationships, except a few reports in which a large
PVS was found to be associated with reduced embryo
quality [16]. All such findings, however, are flawed by
absence of quantitative criteria to define the size of
the PVS, especially because this parameter depends on
the relative size of the oocyte and the ZP.

Occasionally, cellular debris may be found in the
PVS (Figure 8.5). A few reports suggest that such
debris is associated with reduced fertilization rate
and embryo quality or even the dose of gonadotropin
used for ovarian stimulation [17], but their use in
oocyte selection is marginal.
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Figure 8.5 Ml oocyte with cellular debris visible in the PVS

8.3.5 First Polar Body

The 1st PB is extruded to eliminate one of the two
copies of each homologue chromosome at the first
meiotic division. As a leftover material, it does not
have a role in development, but could represent a
biomarker of the function of the oocyte cytoskeleton
at the cortical level. In fact, 1st PB extrusion requires
coordinated action of an actomyosin structure,
referred to as the Actomyosin cap [18]. Inadequate
function of the cap caused by a variety of factors, for
example in vitro maturation, may impact on the
amount of cytoplasm eliminated with the 1st PB, with
possible developmental implications [19].

The 1st PB can be assessed according to size,
integrity, and smoothness of its surface. Most studies
have failed to find an association between any of these
characteristics and various parameters of develop-
ment (fertilization, embryo quality) or clinical out-
come ([15, 20, 21]). On the contrary, early studies on
the 1st PB morphology reported strong negative asso-
ciations between increased fragmentation, roughness,
and size of the 1st PB and fertilization rates and
embryo quality ([22, 23]). Collectively, evidence
regarding the relationship between embryo quality
and Ist PB morphology remains contradictory.
However, although rare and occurring in only 2% of
oocytes, an overtly large size (Figure 8.6) is the only 1st
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Figure 8.6 MIl oocyte with large 1st PB

PB characteristic more convincingly associated with
compromised embryo competence ([22, 23, 24]).

8.4 Intracellular Morphology
8.4.1 Vacuoles

Vacuoles may be found in oocytes at different matur-
ation stages, in fertilized oocytes (Figure 8.7) and even
blastomeres, inner cell mass, and trophectoderm. In
mature oocytes (Figure 8.6), they are found only in a
small proportion (3-4%) of specimens [25]. They may
be found in different sizes and number. Analysis by
transmission electron microscopy has shown a variety
of ultrastructural features. Some vacuoles appear
delimited by an uninterrupted membrane and simply
filled with fluid. Other vacuoles display interruptions
of the membranous envelope and various sorts
of inclusions, such as fibrillar material and lipid drop-
lets [26].

Assessment of a possible impact of vacuoles on
development has been hindered by the fact that they
may be found in different sizes and number, in
addition to undergoing appearance, disappearance,
and probably some degree of fusion during matur-
ation, fertilization, and embryo cleavage. Regardless,
adopting a quantitative approach of vacuole detection,
Ebner and colleagues reported a negative association
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Figure 8.7 Ml oocyte displaying multiple vacuoles with diameter
ranging between 5 and 20 pm

between presence, size, and number of vacuoles and
fertilization rate and blastocyst quality [27]. Rienzi
et al. also reported lower fertilization rates in oocytes
showing vacuoles [25]. Other studies did not confirm a
relationship between oocyte vacuoles and fertilization
or developmental rates ([14, 28]). This lack of consist-
ency between different studies is not surprising
because, in addition to size and number, possible
vacuole impact might depend on position relative to
crucial intracellular structures, such as the meiotic
spindle. Also, at a practical level in the course of an
ICSI procedure, care should be taken to avoid sperm
deposition within a vacuole. In fact, it is possible that
confinement of sperm within a closed environment
delimited by a membrane may have implications for
the release and action of the soluble sperm factor
responsible for oocyte activation. In cases of oocytes
with very large vacuoles, this might explain the
observed reduced fertilization rates.

8.4.2 Refractile Bodies

Refractile bodies are abnormal morphological elem-
ents of different size (up to 8-10 pm in diameter)
found in oocytes, usually isolated or present in small
groups (Figure 8.8). They may represent the accumu-
lation of lipofuscin, as suggested by positivity to
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Figure 8.8 MIl oocyte with multiple and partially clustered
refractile bodies

lipofuscin-specific staining [29]. Depending on size,
they display different ultrastructures. Smaller bodies
(up to 1.5 um) appear as an accumulation of matter
with homogeneous electron density, delimited by an
uninterrupted membrane and surrounded by many
smaller lipid droplets. Larger refractile bodies appear
to be formed by amorphous and irregular electron-
dense material interspersed with lipid droplets partly
enclosed by membranes [29]. Oddly enough, the inci-
dence of oocytes displaying refractile bodies varies
considerably (from 4.5% to 21.4%) between different
studies [13, 25]. Such differences may be explained by
the fact that refractile bodies may be alternatively
classified as bull-eye inclusions [26] or simply over-
looked because they are too small. Refractile bodies
may represent relatively benign morphological abnor-
malities. In fact, while two reports indicated a nega-
tive association with fertilization and implantation
rates ([30, 31]), the large majority of studies con-
cluded that such morphological abnormalities are
irrelevant to oocyte quality ([13, 25, 28]).

8.4.3 Smooth Endoplasmic
Reticulum Clusters

The smooth endoplasmic reticulum (SER) is an essen-
tial organelle for cell function. In the oocyte, in
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Figure 8.9 MIl oocyte with large central SER

addition to its involvement in protein biosynthesis, it
plays a crucial role in the generation of Ca2" cytoplas-
mic transients that trigger oocyte activation.
However, this organelle is believed to give rise to a
specific form of oocyte dysmorphism, referred to as
SER clusters, believed to derive from coalescence or
expansion of normal SER cisternae and tubules, as
suggested by positivity to specific endoplasmic reticu-
lum staining [32]. In mature oocytes, an average SER
cluster element displays a circular shape on phase
contrast observation, with a diameter of approxi-
mately 10 ym in diameter (Figure 8.9). However, the
size may vary between 6-8 and 20 ym. In addition,
SER clusters may be subject to size changes during
maturation or prolonged incubation, since they are
not usually noticed in GV oocytes, while medium-
sized clusters observed in mature oocytes can expand
over several hours of culture. The ultrastructure of
SER clusters consists of a finely granulated matter
delimited by a membrane and surrounded by mito-
chondria. SER clusters might be mistaken for vacu-
oles; however, “differential diagnosis” is based on the
notion that the former are usually larger, translucent,
and delimited by a thin margin, while the latter have
the appearance of a cytoplasmic depression defined
by a more marked outline [32].

SER clusters are relatively rare; they are found in
5-10% of all cycles and in 0.5-2.0% of all mature
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oocytes. Similar to large vacuoles, care should be
taken to prevent unintentional deposition of a micro-
injected sperm into a SER element because this might
hinder the action of the sperm factor responsible for
oocyte activation and/or recruitment of free tubulin
for the nucleation and growth of the sperm aster. The
first major study on SER clusters immediately
attracted the attention of IVF specialists. Although
no impact was observed on fertilization rate in SER
cluster-positive oocytes, development to blastocysts
rate appeared somehow affected. More importantly,
in one SER cluster-positive cycle, a baby was diag-
nosed with Beckwith-Wiedermann syndrome [32], a
rare condition caused by epigenetic factors. Although
isolated, this observation has led to numerous studies
on a possible impact of oocyte SER clusters on ART
outcome and safety. Collectively, these investigations
failed to confirm obvious associations between SER
clusters and rates of fertilization, cleavage, and devel-
opment to blastocyst stage ([9, 25]). Nevertheless,
cases of babies born with decreased weight and mul-
tiple malformations have raised significant concern
[33], to an extent that the Alpha-ESHRE consensus on
embryo assessment recommends that “oocytes with
SER aggregates should not be inseminated” [1].
However, recent analyses carried out on a larger
number of oocytes and babies born have ruled out
that SER clusters are associated with reduced rates of
fertilization and embryo development in vitro, or
indeed short length of gestation, altered birthweight,
or increased rates of malformation at birth ([34, 35,
36]). Therefore, there is no solid evidence supporting
the exclusion of SER cluster-positive oocytes from use
for treatment.

8.4.4 Granular Cytoplasm

In the majority of mature oocytes, the cytoplasm
appears homogeneous, light, and finely granulated.
However, a significant proportion (20-35%) of them
displays a large cytoplasmic domain with a coarser
darker granulation, usually positioned centrally
(Figure 8.10). The cellular or ultrastructural nature
of this morphological trait is unknown, but the mag-
nitude and frequent occurrence of such a condition
has prompted several investigations. The reported
impact of the presence of granulated cytoplasm on
embryo development or implantation is rare, while
the majority of studies concluded that the
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Figure 8.10 Mil oocyte showing a very large partially eccentric
domain of dark cytoplasm

developmental outcomes of oocytes showing this
abnormality are not altered ([13, 14, 28]).

8.4.5 Combined Score

Oocytes may present with multiple morphological
abnormalities, which might have an effect on oocyte
quality, independently or cooperatively. Based on this
concept, oocytes can be scored at the same time for
multiple morphometric, intra- and extracellular
abnormalities, and subsequently assessed for develop-
mental ability. This approach to oocyte scoring and
embryo morphological assessment performed on day
3 can be used together and additively to generate a
stronger parameter to predict embryo implantation
ability [37, 38]. Therefore, not only can information
from different types of morphological abnormalities
be expressed by a single value, but such parameters
can be used in association with embryo score to
predict implantation more successfully.

8.5 Conclusions

A multiplicity of morphological abnormalities, clearly
visible with transmitted light microscopy, have been
reported to be present in the majority of mature
human oocytes collected in ART cycles. Such alter-
ations indiscriminately involve the ZP, the 1st PB, and
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the cytoplasm. Overall oocyte shape and size may also
be affected. Collectively, attempts aimed at associating
each of such dysmorphisms to a specific prognostic
laboratory or clinical outcome have so far failed to
provide unanimous answers. (See also Appendix
Tables 8.1-8.3.) Among the reasons that have made
these efforts fruitless is the fact that oocyte dysmorph-
isms are assessed subjectively and rarely quantified.
While some dysmorphisms, such as ovoidal shape of
the ZP, are considered relatively benign and usually
do not represent a sufficient reason to exclude an
affected oocyte from a cohort used for treatment,
other abnormalities have repeatedly raised major con-
cern. In particular, initial studies had indicated an
epigenetic risk associated with SER clusters.
However, more recent data seem to rule out the
existence of specific health risks derived from the
use of oocytes displaying such an alteration.
Probably, the only two phenotypes more convincingly
associated with developmental failure are oocytes of
giant size, almost certainly derived from fusion of
oogonia at premeiotic phases, or showing a very large
1st PB, presumably caused by perturbations of spindle
positioning during meiotic maturation. Nevertheless,
both types of oocytes are rare (each representing less
than 2% of all mature oocytes) and their deselection is
unlikely to impact on clinical outcome. Future studies
aimed at establishing the possible relevance of oocyte
dysmorphisms to embryo development and the health
of the conceptus will require more rigorous method-
ology. This could be achieved with the adoption of
enhanced image analysis technology and quantitative
criteria, to increase reproducibility and sensitivity of
oocyte morphological assessment.

Key Messages

e The scope of morphological oocyte selection is to
improve ART treatment efficiency and safety, but
not efficacy.

e Mature oocytes can be easily discriminated but
can display multiple dysmorphisms.

e Oocyte dysmorphisms involve the ZP, oocyte size
and shape, and oocyte cytoplasm.

e Attempts to associate specific dysmorphisms to
different developmental fates have been
hindered by:

1. the need to preserve oocyte viability and
therefore observe this cell noninvasively
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2. ageneral lack of understanding of possible .
relationships between oocyte phenotypes

and cell function

3. a poor standardization of methods aimed at
describing types and magnitude of oocyte

dysmorphisms

4. the morphologically static nature of the

oocyte at the mature stage

e Some dysmorphisms, such as ovoidal shape of
the ZP, are considered relatively benign.
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Appendix

Appendix Table 8.1. Studies reporting a negative impact of different oocyte dysmorphisms on fertilization rate

Dysmorphism References

[28] [13] [22] [32] [5, 27] [14] [25] [30]
Dark cytoplasm — — — na. na. — — —
Central granularity — — — na. na. — — —
SER clusters na. na. na. — v na. — na.
Refractile bodies — — — na. na. na. — v
Vacuoles — na. na. na. v — v v
Abnormal oocyte shape — — na. na. na. — — n.a.
Abnormal zona — — — na. na. — — na.
Large PVS na. — na. na. na. — — v
Large 1°' PB na. n.a. v na. n.a. n.a. n.a. v
Legend: ¥ = detected; — = not detected; n.a. = not assessed

Appendix Table 8.2. Studies reporting a negative impact of different oocyte dysmorphisms on embryo development rate or quality

Dysmorphism References

[28] [31] [13] [22] [5] [14] [25] [37]
Dark cytoplasm — na. — — na. v — na.
Central granularity — — — — na. — v na.
SER clusters na. na. na. na. v na. — na.
Refractile bodies — — — — n.a. na. — na.
Vacuoles — — na. na. — — — na.
Abnormal oocyte shape — na. — na. na. — — na.
Abnormal zona — na. — — n.a. — — na.
Large PVS na. na. — na. na. — — na.
Overall oocyte score na. na. na. na. na. na. na. v
Legend: ¥ = detected; — = not detected; n.a. = not assessed
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Appendix Table 8.3. Studies reporting a negative impact of different oocyte dysmorphisms on implantation rate

Dysmorphism References

[31] [13] [32] [5] [15] [10] [25] [37]
Dark cytoplasm na. — na. na. — na. na. na.
Central granularity v — na. na. — na. na. na.
SER clusters na. na. v — na. na. na. na.
Refractile bodies v — na. na. na. na. na. na.
Vacuoles v na. na. — na. na. na. na.
Abnormal oocyte shape na. — na. na. na. na. na. na.
Abnormal zona na. — na. na. na. v na. na.
Large PVS na. = n.a. n.a. = na. n.a. n.a.
Overall oocyte score na. na. na. na. na. na. v v
Legend: ¥ = detected; — = not detected; n.a. = not assessedSummary
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9.1 Introduction

The observer-based detection of seemingly abnormal
cytoplasmic phenotypes (“dysmorphisms”) in human
metaphase II (MII) oocytes, and apparently aberrant
patterns or ill-timing of developmentally essential stage-
specific events during preimplantation embryogenesis
(e.g. pronuclear membrane dissolution, uniform cyto-
kinesis, morulation, and blastocyst formation), have
formed the empirical basis of competence assessments.
These observations have been used to guide oocyte and
embryo selection in order to increase the likelihood
of implantation and continued progression through
gestation.

Such developmental selection criteria have been
an integral part of clinical IVF since its inception over
40 years ago [1-8]. More recently, schemes to assess
developmental competence using commercial time-
lapse imaging systems allow continuous rather than
static evaluation of the embryo during the preimplan-
tation stages and are being used to complement
or even replace embryologist-based assessments.
Algorithms for embryo selection for transfer use simi-
lar, long-standing morphological characteristics but
add an additional temporal and morphokinetic
dimension from continuous monitoring that is
not possible using snapshot static inspections even
when these are timed to coincide with anticipated
critical developmental landmarks [9]. Both static and
dynamic imaging of development have supporters
and detractors as to their actual power in assessing
competence [10, 11, 12] and debate continues as to
which specific characteristics are unambiguously
associated with competence and outcome [13]. For
the oocyte, however, time-lapse images offer little
more than direct microscopic observations when
used to select/deselect MII oocytes for insemination
by intracytoplasmic sperm injection (ICSI). This is
because the ooplasm appears largely static at MII
and dysmorphisms and other cytoplasmic anomalies
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are already present if the oocyte has developed to this
stage [1].

The developmental significance of empirical find-
ings derived from outcome studies has provided some
degree of validation for certain oocyte cytoplasmic
phenotypes and temporal, morphological, and mor-
phokinetic aspects of preimplantation embryogenesis
employed to select for fertilization and embryo trans-
fer. The recent application of deep DNA sequencing
methods to preimplantation stage embryos that can
detect aneuploidy and structural variants within the
genome (e.g. duplications, deletions, inversions, and
insertions) has become an important means of redu-
cing “time to pregnancy” by allowing embryos to be
ranked according to euploidy. While chromosomally
abnormal embryos can self-identify through struc-
tural defects or arrested development prior to the
morula stage, others can develop into apparently
morphologically normal blastocysts capable of hatch-
ing within an expected time frame. However, the
notion of selecting oocytes or embryos on the basis
of markers of competence has been challenged by
recent reports that embryos deemed likely to be com-
promised based on empirical criteria or DNA struc-
tural defects, including genetic mosaicism, have
resulted in normal births [14]. It remains to be deter-
mined whether refinements in time-lapse imaging
algorithms may offer more precise clues than cur-
rently exist for the detection of aneuploidy and other
chromosomal defects that would negatively affect out-
come in those embryos that outwardly appear to
develop normally through the preimplantation stages.

Regardless of the method of competence assess-
ment by observer-dependent or independent means, a
fundamental question in understanding the biological
basis of developmental competence is the extent to
which the diverse cellular and chromosomal pheno-
types observed for the human oocyte and embryo
might have a common origin. It is in this context
that the main theme of this chapter focuses on
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why “energy” has become such a key element in
understanding how competence is established and
maintained, and how this understanding has led to
new methodologies in clinical IVF that can assess
bioenergetic states associated with performance
during the preimplantation stages and, more import-
antly, outcome.

9.2 Cellular Bioenergetics as the
Driving Force in the Establishment of
Developmental Competence

9.2.1 Historical Perspective on Cellular
Bioenergetics and
Developmental Competence

Cellular bioenergetics, which refers to the state of
energy supply and demand at any specific stage
during oogenesis or preimplantation embryogenesis,
has long been suspected to be a primary driver of
developmental competence in human IVF [15, 16]
and has been proposed to offer the basis of a potential
noninvasive biomarker of developmental competence
[17]. Indeed, metabolic aspects of oogenesis that
affect in vitro maturation and preimplantation
embryogenesis have attracted growing interest as
potential determinants of developmental success or
failure and as possible causes of chromosomal abnor-
malities [18]. However, the availability of methods
and instruments suitable for use in IVF programmes
will be required if metabolic state analysis is to find a
place. The following describes what cellular energy
means in the context of developmental competence
and why mitochondria have become the principal
focus in this regard [19].

9.2.2 TheBasisand Consequent Deficiencies
of Bioenergetics

The biological basis for bioenergetics as a primary
force in the establishment of developmental compe-
tence for the oocyte and the embryo from fertilization
through gestation is that mitochondria are the
primary source of high-energy nucleotide triphos-
phates such as ATP and GTP, whose production
and utilization defines biogenetic state. This notion
appears reasonable considering that energy deficien-
cies where cellular supply cannot meet demand are
known to contribute directly or indirectly to a wide
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variety of pathophysiologies such as neuropathies and
myopathies, and diseases ranging from Alzheimer’s to
cancer [20-23]. Over a hundred defects in the oxida-
tive phosphorylation process (OXPHOS diseases)
that are known to impact the electron transport
system result from pathogenic mitochondrial DNA
(mtDNA) mutations that occur in the oocyte [24,
25]. These are transmitted to the offspring by virtue
of the exclusive maternal inheritance of mitochon-
dria. The degree to which normal bioenergetics are
affected by such mtDNA mutations is highly variable
owing to the so-called bottleneck that occurs during
early oogenesis when the initial mitochondrial com-
plement in the primordial germ cell undergoes sig-
nificant numerical expansion.

The inheritance of a pathogenic mtDNA mutation
is not necessarily uniform: oocytes with a single
mtDNA genotype are said to be homoplastic while
those with a wild and mutant genotype are termed
heteroplasmic. The developmental and clinical conse-
quences can be unpredictable, ranging from none to
ultimately lethal, depending upon the magnitude
of the mutant load, that is, the ratio of mutant to
wild type genomes. Above certain mutation-specific
thresholds these can be lethal during gestation or the
cause of serious, if not life-threatening metabolic dis-
eases (OXPHOS diseases) in affected individuals due
to depressed bioenergetic capacity at critical high-
energy-requiring developmental stages. The occur-
rence of bioenergetic deficiencies arising from
OXPHOS diseases in young individuals and an age-
related decline in overall cellular bioenergetic effi-
ciency attributed to progressive mitochondrial dys-
function are the foundational biological principles of
current research into determinants of developmental
competence and normality from oocyte through early
embryogenesis and subsequent gestation to birth.

9.3 What Is Cellular Energy in the
Context of Developmental Competence

in Clinical IVF?

While it is generally understood that a relationship
exists between energy and outcome, there is perhaps
less familiarity as to how energy is actually utilized at
the subcellular level to support normal developmental
competence. To better understand the basis of various
methodologies designed to assess metabolism in indi-
vidual oocytes and preimplantation stage for selective
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purposes, a brief discussion follows of the role of
cellular bioenergetics as it applies to clinical IVF.

9.3.1 Cellular Bioenergetics and Its Role in
Clinical IVF

While mitochondria are almost universally described
as energy factories or the “powerhouses” of cells, a
more apt analogy might view them as “mini-trans-
formers” in the sense that they convert metabolites
such as glucose, pyruvate, and certain fatty acids into
high-energy nucleotides with ATP usually considered
the primary currency of cellular energy. In this
regard, it is also important to recognize that other
nucleotide triphosphates such as GTP have special-
ized and critical roles in supporting normal cell func-
tions that can impact developmental competence.
A seemingly common misconception related to ener-
getic issues that may affect oocytes and preimplanta-
tion embryos is that ATP can be considered a storage
form of energy that is stable, long-lived, and therefore
available as needed. However, under normal physio-
logical conditions, the half-life of cytoplasmic ATP is
measured in seconds, and is typically converted by

4 H'

4 H'

NADH NAD* /\

FADH: FAD

acid
cycle

hydrolysis into a lower-energy form, ADP, in close
proximity to its site of generation, the mitochondria.
Where extracellular ATP exists, its half-life is meas-
ured in minutes with hydrolysis to ADP, AMP, and
adenosine brought about by plasma membrane-
bound ectonucleotidases.

The conversion of metabolic substrates (e.g. glu-
cose) into high-energy nucleotides through a
respiratory chain complex that resides in mitochondria
involves discrete and well-defined steps in an electron
transport process whose output is optimized by the
availability of oxygen through an oxidative phosphoryl-
ation pathway (Figure 9.1). Because the attachment of a
third phosphate group to a nucleotide (e.g. adenosine or
guanine) is a higher-energy-requiring process than
adding the first (AMP) or second (ADP) phosphate
group, its removal during the hydrolysis of ATP to
ADP, for example, frees the energy stored in this
phosphor-anhydride bond, which is then transformed
into biomechanical and biochemical work. The notion
of energy in terms of a work function is essential in
understanding causes of “systems failures” due to, for
example, bioenergetic deficits that impact fertility at the
gamete and embryonic levels.

2H"

1/20:2+ 2 H*

ATP

ADP H¢

Figure 9.1 Production of adenosine triphosphate (ATP) by oxidative phosphorylation coupled to the mitochondrial electron

transport chain

The four enzymatic complexes (|, II, ll, and IV) and ATP synthase are represented in the inner mitochondrial membrane. ADP: adenosine
diphosphate; Pi (inorganic phosphate); H*: hydrogen ion (proton); NADH: nicotinamide adenine dinucleotide, reduced form; FADH,: flavin
adenine dinucleotide, oxidized form; O,: oxygen; H,O: water; Cyt c: cytochrome ¢; CoQ10: coenzyme Q10. In: Rodriguez-Varela C, Labarta E. Clinical
application of antioxidants to improve human oocyte mitochondrial function: a review. Antioxidants. 2020,9(12):1197 (Fig. 1).
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In cells, the hydrolysis of ATP (or GTP) is not
spontaneous nor is this molecule as long-lived as it
might be in an aqueous solution. Typically, its energy-
relating hydrolysis to ADP is coupled with energy-
dependent biological activities that can be generally
considered to be “thermodynamically unfavorable,”
meaning that in the absence of an energy source, they
fail to function, and cellular pathology or death can
ensue. ATP-dependent “unfavorable” activities in the
plasma membrane of cells that would also apply to
oocytes and preimplantation embryos include the
functional maintenance of (a) ion pumps, (e.g. Ca,
K, Na), (b) water channels (aquaporins), (c) trans-
porters (e.g. for glucose, amino acids, proteins), and
(d) transmembrane receptors that involve cytosolic
enzymatic reactions that activate signal transduction
pathways or affect cytostructural stability and dynam-
ics. For ATP-dependent processes, normal function
requires the free energy released from the hydrolysis
of ATP to be available at an ATP-binding domain
with some classes of protein involved in essential cell
processes containing an ATPase domain as well.
Inorganic phosphate (Pi) liberated during hydrolysis
is hydrated and used by molecules requiring phos-
phate, such as kinases, or recycled during the gener-
ation of new ATP molecules. Similar activities drive
enzymatic reactions and non-G-protein signaling
pathways within the cytoplasm.

Chemical energy is utilized to stabilize thermo-
dynamically unstable reactions, which require such
energy to promote and maintain their normal func-
tion (e.g. enzymes, cell membrane receptors, trans-
porters, and proteins-involved signal transduction
pathways). Mechanical energy is used to maintain
cytoplasmic organization and cytoskeletal architec-
ture and promote dynamic reorganizations that
include normally occurring redistributions of subcel-
lular components that include mitochondria, as well
as pathways of vesicular traffic that are mediated by
cytostructural elements such as actin microfilaments,
microtubules, and associated motor proteins. The
normal segregation of chromosomes during meiosis
I and II in the oocyte and mitotic divisions in the
preimplantation embryo is a primary example of
mechanical energy utilization.

In the context of chemical- and mechanical-
energy-requiring processes, ATP is widely held to be
the fundamental currency of cellular bioenergetics
arising primarily from mitochondria, with the highest
levels generated by oxidative phosphorylation by
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Electron Transport Chain

Intermembrane space

Inner mitochondrial membrane

Mitochondrial matrix

Figure 9.2 The electron transport chain is a series of electron
transporters embedded in the inner mitochondrial membrane that
shuttles electrons from NADH and FADH, to molecular oxygen. In
the process, protons are pumped from the mitochondrial matrix to
the intermembrane space, and oxygen is reduced to form water. In:
https://openstax.org/books/biology/, Figure 7-10.

means of an electron transport chain located on
the inner mitochondrial membrane (the cristae)
(Figure 9.2). A secondary source derives from the
citric acid cycle (also known as TCA or the Krebs
cycle) in the mitochondrial matrix and occurs by
means of the beta-oxidation of catabolized fatty acids.
The flow of electrons from one protein to another in
this membrane-bound transport chain complex pro-
motes the pumping of protons across the inner mito-
chondrial membrane that establishes a chemiosmotic
gradient whose magnitude, commonly denoted as
AYm, is directly associated with the level of ATP
production. The relative magnitude of this gradient
can be approximated with mitochondria-specific
fluorescent dyes such as JCI to provide an indirect
indication of the metabolic status of cytoplasm for
oocytes and preimplantation stage embryos [18, 26—
30] but its use clinically for selective purposes may be
problematic owing to potential phototoxicity from
UV excitation.

While ATP is the most abundant species support-
ing energy-requiring cell functions, other mitochond-
rially derived nucleotide triphosphates have critical
bioenergetic and regulatory functions as well, such
as GTP that is involved in the polymerization of
spindle microtubules and the normal function
of G-proteins. G-proteins represent a large family of
GTP-dependent cell membrane receptors acting as
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“molecular switches” for signal transduction pathways
by which extrinsic signals are transmitted internally
from the plasma membrane to elicit a specific cyto-
plasmic or nuclear genomic response. CTP, TTP, and
UTP have essential, albeit less, bioenergetic roles by
serving as substrates for DNA and RNA biosynthesis.
In addition, CTP is involved in posttranslational
modifications such as glycosylation, and UTP is
involved in glycogen synthesis and galactose metabol-
ism, to mention a few of their functions.

9.4 Mitochondria as the Essential
Energy Generator That Establishes
Developmental Competence

Mitochondria are structurally complex organelles that
likely originated as prokaryotes (o-proteobacteria)
that entered primitive eukaryotic cells as an endosym-
biotic organism some 1.45 billion years ago.
Mitochondrial DNA (mtDNA) is a circular, double-
stranded genome containing 16 569 base pairs encod-
ing 37 genes: 2 RNAs, 22 tRNAs, and 13 proteins
necessary for respiratory chain function. A 1 100 base
pair region referred to as the D-loop (displacement
loop) is a noncoding site that serves as the origin of
mtDNA replication and the initiation of transcription
for both heavy and light strands. In an evolutionary
context and unlike its nuclear counterpart, mtDNA
has remained largely unchanged with nearly all of the
1 300 proteins that comprise a human mitochondrion
encoded by nuclear genes. In this sense, defects in
mitochondrial function of nuclear origin could result
from mutations that produce (a) functionally defect-
ive chaperones that normally vector proteins to mito-
chondria; (b) defects in the signal peptide that permits
protein passage through the outer mitochondrial
membrane, and for the preimplantation embryo; (c)
structurally altered proteins that cannot promote
transformational changes from the relatively low-
activity “condensed” form that occurs in the oocyte
and pre-blastocyst embryo to the more familiar
(i.e. described in textbooks) elongated, structurally
developed, and metabolically active “orthodox” form
typical of somatic cells and the trophectoderm at the
blastocyst stage [31, 32].

Since they represent the primary source of cellular
energy, studies of stage-related changes in mitochon-
drial structure, function, and activity have become a
nexus of interest with respect to the establishment and
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maintenance of developmental competence for the
oocyte and preimplantation stage embryo.

9.4.1 Mitochondria Function and
Dysfunction Relating to Development

Clinically, the relevant question is the extent to which
putative bioenergetic deficits might be a proximal
cause of infertility in women in general and, in par-
ticular, for those who require technological interven-
tions by medically assisted conception. For the oocyte,
early developmental defects and dysfunctions associ-
ated with a subthreshold numerical complement of
organelles may compromise the normality of preovu-
latory oocyte meiotic maturation or development
from fertilization through the pre- and early postim-
plantation stages. Because the number of mitochon-
dria (as opposed to mtDNA copy number) is fixed in
the MII oocyte, and significant replication (biogen-
esis) does not begin until well after implantation, a
robust mechanism would seem to be required to allow
approximately equivalent numerical distributions
between daughter cells during the early cleavage
stages when the structural organization and bioener-
getic output of mitochondria is poorly developed (see
Section 9.6). Unequal or disproportionate inheritance
between blastomeres beginning at the first cleavage
division may be a naturally occurring phenomenon in
which blastomeres with inherited mitochondrial com-
plements that fall below a threshold needed to provide
sufficient levels of ATP and GTP are unable to pro-
gress as normal developmental processes are adversely
affected.

Such disproportionate mitochondrial segregation
between blastomeres has been identified in whole
embryos and in isolated blastomeres of nascent
human embryos by quantifying fluorescent intensities
emitted by mitochondria-specific reporters followed
by quantification of ATP levels in each corresponding
cell [33]. These investigators reported that mitochon-
drial mass, estimated by quantification of fluorescent
intensity, was directly related to cytoplasmic ATP
content and differentially affected cytokinesis and
blastomere fate. Early blastomeres with putative lower
mitochondrial contents ceased dividing by the 4-cell
stage, while others from the same embryo with higher
intensities, presumed to reflect a relatively higher
mitochondrial mass, continued to divide producing
embryos with unequally sized blastomeres. The larger
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cells remained undivided or subsequently underwent
lysis often resulting in a nonviable embryo.
Determining a blastomere-specific estimation of
mitochondrial mass and associated bioenergetic
status of individual cells may be useful for diagnostic
purposes in instances of cleavage arrest or maturation
or fertilization failure but not for selection for transfer
or cryopreservation as mitochondria-specific fluores-
cent probes may not be suitable for clinical applica-
tion in IVF. In addition, developmentally significant
levels of disproportionate mitochondrial segregation
between blastomeres would not be detectable by the
noninvasive analytical methods discussed in Section
9.6 that use the intact, whole embryo to measure
ATP levels, and detect oxygen depletion from
culture medium or Raman spectroscopy to identify
competence-related molecular by-products of metab-
olism. Van Blerkom et al. (2000) [33] reported that
the net embryo mitochondrial fluorescent intensity
and ATP concentrations of embryos showing dispro-
portionate segregation at the blastomere level were
largely similar to their counterparts showing uniform
distributions; the difference for the former related
solely to the dynamics of mitochondrial segregation.

9.4.2 Noninvasive Approaches to Assess
Mitochondria Dispositions

Noninvasive methods currently used to estimate mito-
chondrial metabolism, organization, and function(s)
in mammalian cells are currently under development
for competence selection of human oocytes and pre-
implantation embryos in clinical IVF [34]. Some
methods allow the detection of certain abnormal spatial
organizations of mitochondria such as dense clustering
or significant areas of reduced mitochondrial content,
especially in the pericortical region, that may com-
promise meiotic maturation or the normality of devel-
opment after fertilization. Their detection could have a
central role in oocyte selection for fertilization when
ICSI is used, or in the identification of subtle causes of
fertilization failure, poor morphokinetic performance,
or unexpected embryo arrest during in vitro culture.

9.5 mtDNA Copy Number and
Developmental Competence

One early notion in clinical IVF was that develop-
mental competence was directly related to mtDNA
copy number in the oocyte [35] and preimplantation
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stage embryo [36]. Here, it is important to emphasize
that copy number is not equivalent to, or a proxy for,
mitochondrial mass, that is, the actual number of
organelles in the MII oocyte and cells of the preim-
plantation stage embryo. In this context, subnormal
mtDNA content has been indicated as a cause of failed
meiotic maturation, fertilization, or arrested cell div-
isions. Unusually high mtDNA copy numbers, espe-
cially at the blastocyst stage, may be developmentally
toxic, presumably as a consequence of abnormally
high levels of ATP generation when accompanied by
corresponding levels of damaging reactive oxygen
species that overwhelm any endogenous capacity for
their neutralization (for review see [13, 27, 37].
However, whether mtDNA copy number is unam-
biguously related to outcome is currently a contentious
issue given positive outcomes where mtDNA quanti-
tation is indicated to be problematic in this regard.
With respect to normal developmental competence
and mitochondria in general, and mtDNA content
more specifically, levels are typically measured at the
expanded blastocyst stage as an adjunct to preimplanta-
tion genetic testing for aneuploidy and structural
defects (translocations, inversions, duplications, etc.)
or known single-gene mutations. The utility of
mtDNA quantitation in IVF for embryo selection to
improve outcomes is unsettled as to its accuracy in
predicting blastocyst developmental potential after
transfer. Several large-scale studies indicate that
mtDNA contents above a suggested threshold level have
failed to confirm initially sanguine reports that this
could be a definitive biomarker of competence [38,
39]. Because the methodology of mtDNA quantitation
has often differed between reports that either support,
or failed to confirm, copy number as a measure of
competence at the blastocyst stage, and that outcome
results based on mtDNA findings have been inconsist-
ent, its value as a proxy for metabolism and develop-
mental potential remains unclear. However, current
indications suggest it may not be as robust a biomarker
as previously thought for the peri-implantation stage
human embryo [40, 41]. It is worth noting that the drive
to improve outcome in human IVF in general has a
history of promising methodologies that have failed to
live up to their initial enthusiasm either because they are
less than definitive for competence assessment, or not
practical for most programmes given the considerable
expense and complexity of instrumentation required.
The oocyte is the source of all mitochondria through
the preimplantation and early postimplantation stages.
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The mtDNA copy number and actual mitochondrial
numbers in developmentally competent, fully grown,
meiotically mature human oocytes has been confusing
when a one-to-one correspondence has often been
implied. Estimates have varied widely from 10 000 or
less to over 100 000 actual organelles based on similar
mtDNA values [37]. From transmission electron
micrographs of MII human oocytes, including some
of the earliest taken, it was obvious that such a corres-
pondence was unlikely when genomic copy numbers
in the hundreds of thousands or nearly one million
were reported. However, a reasonable question to
ask in the context of competence is whether there is
a threshold mtDNA copy number for the human
MII oocytes below which development is comprom-
ised? Some interesting findings in this regard that
may be relevant for the human were reported by Wai
et al. (2010) [42] for the mouse oocyte and embryo.
They found that while as few as 4000 mtDNA
copies were consistent with fertilization and
normal development through the preimplantation
stages, 40 000-50 000 copies at MII was a “critical
threshold” required for normal postimplantation
embryogenesis. For the human, 100 000 copies at
MII have been one critical threshold suggested for
normal embryogenesis although higher levels have
been indicated, such as described in the study by
Santos et al. (2006) [43], where a mean copy number
around 250 000 was considered consistent with fer-
tilization and normal preimplantation embryogen-
esis. However, others have reported significantly
lower levels in this regard [44]. Consequently, a
distinction between mtDNA and mitochondrial
numbers (i.e., mass) is often confused because early
suggestions that each mitochondrion in a human
MII oocyte contained a single genome are incorrect.
However, what needs to be determined unambigu-
ously, if findings from other species also apply to the
human, is the minimal mtDNA copy and the min-
imal mitochondrial numbers compatible with mei-
otic maturation, fertilization, and pre-and early
postimplantation embryogenesis.

9.5.1 Stage-Specific Spatial Reorganization
of Mitochondria and Developmental
Competence

Studies from this author’s laboratory have indicated
that spatial differences in cytoplasmic bioenergetics
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likely occur in mouse oocytes, which are related to
fertilizability [45, 46], and in which elevated levels of
ATP generation are associated with mitochondria
located directly below the oolemma, perhaps owing
to proximity to the source of diffused oxygen. More
recently, we revisited this notion by asking whether it
may also manifest as corresponding higher tempera-
tures in human oocytes that could be estimated using
a permeable chemical intracellular thermometer
([47]: Cellular Thermoprobes, funakoshi.co.jp) whose
fluorescent emission wavelength is a function of tem-
perature calculated from 36.5° C (blue) to 37.5° C (red)
by scanning laser confocal microscopic-derived color
spectrum of temperature versus emission wavelength.
The highest apparent temperature (red) was observed
just beneath the oolemma (Figure 9.3: arrows, panels
A, B) and at a somewhat lower level in dense mito-
chondrial clusters or aggregates (green/yellow: aster-
isks, panels A, B). The negative effect on competence
associated with the presence of relatively large mito-
chondrial aggregates [29] may involve a change in local
intracellular pH owing to higher levels of ATP
hydrolysis, which can upregulate ATP production
within the aggregate by virtue of increasing proton
flow across the inner mitochondrial membrane [48].
Although speculative at present, it is an interesting
possibility that the negative effects on competence
described when such aggregates occur [29] could be
associated with a change in local ambient redox poten-
tial that may perturb corresponding redox-sensitive
signaling pathways [49].

The oocyte in panel A was cultured in an atmos-
phere of 6% CO,, 5% O,, and the balance N,, while
the one in panel B was cultured in room air. The
higher oxygen concentration in room air was associ-
ated with “warmer” mitochondria occurring through-
out the cytoplasm rather than being largely restricted
to the subplasmalemmal cytoplasm. An oxygen con-
centration effect was a consistent finding suggesting
that higher levels may more deeply diffuse into the
ooplasm and upregulate respiratory activity in mito-
chondria that ordinarily would be less active.

Further supporting a physiological relationship
between mitochondrial activity and cytoplasmic bio-
energetics are findings that stage-specific ATP
“bursts” occur during meiotic maturation of the
mouse oocyte that are spatially localized and likely
driven by corresponding, transient changes in local
free calcium [50]. These bursts were stage and
spatially related and developmentally significant with
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Figure 9.3 Panels A and B are images of a hemisphere of human MIl oocytes showing differential intracellular temperatures revealed with a
cell-permeable chemical intracellular thermometer whose fluorescent emission wavelength is a function of temperature. The temperature in
the subplasmalemmal cytoplasm where a circumferential domain of high polarized mitochondria reside is slightly higher (arrows, red) than
mitochondria in small clusters within the cytoplasm (green). The asterisks indicate larger mitochondrial aggregates that appear slightly warmer
than those in smaller clusters. The oocyte in panel A was cultured in an atmosphere of 5% oxygen while the one in panel B was cultured in
room air (~20% oxygen). The effect of the higher oxygen concentration is evident by the occurrence of red fluorescent mitochondria within
the cytoplasm indicating that a higher intracellular availability of oxygen may upregulate mitochondrial respiratory activity and ATP production
that would seem to be manifested by increases in temperature.

Panels C-J: Autofluorescent detection of NADH/NADPH in cohorts of human MIl oocytes indicates differential intensities that can be related to
ATP content and provide an indication of relative bioenergetic state. Panels C-D show typical autofluorescent phenotypes from a relatively
uniform distribution (D) to one with numerous aggregates (E), or asymmetric localization (asterisk, F). The asterisk in panel C shows the typical
pregerminal vesicle breakdown perinuclear accumulation of mitochondria.

Panels G-J indicate relative autofluorescent intensities in unfertilized human oocytes on a scale of 1 to 5 where 1 is the least intense and 5 the
highest. These intensities were correlated with net ATP content and developmental performance in vitro after artificial (parthenogenetic)
activation (see text for details). The arrows in panel J indicate small clusters/aggregates of mitochondria that can be detected by this
autofluorescence method.

respect to competence as they occurred in mitochon-
drial clusters in which actin microfilaments were
involved in their formation. For detection, the authors

RNA molecule transcribed in vitro from a specific
single-stranded DNA template. What these findings
indicate is that the bioenergetic state of the ooplasm is

used the well-known bioluminescence produced by
firefly luciferase, the same enzyme used to measure
ATP in oocyte lysates in a luminometer using an
ATP-driven luciferin-luciferase assays [51]. ATP bursts
were imaged by the expression of luciferase after the
injection at the GV stage of luciferase cCRNA, a synthetic
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not uniform and constant but rather dynamic with
respect to stage and location; and that this state corres-
ponds to important developmental events such as
oocyte maturation and fertilization as supply and
demand needs change during the cell cycle or as inter-
cellular interactions/ communication develop.
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The ability to detect and follow such changes at the
single-cell level in living oocytes and early embryos on
an ongoing basis during meiotic maturation, fertiliza-
tion or cleavage has a high potential to (a) produce
significant information and new insights into the
physiological basis of energy-dependent intracellular
processes that can better explain the biology of normal
developmental competence ([37, 52] and (b) to reveal
whether and what type of aberrations are downstream
causes of developmental failure. Technologies that exist
for this purpose have the potential to provide useful
bioenergetic information for oocytes and embryos but
may be too costly or difficult to incorporate in a routine
practice. However, other methods for metabolic/bio-
energetic assessments may be better suited in this
regard, and can add a bioenergetic dimension to current
selection criteria.

9.6 Oxygen Consumption Rates

Bioenergetic parameters associated with competence,
such as net cytoplasmic ATP content, can be deter-
mined quantitatively for whole oocytes or embryos by
direct measurements using ATP-dependent bio- or
chemo-luminescence detected by a luminometer after
destructive cell lysis. Obviously, this would be impos-
sible in a clinical IVF setting for selection. However,
similar measurements can be made noninvasively
with using current metabolic analyzers that measure
oxygen consumption rate (OCR) such as Agilent’s
Seahorse XF analyzers that are both highly sensitive
and able to distinguish between glycolysis and mito-
chondrial respiration. The Seahorse instrument is
widely used in research settings and measures fluxes
in oxygen consumption and extracellular acidification
rates (measure of proton efflux) to determine levels of
ATP production. One drawback related to its use in a
routine clinical IVF setting is cost and appropriate
expertise that would generally be necessary, despite
available analytical software. Nevertheless, in situ,
noninvasive OCR measurements using sensitive
oxygen microelectrodes is a well-recognized biomar-
ker of metabolic activity for cultured cells, but for
oocytes and preimplantation embryos, whether simi-
lar measurements can truly reflect developmental
competence that improve outcome at a sufficiently
high-confidence level to support its use remains to
be determined. In this regard, it is encouraging
that some early findings suggest an answer in the
affirmative.
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Muller et al. (2019) [53] used Seahorse technology
to assess OCR in mammalian oocytes (bovine, mouse,
and human) and embryos (bovine) and reported
reproducible differences in respiration during meiotic
maturation of the oocyte and preimplantation
embryogenesis. These differences are likely directly
related to overall mitochondrial bioenergetic activity
and differential levels of ATP generation at specific
stages for these two critical developmental phases.
This is an important study because it demonstrates
the sensitivity of this technology and shows that
sequentially timed measurements can be made at
certain landmark events such as germinal vesicle
breakdown, polar body extrusion at MII for the
oocyte and for the embryo, the morula-to-blastocyst
transition, or at blastocyst “hatching.” Furthermore,
these authors noted (a) that oocyte bioenergetic levels
could be assessed in both intact (cumulus enclosed)
and denuded bovine oocytes and (b) the conditions
used for OCR and ATP measurements were not toxic
for fertilization and preimplantation development.
That said, in clinical application for selective pur-
poses, denuded oocytes would likely be candidates of
choice because maturational status and the normality
of cytoplasmic organization can be readily assessed
and then, if necessary, further analysis by OCR meth-
odology could be employed. Similar studies were
reported for zebrafish embryos that showed no toxic
effects of repeated OCR measurements during devel-
opment with the Seahorse instrument [54].

Another promising, noninvasive method to assess
oxidative phosphorylation rates in oocytes and pre-
implantation embryos that may have application in
clinical IVF was described by Obeidat et al. (2018)
[55]. Their design uses a novel “three electrode Clark
sensor system” that was effective for assessing mito-
chondrial respiration in bovine and equine oocytes,
and bovine embryos at the single oocyte/embryo level
in microliter volumes. Based on animal studies, its
construction and sensitivity clearly indicate a poten-
tial application in human IVF for oocyte and preim-
plantation embryo selection but, similar to other
noninvasive methods for respiration-based compe-
tence assessment, threshold values will need to be
determined with respect to outcome. Moreover, while
efficacy has been shown, safety for human use will
have to be demonstrated. However, an evaluation of
the methodology and current findings suggest it may
well have a place in IVF programs when standardized
for setup, operation, and data analysis.
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9.6.1 The Scanning Electrochemical

Microscopic System for OCR Determination

Additional validation of OCR technology for compe-
tence determinations in clinical IVF comes from stud-
ies designed to establish the nature of a relationship
between respiratory activity, mtDNA copy number,
mitochondrial mass, and actual bioenergetic end-
points such as ATP content. To date, a few studies
have made important contributions in this regard
with another novel technology, the scanning electro-
chemical microscopic system (SECM) for single
oocyte/embryo OCR determinations [56]. Yamanaka
et al. (2011) [57] and Maezawa et al. (2014) [58]
reported that differences in OCR in thawed vitrified
human blastocysts related to the timing of the restor-
ation of normal oxygen consumption could be used to
identify those with the highest developmental poten-
tial. These investigators noted that inner cell mass
(ICM)-containing blastocysts in the process of hatch-
ing, or which had fully hatched at specific times after
thawing, had higher OCRs than those that remained
zona intact. The success of hatching would likely be
expected to be directly related to respiratory activity
given that this morphodynamic process is energy
requiring both to escape the confines of the zona
pellucida and to maintain active fluid transport across
the trophectoderm to keep the blastocyst cavity in an
expanding state required for complete hatching and
accomplishment of the alignment and adherence
phases of implantation.

More recently, Morimoto et al. (2020) [59]
reported that OCR rates measured by SECM were
associated with a maternal-age-related decline in
mitochondrial oxygen consumption that manifested
morphologically as rate-limiting for the morula-to-
blastocyst transition. A finding of particular relevance
for competence assessments in this report was that
mtDNA copy number and OCR were unrelated at any
stage of preimplantation embryogenesis in their clin-
ical IVF population from which measurements were
obtained. This suggests that the well-known age-
related decline in mitochondrial bioenergetic effi-
ciency can affect embryonic stages and, as reported
by Muller-Hocker et al. (1996) [60], may involve
structural changes such as increased mitochondrial
volume and reduced cristae numbers and size. Van
Blerkom (2011) [37] proposed that if the magnitude
of the polarity across the inner mitochondrial mem-
brane (AYm) that maintains volume homeostasis
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does not transition to a higher state during a similar
transition from a condensed to orthodox form at the
end of the cleavage phase, mitochondrial swelling,
internal structural disorganization, and significantly
diminished ATP output would be a likely result.

Because the morphodynamic processes of the pre-
implantation embryo are energy-requiring and -
driven processes, the simplest means of competence
assessment at present for an IVF program may be
observational, that is, whether embryos develop to
an ICM-containing expanded blastocyst that can
manifest signs of incipient hatching (e.g., the elabor-
ation of focal transzonal cytoplasmic projections,
termed zona breakers: Sathananthan et al., 2003
[61]) followed by complete, nonassisted emergence
and maintenance of expansion after escape from the
confines of the zona pellucida. The occurrence of
focal transzonal trophectodermal projections that
resemble “zona breakers” in form and kinetic activity
observed in time-lapse studies of well-expanded
human blastocysts reported by Van Blerkom (2019)
[13] is consistent with the notion of zona breakers as a
normal aspect of the hatching process in the peri-
implantation human embryo. This is especially rele-
vant where the zona may be unusually resistant to
hatching for certain patients (e.g., maternal age
related) or after thawing, where iatrogenic zona
hardening may have occurred. In these instances,
laser-assisted hatching can be beneficial but not all
embryos will emerge, especially when the blastocoel
has collapsed and not reformed during culture or
after thawing, despite the presence of transzonal pro-
jections [13]. As noted above, Yamanaka et al. (2011)
[57] and Maezawa et al. (2014) [58] used SECM
methodology to show that a bioenergetic deficit
existed in these situations and, even with mechanical
hatching, a successful pregnancy was less likely to
result, due most likely to an ATP deficiency.

The recent interest in mtDNA content in
preimplantation-stage human embryos and develop-
mental competence is controversial, but certain stud-
ies seem to shed some light on the nature of a possible
relationship that is worth mentioning. The studies of
Hashimoto et al. (2017) [62] were among the first to
use OCR measurements based on the SECM system
to correlate respiratory activity and mtDNA content
during human preimplantation embryogenesis. Their
findings indicate that while the mtDNA copy number
during the preimplantation period could differ sig-
nificantly between embryos, the mean copy number
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was largely stage related. A precipitous decline in
mtDNA content occurred between MII and the 2-
cell stage, followed by a relatively constant content
at the whole embryo level up to the late morula, at
which time a rise in copy number occurred in concert
with blastocyst formation. This rise is temporally
consistent with the similar structural development of
mitochondria common during mammalian preim-
plantation embryogenesis as these organelles transi-
tion from a lower energetic condensed state to a
higher energetic orthodox configuration. The hall-
mark of this transition is seen (a) structurally by their
elongation and increased number of cristae that fully
transverse a matrix of low electron density, and (b) by
the expansion of the inner surface area of the inner
mitochondrial membrane (the cristae) that is coinci-
dent with a higher A¥m state across the site of ATP
generation [32, 37]. The rise in OCR begins around the
morula stage before mtDNA copy numbers increase at
the expanding blastocyst stage, which is consistent with
the notion that it is the transition in mitochondrial
structure and polarity to a higher level, rather than just
more mtDNA copies alone, that contributes to the
increased respiratory activity that is critically needed
to support the process of blastocyst formation and
associated energy-requiring morphodynamic processes.

In support of this notion are the findings of
Morimoto et al. (2020) [59] that mtDNA copy
number was unrelated to the maternal-age-related
decline in mitochondrial oxygen consumption at
any stage of preimplantation human embryogenesis.
However, this would appear to conflict with the find-
ings of Fragouli et al. (2015) [63] that mtDNA copy
number increased significantly with advancing mater-
nal age. In this regard, it may be worthwhile to exam-
ine whether mitochondrial mass and mtDNA content
are related in the oocyte and preimplantation embryo
with advancing maternal age if the latter is upregu-
lated to compensate for a declining efficiency of mito-
chondria as suggested by Muller-Hocker et al. (1996)
[60], which might include the ability to utilize ambi-
ent oxygen.

One caveat that needs to be emphasized with
respect to bioenergetic assessments is that while
OCR values have been shown to be a valuable bio-
marker of competence, if the only embryos available
show subthreshold levels, in practice, their transfer
would not be precluded because a normal outcome
can occur based on current findings, although at a
reduced probability.
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9.7 Raman Spectroscopy as a

Biomarker of Competence

While the results of Hashimoto et al. (2017) [62],
Obeidat et al. (2018) [55], and others suggest that direct
measurements of ATP production and the capacity to
assess metabolic activity by OCR can be an important
means for competence selection, it may not be practical
in present iterations for most clinical IVF programs
owing to cost, complexity, and expertise needed to
assure high confidence. Raman spectroscopic analysis
of spent culture media is an indirect means of metabolic
profiling for competence assessment that uses unique
spectral fingerprints of molecules identified from
known databases. One limitation of this analytical
method is associated with the physics of detection by
laser-light excitation of the chemical bonds in mol-
ecules, which is reduced in low concentration because
the Raman effect is induced by intense monochromatic
laser light that changes in wavelength (usually in
near infrared) if deflected by molecules in solution.
This effect tends to be weakest for molecules at low
concentration.

However, the demonstrable analytical power of
Raman spectroscopy shown in other applications
made it an appealing methodology for clinical IVF if
it could detect molecules in spent culture media nor-
mally exported by preimplantation stage embryos
during in vitro development, including those derived
from metabolic processes that could be correlated
with outcome alone [64, 65] or in conjunction with
embryologist-based morphological observations [66].
As a potentially significant, biochemically based tool
for selecting embryos within cohorts with the highest
putative developmental competence, the importance
of this capacity was twofold: (a) it was potentially
operator-independent, that is, free of potential empir-
ically associated (subjective) bias from observer-based
morphological assessments and (b) that positive
outcomes-based Raman-derived (metabolic) findings
alone were largely independent of embryo perform-
ance in vitro, as characterized by the generally
accepted performance morphological criteria for
embryo grading [4].

Early favorable outcome results led to the intro-
duction of a commercial instrument to generate a
numerical Raman spectroscopic score using a propri-
etary algorithm derived from the detection of certain
chemical bonds and associated molecules in spent
culture media to assess the likelihood of a positive
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or negative outcome. Sadly, and despite initial
encouraging outcome reports, the instrument that
generated a numerical metabolic score that was inde-
pendent of embryo development in vitro was found to
be incapable of producing consistent and accurate
information for competence assessment and was
withdrawn from commercial sale.

From its infancy the clinical IVF field has not been
immune from initial enthusiasm and excitement based
on positive results for certain microscopic, biochem-
ical, and analytical methods that were reported to
significantly improve outcome, only later found to be
less effective or ineffective as results from additional
studies were reported. However, the biophysics of
Raman spectroscopy are sound and well understood
for cellular applications and, with the availability of
comprehensive libraries of molecular fingerprints,
offers the possibility that this method will be revisited,
and its potential shown to have a role in improving
outcome [66].

9.8 Noninvasive Autofluorescence as a
Biomarker of Mitochondrial
Bioenergetics in Clinical IVF

A potential approach to noninvasive competence selec-
tion relies on nontoxic, autofluorescence expressed by
bioenergetic metabolites excited at specific wavelengths
as a proxy for estimating metabolic activity that can
enable the visualization of mitochondrial distributions
such as those that may negatively impact on develop-
mental competence.

One of the earliest demonstrations of the poten-
tial application of autofluorescence for continuous
visualization of transient and stage-specific mito-
chondrial organization during the preimplantation
stages was reported by Squirrell et al. (2003) [67]
for rhesus monkey oocytes. They constructed a spe-
cially designed dual photon microscope at near infra-
red wavelength using a 1047-nm neodymium-doped,
yttrium lithium fluoride-based ultrafast laser to
detect mitochondrial autofluorescence. While this
study was not focused on metabolic aspects of
early development, it did demonstrate that mitochon-
dria could be detected noninvasively and with no
apparent toxicity to produce images very similar to
those obtained in earlier studies with exposure to
mitochondria-specific fluorescent stains such as
rhodamine 123 ([68] Van Blerkom and Runner,
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1984) or members of the MitoTracker family at spe-
cific stages of preimplantation development ([28, 33,
69]. Consistent with the report of Squirrel et al. are
the findings of an intriguing study of preimplantation
mouse development in vitro by Yokoo and Mori
(2017) [70], who found that near-infrared laser
irradiation significantly improved the quality of blas-
tocysts and increased live birth rate with no apparent
adverse effects on offspring. Whether near-infrared
laser light enhancement of outcome for embryos
exposed during the preimplantation stages involves
a transient positive bioenergetic interaction with
mitochondria is unknown, but is an interesting pos-
sibility worth investigating.

Similar to the Squirrel et al. (2003) [67] study,
Sanchez et al. (2018) [71] used fluorescence lifetime
imaging microscopy (FLIM) for metabolic imaging
mitochondrial metabolism in mouse oocytes with
normal and dysfunctional mitochondria. FLIM is a
powerful quantitative technology used in cell biology
for metabolic imaging of fluorophore-conjugated
molecules and metabolism-associated molecules that
autofluorescence at specific wavelengths [72] such as
NAD (nicotinamide adenine dinucleotide), NADPH
(nicotinamide adenine dinucleotide phosphate), and
FAD (flavin adenine dinucleotide). Sanchez et al.
(2018) [71] were able to quantify metabolic differ-
ences between wild type and mutant oocytes with
dysfunctional mitochondria and detect reactive
oxygen species generation at the blastocyst stage using
a fluorescent ROS reporter, confirming what has
been observed with cell cultures, namely, that FLIM
was apparently developmentally benign for mouse
embryos. As a research instrument, multiphoton
microscopy using monochromatic laser light sources
and bioinformatic algorithms for FLIM image analy-
sis has clearly benefited basic cell biological studies
[72]. However, issues of instrumentation cost and
practicality will have to be resolved if general use in
clinical IVF for competence assessment of individual
oocytes and embryos is to be realized.

9.9 Application of Autofluorescence for
Semiquantitative Estimations of
Bioenergetic State at Relatively Low
Cost for IVF Programs

We have investigated an alternative microscopic
method for metabolism-associated “autofluorescence”
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based in part on the findings of Sikder et al. (2007)
[73], who assessed mitochondrial distribution and bio-
energetic activity noninvasively by live-cell imaging
using conventional epifluorescence microscopy with
excitation at 365 nm to visualize NADH and
NADPH autofluorescence around 450 nm. They
showed how this method could readily distinguish
different cell types in culture solely on the basis of
patterns of mitochondrial autofluorescence and
changes in metabolism induced by altering culture
conditions (atmosphere).

The following findings describe results to date
from a pilot study to determine whether this type of
imaging could be applied to human oocytes to detect
(a) abnormalities in mitochondrial organization or
distribution that have previously been reported to
reduce developmental competence, (b) putative dif-
ferences in fluorescent intensity that could be associ-
ated with bioenergetic activity, and (c) whether this
method could be used in the IVF lab for selection
purposes. Oocytes were chosen for the major portion
of this preliminary work because they need to be
denuded of cumulus and coronal cells to image the
cytoplasm either for ICSI or after conventional
insemination to confirm fertilization. It was also of
interest to determine whether it could be a useful
diagnostic of bioenergetic state in cases of failed fer-
tilization and to assess similar metabolic activity in
sibling, immature oocytes. After autofluorescent
imaging, oocytes were prepared for net ATP content
measurements by luciferin-luciferase chemilumines-
cence determinations [51].

Imaging studies were performed using the
following microscopic platforms: (a) a Leica EVOS
fluorescent microscope with an adjustable high-
intensity LED light source with image processing
and intensity quantitation using manufacturer
supplied software, (b) an Olympus IX 82 widefield
fluorescent microscope with imaging through a
Hamamatsu OCRA R2 camera and image processing
and fluorescent intensity quantification using
Slidebook 6 software (3i, Denver, CO), and (c) empir-
ical intensity estimates from a Nikon inverted micro-
scope (Diaphot) with conventional epifluorescence
and a 100-watt metal halide (mercury) lamp. While
the first two microscopes are relatively costly and
used primarily for research, similar intensities and
mitochondrial distributions were obtained with the
Nikon instrument, albeit at a somewhat lower overall
intensity and resolution. For example, the images
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shown in Figure 9.3 panels C-F were taken with a
digital camera though a Nikon Diaphot microscope
and shown unmanipulated in grayscale, which can
improve resolution. For clinical IVF use, however, a
high-intensity light source that is adjustable was
found to be the most effective for imaging and quan-
tifying autofluorescent intensities. Distinct differences
in autofluorescence intensity were classified on a rela-
tive scale from 1 to 5 (RFI, relative fluorescent inten-
sity) immediately prior to lysis for quantitation of net
ATP content.

The RFI scale was determined across the entire
oocyte at the same light level and exposure time on
each microscopic platform to generate the values
shown in panels G-J, with Type 1 being the lowest
and Type 5 the highest. The most difficult to distin-
guish on each platform was Type 3 because some
oocytes could be placed at the lower range of Type
4. In this instance, a value of 3.5 is assigned (panel H).
Differences between Type 2 and 3 were occasionally
difficult to clearly define and in these instances a 1.5
value was assigned (panel G). As discussed below, the
slight differences for the 1.5 and 3.5 designations do
not appear to be too relevant for competence deter-
minations. However, with experience, intensity desig-
nations can become a routine exercise. Oocytes could
be further classified by their pattern of autofluores-
cence as follows: (a) largely uniform intensity across
the ooplasm (panel D); (b) nonuniform distributions
with higher fluorescent intensity asymmetrically
localized (asterisk, panel F); (c) clustered fluorescence
and a low-intensity signal in the pericortical cyto-
plasm as indicated by an asterisk and arrow in panel
I, respectively; (d) a puncta-like distribution within
the cytoplasm that corresponds to mitochondria
occurring in aggregates (asterisk, panel I) and less
typically, panel E. These types of aggregation patterns
have been described in human oocytes using
mitochondria-specific fluorescent reporters [28, 29]
and by transmission electron microscopy [74].
Additional support for a mitochondrial association
with autofluorescence patterns is indicated by an
asterisk in the GV-stage oocyte in panel C, where a
pronounced perinuclear mitochondrial accumulation
normally occurs prior to its breakdown [68, 75]. Of
particular interest for this pilot study with respect to
selection for fertilization at the oocyte stage were
those exhibiting a uniform pattern of autofluores-
cence and based on the following bioenergetic and
in vitro performance findings: Types 3-4 would be
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most likely to be developmentally competent in com-
parison to those showing heterogenous patterns of
mitochondrial clustering or significant aggregation
(see above in this section).

Whether NADH/NADPH autofluorescence alone
could be a reasonable approximation of bioenergetic
state for competence assessment was further tested by
measuring ATP contents in oocytes with each numer-
ical grade. To date, the average net ATP content
(pmol/oocyte) for 139 MII oocytes showing no
grossly evident cytoplasmic dysmorphisms or abnor-
malities that failed to fertilize after conventional IVF
were as follows: (a) Types 1 and 2: 0.79-1.04, (b)
Types 3 and 4: 1.24-1.63, (iii) Type 5: 2.33-2.75.
These values are within the range previously meas-
ured by Van Blerkom et al. (1995) [51] for human
oocytes selected only based on meiotic maturity.
Types 3 and 4 were grouped together for this initial
analysis. Very similar ATP values were measured in
53 immature oocytes between the GVB and MI stages
that were identified at the first check for fertilization,
12-14 hours postinsemination.

Whether the excitation and emission wavelengths
used in this study could be developmentally toxic
could not be tested by intentionally inseminating
exposed oocytes solely for experimental purposes.
However, according to protocol, oocytes that were
immature at follicular aspiration, but which spontan-
eously matured to MII could be used for such
purposes under the provision that they are not insem-
inated. In this regard, after exposure to visualize and
measure autofluorescence, oocytes were “activated” in
the presence of either a calcium ionophore (A23187)
or SrCl, followed by in vitro culture for up to five
days. The ability to progress through the preimplan-
tation stages in a timely manner similar to their
normally fertilized counterparts was indicative of an
early level of developmental competence. To date,
73% (53/64) activated with 31% (16/53) developing
to an expanded blastocyst stage; all showed Type 3/4
intensity prior to activation. None classified as Type
1 or 2 progressed beyond the 6- to 10-cell stage and
cell divisions were often irregular (i.e., nonuniform
blastomeres). Type 5 oocytes were relatively infre-
quent as were Type 1, although for the latter they
mostly occurred as a major portion of a patient-
specific cohort where large numbers of oocytes
(>15) were retrieved and/or in patients with women
with polycystic ovarian syndrome. In both instances,
after parthenogenetic activation, none progressed
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beyond the 4-cell stage. A preliminary conclusion
from these findings is that bioenergetic levels below
and above certain thresholds, that may be detectable
by this method, are developmentally toxic.

Collectively, the findings from this pilot study
suggest a developmentally relevant association may
exist between the intensity of autofluorescence and
ATP content and, consequently, serve as a useful
proxy of bioenergetic state. One caveat that needs to
be noted concerns the meiotic status of the oocytes
used in this preliminary study, namely, that they were
immature at follicular aspiration but had spontan-
eously completed maturation to MII in vitro. Studies
of MII oocytes at aspiration will be necessary to
confirm these findings and provide threshold inten-
sity levels assessed by improved empirical grading
methods or by instrument-based measurements that
can be related to bioenergetic state. However, findings
discussed above strongly indicate that this approach is
developmentally benign and suitable for oocyte
and embryo selection in a clinical setting. Additional
studies will likely determine whether (a) an autofluor-
escence intensity relationship exists between mito-
chondrial mass and mtDNA content in the oocyte
and (b) the extent to which bioenergetic state at the
blastomere level is a function of the uniformity of the
inherited mitochondrial complement. If demon-
strated, potential negative downstream effects already
associated with early disproportionate mitochondrial
segregation [33] may be used to deselect those
embryos showing this phenotype.

Of particular interest regarding competence is
whether a subthreshold mitochondrial mass/mtDNA
copy number can occur that is able to support
meiotic maturation and fertilization-associated events
including pronuclear formation and early cleavage
divisions, but that is insufficient to permit the persist-
ence of normal preimplantation embryogenesis to the
hatched blastocyst stage. The rationale for this notion
is that mitochondrial mass may be a critical factor in
establishing developmental competence because, with
each cell division beginning at fertilization, the
number of mitochondria is theoretically halved as
they segregate into daughter cells with no additional
organelles arising until well after implantation.
A subnormal threshold in the oocyte inherited by
the embryo may be insufficient to support higher
energy levels required by cells as development pro-
gresses through the preimplantation stages despite the
structural transition from condensed to orthodox


https://doi.org/10.1017/9781009025218.010

Prospects for Bioenergetics for Embryo Selection

states. Transmission electron microscopic images of
human GV-stage oocytes that failed to reinitiate mei-
osis in vivo after controlled ovarian stimulation and
ovulation induction indicate a mitochondrial density
that is often substantially lower than in normally
maturing siblings [74], providing tentative support
for the notion that the size of the mitochondrial
complement in an MII oocyte is likely to be a primary
determinant of bioenergetic capacity and therefore
developmental competence.

9.10 Concluding Remarks

In its simplest iteration, developmental competence is
the ability of an MII oocyte to be fertilized and by
upregulating free calcium levels after sperm penetra-
tion, to “activate” the process of embryogenesis by (a)
promoting the endpoint of meiosis, the emission of a
half set of sister chromatids in the second polar body
at telophase II, (b) initiating cortical granule exocy-
tosis to prevent polyspermy penetration, (c) establish-
ing intracellular conditions for the formation of a
normal first mitotic spindle, and (d) generating free
calcium oscillations that establish the temporal pat-
tern for the first and subsequent cell divisions. The
normal occurrence of these early physiological events
is energy dependent with appropriate levels of ATP
and GTP generation necessary for progression to the
blastocyst stage, followed by hatching, implantation,
and continued gestation to birth.

In this context, several basic themes have been
embedded in current notions of how developmental
competence is established. One is that it is largely
established in the oocyte prior to fertilization and a
second and related theme is that cellular energy is a
principal driver of competence from the preovulatory
resumption of arrested meiosis at the GV stage
through gestation. It is for this reason that consider-
able efforts have been undertaken to determine, non-
invasively, the bioenergetic state of the oocyte and
preimplantation embryo such that as a biomarker of
competence, it could be included in clinical IVF pro-
grams to select the oocyte and embryo “most likely to
succeed.” Consequently, the present focus of this
chapter has been on the oocyte rather than the
embryo for the very reason that mitochondria and
the normality of their maternal inheritance can be
directly tied to competence. Analytical tools that
measure bioenergetic state exist and, if they can be
effectively applied in clinical IVF, they will have an
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important role in selection so as to bias the IVF
procedure toward a positive outcome.

Each of the methods described above - from
mtDNA quantification, OCR measurements, Raman
spectroscopic assessments of metabolism, to FLIM -
requires highly sensitive and often costly instrumen-
tation. Each has the potential to detect and quantify
metabolic levels by nondestructive and nontoxic
means that can provide developmentally useful infor-
mation. The findings from the pilot study for NADH/
NADPH autofluorescence present a potentially less
costly opportunity that may be better suited for most
IVF programs if confirmed as a viable means of
competence assessment that improves outcome.
Application of such a lower-cost analytical platform
may be of particular utility where accessibility, avail-
ability, and affordability are major barriers to
advanced fertility treatments [76]. We have also
found that RFI determinations have utility as a diag-
nostic tool for failed fertilizations and instances where
cytokinesis unexpectedly ceased or was asymmetric
during cleavage.

Given the central role of bioenergetics in human
gametogenesis and embryogenesis, the essential ques-
tion that was not answered in this chapter is which
current or commercially available method(s) for
detection or quantification might be worthwhile
for consideration in IVF programs. If cost and expert-
ise are not prohibitive, it would appear that commer-
cially available OCR methodologies such as Agilent
Seahorse analysers have been proven to be reliable
and valuable for relating metabolism to developmen-
tal viability in both animal and human studies.
Raman spectroscopy of spent culture medium
remains an intriguing possibility based on its sensi-
tivity and the broad range of molecules that can be
identified when they occur at detectable levels, but it
remains to be determined whether an effective com-
mercially viable Raman-based instrument dedicated
to IVF can be produced. FLIM is also an effective
means to detect differential bioenergetics and mito-
chondrial distributions that are competence-related,
but cost and current complexity can be significant
factors for routine clinical use. The NADH/NADPH
autofluorescent method has promise but will need
additional studies, with actual outcome results, in
order for its effectiveness in evaluating developmental
potential to be validated. Until these methodologies
can transition from basic research to the clinic, per-
haps evaluations from experienced embryologists (the
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“observers”) will remain a central element in compe-
tence assessments. However, in the present era
of computer-based image analysis for assessing the
normality of morphodynamic aspects of early
embryogenesis, and the biochemical identification of
micro-and macromolecules in culture medium that
may be released by a developmentally competent or
incompetent embryo, it is possible to envisage a time
that in one form or another, accurate assessments of
bioenergetic state alone, or in combination with
other assessment methods, will generate observer-
independent algorithms that can facilitate gamete
and embryo selection. It is also likely that metrics that
address the issue of chromosomal normality can be
included based on the most recent findings that DNA
present in blastocoelic fluid [77] and in spent embryo
culture medium can be used for determination of
ploidy [78, 79] (see Chapter 15), which adds an
important component to a bioenergetic-focused selec-
tion paradigm. However, until selection becomes
automated and multifaceted with each metric inde-
pendently validated, measures of bioenergetics need
to be considered because energy states at important
developmental landmarks or transitions underlie
competence.

However, perhaps the simplest measure of com-
petence in the near term and in the absence of IVF-
appropriate instrumentation for accurate metabolic
assessments, may be what the embryo demonstrates
by its performance in vitro from fertilization onward.
Oocytes with inherited mitochondrial mass deficien-
cies and mutations that negatively affect OXPHOS, or
where an idiopathic inability to supply sufficient
levels of nucleotide triphosphates becomes function-
ally compromising, will likely self-select by failing to

achieve MII or, if fertilized, will fail to support appro-
priately aligned and juxtaposed pronuclei after sperm
penetration, or normal development during the pre-
implantation stage. The current role of an observer in
competence assessment should not be overlooked as it
has yet to be clearly shown whether cost-effective
OCR or autofluorescence methodologies appropriate
for general use in clinical IVF can effectively distin-
guish between a blastocyst with a normally formed
ICM from one in which it is absent, scant, or poorly
organized. Until such a time when noninvasive
competence selection can truly become operator-
independent, the recognized morphological and mor-
phokinetic signs of developmental distress or dys-
function that would diminish the likelihood of a
positive outcome will remain a central element in
oocyte and embryo selection. However, these cur-
rently applied approaches may well be significantly
refined in the future by the addition of noninvasive
methods including perhaps the simplest, the auto-
fluorescent signatures of mitochondrial bioenergetic
substrates and coenzymes such as NADH and FAD.

Key Messages

e Bioenergetic state and capacity are related to
developmental competence and outcome in
clinical IVF.

e Measurements of bioenergetic state at different
stages of preimplantation embryogenesis can
assist oocyte and embryo selection for
fertilization and transfer, respectively.

e Semiquantitative assessments of bioenergetic
states can be performed at low cost with existing
expertise present in a typical IVF unit.
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10.1 Introduction

Since fertilization is the result of the fusion of two
gametes, it is obvious that not only the corresponding
zygote but also the corresponding embryo are highly
dependent on the initial quality of spermatozoon and
oocyte. At virtually every developmental stage, static
assessment of morphology on one or more days is still
the practice most commonly used for preimplanta-
tion embryo selection, although it has to be empha-
sized that time-lapse video cinematography has
gained ground. An international expert group aimed
to standardize morphological evaluation among
clinics and suggested a rough timing (relative to the
time of insemination or sperm injection on day 0)
when daily observations should be performed, and the
respective stage of development assessed [1]. These
timings agreed by the consensus participants closely
corroborate those published by the esteemed Sir
Robert Edwards in 1981 [2]. As observed by Sir
Edwards, the preimplantation human embryo follows
a specific timeline (Figure 10.1). The question at hand
is which of these stages, and what morphological
features should be assessed, when undertaking static
evaluations in the clinical embryology laboratory.

10.2 Zygote Stage

Regardless of whether gametes are brought together
using conventional IVF or by intracytoplasmic sperm
injection (ICSI) the chronological order of oocyte
activation and fertilization is the same with several
differences, namely that in ICSI the essential steps of
cumulus penetration, zona pellucida binding, and
membrane fusion are bypassed. However, once the
sperm is in the ooplasm its head will decondense to
form the male pronucleus. More or less simultan-
eously, a female counterpart appears in the cortical
spindle region next to the polar bodies. The latter is
then drawn toward the center of the oocyte by
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microtubules originating from the male pronucleus
until both pronuclei appose. Within each pronucleus
several nucleoli mark the active sites of rRNA synthe-
sis. As development proceeds, these nucleoli tend to
fuse and polarize until pronuclear membrane break-
down occurs.

Considering the said dynamics, the arising char-
acteristic pattern of zygote or pronuclear stage can be
nothing but a snapshot. Nevertheless, over the years
characteristics of the pronuclear stage have been
widely used as predictive parameters of blastocyst
formation, implantation, and pregnancy [3, 4, 5].

Around the beginning of the new millennium, it
became clear that asynchrony in the formation and
polarization of nucleoli may impair further develop-
ment of the embryo [5]. It should be noted that
regular fertilization requires the presence of two polar
bodies and two pronuclei. Three-pronuclear zygotes
from polyspermy or nondisjunction as well as par-
thenogenetically activated oocytes must not be used
for in vitro culture and transfer; and zygotes with one
pronucleus should only be used when none with two
pronuclei (binucleate) are available. So when speaking
of pronuclear score in Section 10.2.1, this always
refers to the binucleate zygote.

10.2.1 Pronuclear Pattern

The basis of most day 1 grading systems is a combin-
ation of both nucleoli size/number and distribution
[3, 4]. The positioning of the nucleoli is preferably
polarized at the pronuclear junction and nucleoli
scattered all over the karyoplasm will be associated
with a negative prognosis [3]. Later on, a refined
simplified grading system was described allowing for
an accurate prediction of embryo quality by a single-
observation scoring [4]. Fewer parameters for consid-
eration and so less time required for evaluation in a
single static observation, and so less stress to the
zygote, are the main advantages of the Tesarik versus
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—

QOocyte Retrieval

Figure 10.1 Suggested timeline of preimplantation development

the Scott scoring system [3, 4]. In fact, for the ease of
the analysis, pronuclear symmetry, for example the
equality of nuclei within each pronucleus, is the most
striking predictive parameter at zygote stage. This is
also reflected in the commonly used Z-score of Scott
et al. (2000) [5] who observed a decline in blastocyst
formation with ascending scores (Figure 10.2).

There are only a few scenarios in which even the
best pronuclear pattern would have a bad develop-
mental prognosis [5], these being a peripheral loca-
tion or nonabuttal of the pronuclei as well as unequal
size of the same (difference >10 um). These abnormal
pronuclear arrangements would reflect sperm- (non-
abuttal, unequal size) or oocyte-borne problems.
Zygotes showing all these dysmorphisms have the
tendency to arrest in development and so it is recom-
mended that they are not selected for transfer when
there are potential alternatives, whether at the cleav-
age stage or after extended culture.

L—

Implantation

Morula

Blastocyst

10.2.2 Cytoplasmic Halo

Additional prognostic power is attributed to the cyto-
plasmic appearance of the zygote [5, 6]. In detail, a
microtubule-mediated withdrawal of mitochondria
and other cytoplasmic components to the perinuclear
region leaves a subplasmalemmal zone of translucent
cytoplasm, the so-called halo. The physiological role
of this redistribution of cell organelles in human
zygotes is unclear but it is speculated that the
observed central clustering may be involved in mat-
uration of mitochondria, reactive oxygen species
avoidance, and/or appropriation of ATP.

Contrary to popular belief, a large prospective
study showed that there is no reason to exclude
zygotes with extreme halos (e.g., >20 pm) from cul-
ture and it was proven that any kind of halo effect is
beneficial [6]. The only problem with the halo effect
as a selection tool is that >80% of zygotes do express
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Figure 10.2 Zygote score according to Scott et al. (2000) [5]. Z1: aligned nucleoli, equal; Z2: aligning nucleoli, equal nucleolar size and
number; Z3: unequal alignment of nucleoli, differences in nucleolar number and size; Z4: unequal sized pronuclei.

Figure 10.3 Zygotes showing presence (a) or absence (b) of a cytoplasmic halo (indicated by the arrow)

this typical cytoplasmic appearance (Figure 10.3) so
that the halo most often is used together with other
prognostic parameters at the zygote stage including
distance and location of pronuclei and number and
polarity of nucleoli to name but a few [7]. This cumu-
lative pronuclear score [7] revealed that nucleolar
pattern and cytoplasmic halo appeared as the most
important factors predictive of implantation for fresh
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and cryopreserved zygotes, while pronuclei position
was specifically relevant for frozen-thawed zygotes.
The final phase of the zygote stage is marked by
pronuclear membrane breakdown (also referred to as
pronuclear fading). From this event onward it takes
3-4 hours before the M-phase of the first cell cycle
ends and the zygote subsequently cleaves. In the
absence of a time-lapse system, pronuclear membrane
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breakdown and early cleavage are useful predictive
tools.

Recommendations

e Zygote scoring should always be done at the light
microscopical level (at least X200 magnification)
since a binocular microscope (usually below x20
magnification) will not allow accurate
identification of pronucleus number and
nucleoli disposition.

e For the same reason, individual culture of zygotes
is recommended since the scoring of grouped
zygotes would be impractical and complicate
tracking of the respective zygote score once the
zygote enters first mitosis.

e If zygote scoring is part of the routine evaluation,
pronuclear pattern should be prioritized over
halo formation.

e In the absence of a time-lapse system,
undocumented zygotes (e.g. cleavage without
proper identification of 2PN) should be seen as
lower-priority candidates for transfer.

e Those zygotes of poorest prognosis (score Z4)
show peripheral location or nonabuttal of the
pronuclei as well as unequal size of the same and
are associated with poor outcome.

10.3 Cleavage Stage

Cleavage stage is the period after fertilization when
the zygote starts to develop into a multicellular
organism. Practically, it spans the period between
first mitosis on day 1 and late on day 3 when tight
junctions begin to form between the cell mem-
branes, compaction ensues, and the morula forms

(day 4).

10.3.1 Timing for Static Assessments

Alpha Scientists in Reproductive Medicine and the
ESHRE Special Interest Group of Embryology (2011)
highlighted that standardized timing of observations
from hours postinsemination is critical for comparing
results between different laboratories [1]. Moreover,
these experts presented expected stages of develop-
ment at each of their nominated time points postinse-
mination. For static assessment of cleavage stage, the
time points agreed on were 2-cell: 26 + 1 h for ICSI
(plus 2 h for IVF), 4-cell: 44 + 1 h (IVF and ICSI), and

8-cell: 68 + 1 h (IVF and ICSI) (Figure 10.1). Based on
this timeline, the authors also postulated that, on aver-
age, embryos that cleave more slowly or more quickly
than expected are likely to be abnormal and have a
reduced implantation potential. Indeed, the delay of
mitotic cleavages and subsequent rearrangements of
the individual blastomeres seems to be associated with
viability of embryos considering that prolonged cell
cycles reflect DNA repair processes and cellular
rearrangement prior to cleavage. For increased mitotic
activity, however, the situation is less clear [8, 9] since
the extent to which culture conditions (e.g. culture
media) may influence mitotic rate and compaction
behavior is unpredictable [1].

10.3.2 Cell Number and Stage-
Appropriateness

During cleavage, the cytoplasmic volume remains
essentially the same as that of the zygote, being simply
allocated to numerous smaller nucleated cells, the
blastomeres. For normal development, the number
of blastomeres doubles with every cell cycle that, by
definition, is “an orderly sequence of events in which
a cell duplicates its contents and then divides into
two” [10], p. 2653). As a consequence, the volume of
the daughter cells will be approximately half of the
volume of the original blastomere that divided. While
the first cell cycle ends with the beginning of the first
mitosis, the second embryonic cell cycle begins with
two blastomeres that subsequently divide forming a
4-cell embryo showing four more or less identically
shaped cells. A resulting day 2 embryo of regular
morphological appearance would show a crosswise
arrangement of four blastomeres with three cells lying
side by side, thus forming a tetrahedron. Any change
in cleavage plane orientation may result in a planar
4-cell embryo showing a consistent contact area
between blastomeres. It has been hypothesized that
in such scenarios cell division has probably not been
fully completed due to a defect in the male centro-
some that is responsible for the first mitosis [11].

Logically, during the third cell cycle, four blasto-
meres cleave one after the other until the 8-cell stage
is reached. It should be noted that in humans, com-
paction usually starts around the fourth cell cycle so
that 14-16 individual cells without signs of compac-
tion are seen rather rarely.
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Figure 10.4 Differences in stage-appropriateness at 6-cell stage. Schematic drawing (b) illustrates correct formation of blastomeres.
Deviations either derive from trichotomous mitosis (a) or incorrect order of cleavages (c).

10.3.3 Blastomere Symmetry

From this ideal physiological model described above
it is evident that within a cleaving embryo identical
cell sizes are only possible at the 2-, 4-, 8-, and 16-cell
stage. To put it differently, a 6-cell embryo with six
identically shaped cells (Figure 10.4a) can never be
normal and most probably is the result of a
trichotomous mitosis at the zygote stage. This scen-
ario would involve two mitotic spindles in the zygote
causing three (instead of two) identical daughter cells.
If this irregular cleavage is then followed by three
regular blastomeric cleavages an embryo would end
up with six blastomeres of identical size.

For any other cell stage not representing the
beginning or end of an embryonic cell cycle - for
example the 3-, and 5- to 7-cell stages - only two
different cell sizes are possible (e.g. the size of the
mother cell and that of the daughter cell generation).
To continue the logic of the 6-cell embryo example
above, the only stage-appropriate formation of blas-
tomeres would be achieved if two cells of a 4-cell
embryo have already cleaved (with two more to go)
ending up in two larger and four smaller cells
(Figure 10.4b). Therefore, the embryo shown in
Figure 10.4c cannot be considered stage-appropriate
since it shows four large and two small cells.

In principle, embryo development can be classi-
fied into three categories: slow-, normal-, and fast-
cleaving embryos. This classification is based on cell
number on day 3 and has identified 7-9 cells as the
normal range [12]. Consistent with this, others [8]
reported a 65% aneuploidy rate in blastocysts derived
from day 3 embryos with >10 cells. However,
improvements in culture media and other conditions,
including low O, tension, might result in euploid
embryos with >9 cells on day 3; Pons et al. (2019)
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showed that embryos with >11 blastomeres on day
3 had the same likelihood of forming a euploid blas-
tocyst and resulting in a healthy live birth as 8-cell
embryos [13]. Of note, there is growing evidence that
embryos with a higher mitotic rate can be normal [9].

10.3.4 Fragmentation

Assessment of cell number, stage-appropriateness,
and blastomere symmetry should be relatively easy
parameters to assess, at least in an ideal model as
indicated in Section 10.3.2. In reality, however, the
presence of cytoplasmic fragmentation can interfere
with regular cleavage and, depending on its extent,
may hinder accurate scoring of embryo morphology.
Nevertheless, apart from blastomere number, frag-
mentation is the major criterion for scoring and
selecting cleavage-stage embryos for transfer.

In principle, any membrane-bound extracellular
cytoplasmic volume that shows no nucleus (e.g. has
no DNA content) and thus is not able to sustain itself
should be considered a fragment. Fragmentation is
nonhomogenous, particularly with regards to size,
which makes it difficult to distinguish larger fragments
from smaller blastomeres. It has been suggested, how-
ever, that entities <45 pm in day 2 embryos and
<40 pm in embryos on day 3 should be classified as
fragments and those larger than these cutoffs classified
as blastomeres [14]. The fact that the formation of
fragments is highly dynamic and that they can form
and be reabsorbed [15] at virtually any developmental
stage further complicates scoring of embryo morph-
ology during cleavage stages.

The challenges presented to accurate assessment
of fragmentation may have been the major driving
force for the development of computer-controlled,
morphometric analysis tools of blastomere size that
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allow for the accurate calculation of the actual
amount of fragmentation in human embryos [16].
However, since such sophisticated techniques are
not available to most clinical embryologists, fragmen-
tation must be estimated with less objective
approaches, typically by visual assessment of this dys-
morphism. Usually, the degree of fragmentation is
expressed as a percentage and defined as the volume
of the perivitelline space and/or cleavage cavity occu-
pied by anucleate cytoplasmic fragments [17]. An
international expert group defined the relative degrees
of fragmentation as mild (<10%), moderate
(10-25%), and severe (>25%). However, these per-
cent values are “based on the cell equivalents,” so for a
4-cell embryo, 25% fragmentation would equate to
one blastomere in volume [1].

Alikani et al. (1999) stressed that apart from the
extent of fragmentation, the spatial distribution of
fragments is also of relevance [17]. These authors
defined five patterns of fragmentation (Figure 10.5).
According to this grading scheme fragmentation
type I is minimal in volume and mostly associated
with one single blastomere. Localized fragments

accumulating in the perivitelline space comprise type
II, whereas more blastomeres are involved in the
formation of scattered fragmentation of type IIIL
Pattern IV includes the presence of larger fragments
that is also the case for pattern V, but in this
worst grade, fragments appear apoptotic/necrotic
with a characteristic granularity and cytoplasmic
contraction.

Of note, microsurgical removal of fragments
results in changes in blastomere organization and
has been associated with an overall 4% increase in
implantation rate [17]. Two hypotheses may explain
this effect. Either the removal of anucleate fragments
may prevent the embryo from secondary degener-
ation or it could restore the spatial relationship of
blastomeres within the embryo that would then facili-
tate normal cell-cell contact. Regardless of whether
fragmentation is assessed based on volume or pattern,
it is evident that the effect on treatment outcome
will worsen with the number of fragments present
[17, 18]. There is evidence that a wide range of
chromosomal abnormalities [19] and apoptotic phe-
nomena are found in fragmented embryos. Heavily

Figure 10.5 Day 2 fragmented embryos showing different fragmentation patterns according to Alikani et al. (1999) [17]. Type I: minimal in
volume; type II: localized fragments; type III: scattered fragments potentially occupying cleavage cavities; type IV: large fragments (arrow)
included resembling blastomeres. It should be noted that type 5 fragmentation, characterized by apoptotic appearance, is not depicted.
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fragmented embryos (e.g. >50%; type IV and V pat-
tern), in particular, are associated with a significantly
higher rate of malformations [18] and a lower live
birth rate [17].

10.3.5 Uneven Cleavage
and Multinucleation

Any type of fragmentation will have a profound influ-
ence on cell size and uniformity. It is logical that a
blastomere that loses cytoplasm due to fragmentation
will automatically be of reduced size, which may
result in unevenly sized blastomeres that are not
stage-appropriate. Hardarson et al. (2001) [15] com-
pared day 2 transfers of 4-cell embryos with and
without evenly sized blastomeres and found that both
implantation and pregnancy were negatively affected
by uneven cleavage. According to these authors, this
impact was the result of a higher rate of aneuploidy
(29.4% vs. 8.5%).

Uneven cleavage is often accompanied by multi-
nucleation [15], which basically involves all nuclear
phenotypes (binucleation, >3 nuclei or micronuclei)
that differ from the normal blastomere constitution
represented by the presence of one nucleus at
interphase of its blastomeric cell cycle. The assumed
correlation between uneven cell size and genetic
structure is supported by the finding that binucleated
blastomeres are noticeably larger than mononucleated
ones.

Multinucleation at the 2-cell stage is more fre-
quent than at the 4- or 8-cell stage [20], but it is
unclear whether the increased number of cells (in
combination with the presence of fragments) hinders
accurate detection. This is supported by time-lapse
video sequences that indicate that multinucleation is
underestimated in human embryos. To make things
even more complicated, a certain capacity for self-
correction during early cleavage divisions has been
hypothesized [21]. Coexistence of different multinu-
cleation phenotypes, coupled with the possibility of
missed detection, may explain the conflicting conclu-
sions regarding the potential negative impact of mul-
tinucleated cells on outcome.

There is evidence that multinucleation not only
affects blastulation [22] but also compromises
ongoing implantation [15, 20]. However, embryos
with multinucleated cells can develop into euploid
blastocysts resulting in healthy babies [21]. Not
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least because of the reported correlation between
multinucleation and controlled ovarian hypersti-
mulation [20]. This dysmorphism, together with
stage-specific cell size and fragmentation, should
be one of the pillars of all morphological scoring
systems in use [1] since all three of them have
independent prognostic power to predict live
birth [23].

Recommendation

e On day 2, tetrahedral blastomere configuration is
considered to represent the normal status; planar
embryos, however, represent a poor prognosis
subgroup of embryos.

e Embryo scoring after expression of the
embryonic genome is considered to be more
predictive than done before this event. In other
words, day 3 could be prioritized over day
2 morphology.

e Fragmentation of embryos is a dynamic process so
it should be clear that static scoring of
fragmentation has its limitations.

e The more blastomeres that are involved in the
process of fragmentation the more severe is the
impact on further fate.

e Morphokinetic data have shown that considerably
more embryos have multinucleated cells than
previously estimated on the basis of static
observation. As such, multinucleation may only
play a secondary role in embryo evaluation in
the future.

e Stage-appropriateness is the most underestimated
parameter in embryo scoring.

e At any mitotic stage, signs of compaction between
blastomeres is a positive predictor.

10.4 Compaction/Morula

While embryos at earlier cleavage stages (e.g. before
activation of the embryonic genome around the 8-cell
stage) resemble an accumulation of solitary blasto-
meres with a rather low level of biosynthesis, the
compaction phase is characterized by increased bio-
synthetic rates and the capacity to metabolize glucose
more efficiently. In addition, the compacting embryo
is capable of actively regulating ionic gradients, thus
controlling its internal environment.
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Compaction and formation of the morula are
dynamic processes that are pivotal for blastocyst for-
mation and establishment of the two cell lineages, the
inner cell mass (ICM) and trophectoderm (TE). This
crucial function is reflected by metabolic, molecular,
and cellular changes, which are spatially and tempor-
ally regulated. In parallel, stage-specific modulations
of gene expression are indicative of such changes [24].

As soon as any two cells within a multicellular
embryo start to fuse, compaction is considered to
have got underway [10]. It is important to stress
that compaction is species-specific and for human
embryos there is no fixed time point of the beginning
of this event; however, normal compaction usually
does not happen before day 3. Using static morpho-
logical assessment, the precise timing of this initial
step of compaction is almost impossible to observe.
Even with time-lapse technology its annotation has a
high intra- and interobserver variability due to the
increased number of cells and the type of compaction.

Two extreme timings of compaction have been
discussed. Precocious compacting at the 2- to 4-cell
stage, on the one hand, can result in formation of
trophoblastic vesicles missing predecessor cells of the
ICM. On the other hand, 14- to 16-cell embryos
without evidence of compaction were thought to be
of reduced capacity to blastulate [25]. However, this
concept has been refuted by [26] who differentiated
noncompacting embryos on day 5 from compacting
(some areas of compaction) and fully compacted
embryos. In this study, 14-cell embryos without signs
of compaction showed excellent blastulation rates.
However, compaction beginning on day 4 was a posi-
tive predictor of blastocyst formation, for example an
8- or 10-cell embryo without any sign of compaction
had a worse outcome compared to a compacting 8- or
10-cell embryo [26]. Moreover, the more blastomeres
involved in the compacting mass, the more likely a
good-quality blastocyst will form [25, 26]. Any loss of
cytoplasm due to fragmentation or excluded cells will
severely impair day 5 development and implantation
potential [26].

Recommendation

e The proportion of blastomeres undergoing
compaction is indicative of further development
to blastocyst stage.

e The more cytoplasm is lost from the compacting
morula due to fragmentation or exclusion of
blastomeres, the worse is the prognosis.

10.5 Blastocyst

On around day 4, the outer cells of the morula
acquire their typical epithelial phenotype and form
a selective barrier that is crucial for inward transport
of water (by means of Na[?* pumps) and subsequent
expansion of the embryo due to passive influx of
water [24]. Once intracellular fluid accumulation
leads to the formation of a visible blastocoel, initi-
ation of the blastocyst stage is set [10]. Again, the
exact time of the beginning of blastulation is almost
never detectable by means of static morphological
assessment. Although good pregnancy results are
achievable with day 4 transfers there is a strong
tendency toward transfers at blastocyst stage on days
5, 6, or even 7. Apart from a better synchronization
between the endometrium and the developmental
stage of the embryo, blastocyst transfer allows for
grading of the ICM and TE lineages as selection
criteria. Together with the grade of expansion, the
ICM and TE are part of every blastocyst scoring
scheme worldwide [27].

10.5.1 Expansion

Evaluation of embryos on day 5, the typical day of
blastocyst scoring, may include embryos developing
more slowly and so at the morula stage to those fully
expanded or even hatching blastocysts. These discrep-
ancies in rate of development reflect variabilities in
cell numbers. In this context, a high mitotic activity
(reflecting the grade of expansion) is a reliable indica-
tor of blastocyst viability and developmental capacity
[27]. Thus, the size of the blastocyst available for
transfer is of major importance.

Gardner et al. (2000) [27] specified six subclasses
of blastocysts according to the size of the blastocoel
and the grade of expansion. In detail, grades 1 and 2
are referred to as early blastocysts dependent
on whether the blastocoel reaches half the volume
of the blastocyst or not. At the full blastocyst
stage (grade 3), two distinct cell lineages, the ICM
and TE, are recognisable. Once the zona pellucida
starts to thin due to intracellular pressure and the
blastocyst increases in size, it is referred to as an
expanded blastocyst (grade 4). Grades 5 and 6, finally,
comprise hatching and completely hatched blasto-
cysts. Regarding cell numbers, early blastocysts usu-
ally have no more than 30 cells, full blastocysts
approximately consist of 60, and expanded blastocysts
have >100 cells [28].
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10.5.2 Inner Cell Mass

Hardy and colleagues (1989) were some of the first to
identify differences in the growth rate of the TE and
ICM. In general, the mitotic rate of the latter is
approximately 1.5 times lower than that of the TE;
however, the overall proportion of the ICM is rela-
tively high, for example 34% of all cells on day 5,
51% on day 6, and 37% on day 7 [29]. Consequently,
Gardner et al. (2000) [27] used cell number and
cohesiveness of the embryoblast to subdivide the
ICM into grades A-C according to whether it
appeared tightly packed, loosely grouped. or com-
posed of few cells only. Others [30] tried to quanti-
tatively evaluate the ICM. These authors emphasized
the importance of size and shape of the cell mass. It
turned out that ICM was the only parameter that was
significantly related to implantation with smaller
ICMs (e.g. less than 3800 pm[2]) showing lowest
implantation rates. The problem with these data,
however, is that the size of the embryoblast is closely
related to the degree of expansion. In other words,
the ICM gets smaller due to an increased cohesion of
ICM cells as the blastocyst expands. Richter et al.
(2001) [30] pooled grades 3-5 blastocysts and thus
introduced a certain bias that might explain the
fact that their results could not be confirmed by
others [31].

Evaluation of ICM shape applying a Roundness
Index (length of the ICM divided by width) is a rather
imprecise approach [31, 32], so the suggested better
implantation [30] of blastocysts with slightly elong-
ated ICMs (compared to round or more ovoid ICMs)
is disputable. One way to avoid such inconsistencies
in ICM scoring would be to implement (semi)

automatic quantification systems, so as to precisely
measure the ICM size [32].

10.5.3 Trophectoderm

Historically, TE morphology was considered to be
of lesser relevance than ICM quality when consider-
ing each of these parameters as predictive of
implantation. This dogma changed when Swedish
scientists [33] published the predictive strength of TE
grade over ICM for selecting the best fresh or vitrified-
warmed blastocyst for transfer. Since that date, evi-
dence has accumulated indicating that accurate assess-
ment of TE morphology is the most relevant parameter
in prediction of live birth [31. 34]. This indeed makes
sense since TE cells drive invasion and represent pro-
genitor cells of the placenta.

As with ICM, TE grading is done focusing on
the number and cohesion of (sickle-cell-shaped)
cells. According to this grading system [27], quality
A would refer to a cohesive epithelium, whereas a
grade B TE would be characterized by a reduced cell
count showing one or more gaps within the cell lin-
eage. The worst case, grade C, would be a trophecto-
derm consisting of very few larger cells potentially
having less physiological impact due to a lower
number of tight junctions.

Figure 10.6 illustrates one of the major problems
associated with static morphological assessment at the
blastocyst stage. Routinely, only one cross-sectional
circumference of the blastocyst is evaluated and what
can be compensated in the case of the ICM (due to the
fact that this is a three-dimensional cell mass) may
cause a deviation in TE grading depending on the
angle of view.

Figure 10.6 Different images of one and the same blastocyst. Depending on the angle of view of the trophectoderm, the quality varies from
A to C. It should be noted that image c was taken three hours after a and b, respectively.
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It seems that morphological evaluation of TE is a
rather subjective interpretation of cell number and
cohesion. Again, more automatic approaches would
allow for optimal quantification of TE thickness, cell
number, and, particularly, TE regularity ([32] and see
Chapter 11).

Recommendations

e It should be noted that blastocyst culture does not
eliminate genetically abnormal embryos.

e Day 4 blastocysts have a good prognosis and can
be considered for transfer.

e There is a correlation between size of the
blastocoel and blastocyst cell number.

e In terms of live birth prediction, quality of the
trophectoderm should be given priority over
quality of the inner cell mass.

e The size of the inner cell mass is dependent on the
degree of cohesion of the same. As a consequence,
assessment of inner cell mass size and shape is of
less use in blastocyst scoring.

e Fragmentation and/or exclusion of blastomeres
from the blastocyst has a distinct effect on cell
number and should be taken into consideration
when scoring blastocysts.

10.6 Cumulative
Morphological Scoring

It can be justifiably claimed that static morphological
assessment throughout the first six days of preim-
plantation development is the most regularly used
method for noninvasively selecting the best embryo
candidate for transfer. As with all biomarkers, limita-
tions in predicting healthy live birth are evident since
aneuploidy markers (e.g. giant oocytes) are rare.

In order to optimize prediction of preimplantation
development and implantation behavior embryolo-
gists tended to switch from single static observations
to multiday scoring. The more predictive biomarkers
that were identified, the higher was the chance for a
given embryo to form a blastocyst and to result in a
pregnancy [35, 36].

The question arises as to which developmental
stage(s) should be prioritized since static morpho-
logical assessment always requires incubator openings
that, in turn, will stress the embryos and potentially
harm their development depending on the time out of
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the incubator. With respect to this, a predictive model
for selection of day 3 embryos [37] was set up and led
to the findings that day 1 evaluation had the poorest
predictive value and that day 2 or day 3 evaluations
alone were sufficient for morphological selection of
cleavage stage embryos. Indeed, the superiority of
cleavage stage morphology over pronuclear score has
been confirmed [38]. Moreover, numerous studies
indicate that the stage of development on day 5 pro-
vides the highest predictive value for embryo viability,
with limited to no predictive value attributable to
embryo morphology on day 3 (reviewed by [39]).

However, not even the most optimized scoring
scheme can guarantee the identification of a cleavage-
stage embryo or blastocyst that will result in the birth
of a heathy baby. The inadequacy to select euploid
embryos using limited noninvasive techniques such
as static assessment of embryo growth may in part
account for this scenario. Another related problem is
the fact that scoring zygotes and embryos is linked to
regular working hours of the lab. This is a default since
time-lapse imaging has shown that various crucial
cleavage events occur during hours after insemination
that coincide with nighttime and are consequently
missed or cannot be used as a selection criterion.

More dynamic methods are desirable, and advan-
tages of time-lapse incubators cannot be ignored.
However, embryo assessment, even with the most
precise time-lapse morphokinetic annotations com-
bined with machine learning and artificial intelli-
gence, will undoubtedly continue to benefit from
static morphological assessment.

Key Messages

Day 1

e Zygote scoring should always be done at the
light microscopical level (at least x200
magnification) since a binocular microscope
(usually below x20 magnification) will not allow
accurate identification of pronucleus number and
nucleoli disposition.

o If zygote scoring is part of the routine evaluation,
pronuclear pattern should be prioritized over
halo formation.

e Those zygotes of poorest prognosis show
peripheral location or nonabuttal of the pronuclei
as well as unequal size of the same.
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Days 2 and 3

On day 2, tetrahedral blastomere configuration is
considered to represent the normal status; planar
embryos represent a poor prognosis subgroup
of embryos.

Embryo scoring after expression of the
embryonic genome is considered to be more
predictive than when done before this event. In
other words, day 3 should be prioritized over day
2 morphology.

Fragmentation of embryos is a dynamic process,
so it should be clear that static scoring of
fragmentation has its limitations. However, the
more blastomeres that are involved in the
process of fragmentation, the more severe is the
impact on further fate. It is not recommended to
artificially remove fragments, particularly in the
case of minor or localized fragmentation.
Morphokinetic data have shown that
considerably more embryos have multinucleated
cells than previously estimated on the basis of
static observation. As such, multinucleation may
only play a secondary role in embryo evaluation
in the future.

Day 4

As with any other mitotic stage, signs of
compaction between blastomeres on day 4 is a
positive predictor.

At the morula stage, the proportion of
blastomeres undergoing compaction is indicative
of further development to blastocyst stage. The
more cytoplasm lost from the compacting
morula due to fragmentation or exclusion of
blastomeres, the worse is the prognosis.

Day 4 blastocysts have a good prognosis and can
be considered for transfer.

Day 5

Blastocyst culture does not eliminate genetically
abnormal embryos.

In terms of live birth prediction, quality of the
trophectoderm should be given priority over
quality of the inner cell mass. Although a
correlation between size of the blastocoel and
blastocyst cell number is expected, blastocyst
expansion is the least important

selection criterion.

The size of the inner cell mass is dependent on
the degree of cohesion of the same. As a
consequence, assessment of inner cell mass size
and shape should be given low priority in
blastocyst scoring.

Fragmentation and/or exclusion of blastomeres
from the blastocyst has a distinct effect on cell
number and should be taken into consideration
when scoring blastocysts.
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11.1 Historical Perspective

and Background

Until quite recently, it had not been possible, within
the IVF laboratory, to continuously assess or
monitor preimplantation human embryos in vitro.
Assessments of fertilization status, for example, and
of subsequent cell cleavage and embryo develop-
ment, were limited to once daily at most, so as to
minimize the potential damaging exposure to the
less controlled environment outside of the incubator.
It remained this way, with reasonable success, for
several decades. However, over the last 10 years, the
development of time-lapse imaging incubation
devices, and their implementation into clinical IVF
laboratories, has been increasingly utilized and now
offers an alternative for embryo assessment. Time-
lapse imaging brings a dynamic, as opposed to the
traditional static, approach to monitoring the devel-
opmental events of the early human embryos in
vitro, enabling photographs to be automatically col-
lected at regular intervals throughout the laboratory-
based life of the embryo. This avoids the need to
remove the embryos from the protective and opti-
mized incubation conditions so the embryologist can
microscopically assess them. Along with this comes
the facility to precisely and automatically time stamp
each cell division or developmental event, be it
anomalous or typical. The combination of morpho-
logical and dynamic, or kinetic, assessment has been
termed morphokinetics.

Static, visual inspection of embryo morphology
was discussed in Chapter 10 by Thomas Ebner. In
brief, very commonly in IVF the “best” available
embryo, in terms of its morphology alone, is chosen
from a cohort of embryos, between two and six days
following insemination, to be transferred to the
uterus. This crucial decision is made on the series of
static observations but is often heavily weighted to the
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appearance of the embryos on the day of scheduled
embryo transfer.

Failure to select a viable embryo for transfer will
inevitably remove the chance of a positive outcome in
an IVF treatment cycle, and failure to preferentially
select a viable embryo from a cohort of embryos will
delay time to pregnancy and birth. With highly suc-
cessful cryopreservation programs available in most
fertility clinics, it is likely that transferring a patient’s
embryos consecutively (following vitrification and
warming) will have the same end result (or the same
cumulative pregnancy rate), as selection to prioritize
the embryos according to their expected potential to
implant. However, to minimize the emotional (and
sometimes the financial) burden on patients, identifi-
cation and selection of the most viable embryo should
be a priority. With advancing maternal age being the
most negatively impactful factor on fertility, time is of
the essence and delays should be avoided when at
all possible.

Sequential observations of the developing embryos
in vitro, whether they are static and daily, or several
times hourly using time-lapse imaging, assists in build-
ing up an informative log of the embryo’s in vitro
developmental history. This detail has been linked to
the quality or viability potential of the embryo and
sheds light on its timeline through and after fertiliza-
tion. We know that several of the developing embryo’s
morphological features are most accurately assessed in
relation to time, and evidence and guidelines suggest
that the assessment of these should ideally be per-
formed within designated, evidence-based, and speci-
fied time windows [1].

The observation of morphology over time (mor-
phokinetics) as an indicator of embryonic compe-
tency is not new but has become more sophisticated
and clinically utilizable due to technological advance-
ments and the introduction of time-lapse imaging
devices in the IVF laboratory.
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11.2 Considerations When
Implementing Time-Lapse Imaging in
the IVF Laboratory

There are several time-lapse imaging devices avail-
able. Before making a selection for use, capabilities,
specification, and user requirements should be con-
sidered carefully. As with any new laboratory equip-
ment, a clear rationale is required, and a cost-benefit
and evidence assessment should be conducted in
order to assist in selecting the most appropriate
device for the particular setting. Other important
considerations include supplier reliability and
responsiveness, device capacity, culture conditions
(dry/humid), alarm system compatibility, software
and algorithm availability, consumable cost, and
other requirements such as plastic-ware and gases,
service contract arrangements, space requirement,
user-friendliness, monitoring arrangements, training

availability, support, and operating procedures/
laboratory protocols for use.

Time-lapse devices differ widely in their specifica-
tion in terms of the type of microscopy used, light
exposure, frequency and quality of image collection,
software, and the number of focal planes. It is always
advisable to speak to specialist colleagues about their
own experiences and to attend a workshop, or obtain
a demonstration device, to give first-hand experience
of using the device prior to making a choice.
A comprehensive change control plan, service-level
agreement, and validation plan are recommended
once the selection has been made. As most time-lapse
devices currently rely on manual, or semiautomatic
annotation of the time-lapse images, staff training in
annotation and a quality assurance schedule is critical
and should be specified from the outset [2]. A basic
example of a user requirement specification for a
time-lapse device is provided to enable comparison
of specifications and capabilities in Table 11.1.

Table 11.1. Example of equipment specification template for a time-lapse imaging system

Equipment
Model reference
Manufacturer

Scope and
application

Date

Completed by

Ref  Priority
H M Lo

Description

Integrated data logging

Software/API for data merging
Budget
Running cost/consumables

Capacity

O 00 N OO »un M W N

Quality standards met
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Time-lapse device

A time-lapse incubator for CO,/reduced O, incubation and morphokinetic assessment
facilitated by annotation of inseminated human oocytes and embryos in an IVF laboratory.

Basic requirements

Function provided Verified  Date

\d N ?

0,/CO, mix utilizing N, from a generator

External independent monitoring facility

Maximum external dimensions =n x n x n
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Table 11.1. (cont)
Equipment
Model reference
Manufacturer

Scope and
application

Date

Completed by

Ref  Priority

H M L

Ref  Priority

H M L

Ref  Priority

H M L

Time-lapse device

A time-lapse incubator for CO,/reduced O, incubation and morphokinetic assessment
facilitated by annotation of inseminated human oocytes and embryos in an IVF laboratory.

Basic requirements

Additional requirements

Description Function provided Verified
VY N ?

Alarm connectivity compatibility

Easy to clean

Servicing frequency

Number of focal planes = n

Minimum image quality

Software — ease of use, flexible, adaptable

Annotation (manual/auto)

Remote support

Key performance indicators (KPI) from manufacturers data

Description Meets KPI Verified
\f N ?

e.g. maximum temperature change after door opening

=n

Temperature recovery time after door opening = <n

seconds

Maximum CO, dip after door opening= n%

CO, recovery time after door opening= <n seconds/

minutes

Maintenance /servicing and warranty

Description Meets requirements  Verified

\d N ?
Serviceable by current service contractors

Reliable historical service from manufacturer/
distributor

Serviceable by distributor
Warranty from installation date

Lead time for callout
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Date

Date

Date
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Table 11.1. (cont)
Equipment
Model reference
Manufacturer

Scope and
application

Date

Completed by

Total costs
Ref  Provider [tem description
1 Device
Delivery
Alarm
Installation

Gases

T

O U1 hwN

11.3 Uses of Time-Lapse Imaging
and Assessment

There are several approaches to using time-lapse
devices in fertility laboratories. They can be used
simply as an undisturbed incubator, whereby the
embryologist or technician can view the developing
embryos using the acquired photographic images, at
the time points already proposed by consensus guide-
lines. Such data can provide useful information, allow
a more complex and analytical approach to be taken,
or can be applied somewhere in between. This will be
covered in Section 11.5.4 in more detail.

Due to the high magnification and image quality
provided by most time-lapse imaging, such devices
provide a useful platform for training and teaching.
The facility to pause, rewind, and study the images
enables the student to learn and evaluate clinical
material without rushing or imposing risk on the
embryos caused by environmental stress, outside of
the protected culture environment. The time-lapse
device can also be used to enable increased flexibility
in working patterns within the IVF laboratory. With
the capabilities to “turn back the clock,” and rewind
the time-lapse videos, embryologists can make their
assessments conveniently within their working day.
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Time-lapse device

A time-lapse incubator for CO,/reduced O, incubation and morphokinetic assessment
facilitated by annotation of inseminated human oocytes and embryos in an IVF laboratory.

Basic requirements

Cost  Verified  Comment Date

For example, an insemination could take place at
11 am, and fertilization assessment can be conducted
optimally using the time-lapse images of 16-18 hours
later. Without time lapse, insemination at this time of
day would require intervention for assessment of
fertilization between 3 am and 5 am.

A new level of second opinion is now possible -
particularly useful within a small team - such that a
colleague can later look at the same image, or series of
them, that were originally assessed. Finally, there are
also multiple opportunities for the study of embryo
morphokinetics, anomalies of development, and to
make novel observations that would not be possible
without this tool.

11.4 Morphokinetics and Annotation:
What Can and What Should Be
Recorded?

On review of time-lapse images, generally viewed as a
video, the embryologist or technician can manually
(or automatically) annotate the images using the
device software, in order to obtain a detailed log of
the embryo’s morphokinetic profile, along with any
other observable variables required. There are many
different approaches to this practice, from limited
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@ e v
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Figure 11.1 Schematic of time-lapse nomenclature. Adapted from Campbell A, Fishel S, editors. Atlas of time lapse embryology. Boca Raton, FL: CRC Press;

2015.

annotation (of pronuclear number and cell number)
to very detailed annotation that may incorporate
novel observations, sometimes clustered over several
consecutive image frames. The approach adopted will
likely depend on the output required. The laboratory
operating procedure may dictate that the time-lapse
device is simply used as a regular incubator, but that
the embryos are viewed on the device monitor rather
than removing them from the culture environment.
On the other hand, great details may be collected for
each embryo with the intention of applying or devis-
ing algorithms for embryo selection.

Annotation practice and nomenclature are based
on the times (t) from IVF or intracytoplasmic sperm
injection to pronuclear appearance (tPNa) and fading
(tPNf) and through each cell division - generally to
eight cells (t2 to t8), and from morula formation (tM),
start of blastulation (tSB), the full blastocyst (tB), and
expanded blastocyst (tExB). Using common time-
lapse nomenclature, cell cycles for each blastomere
are coded “cc” such that cc2, for example, describes
the second cell cycle, calculated as t3-t2 (Figure 11.1).

Conventional, static, light microscopical observa-
tions, unlike time-lapse imaging, do not facilitate the
detailed assessment of timings of mitoses, or enable the
observation of anomalous cleavage events of the in
vitro preimplantation embryo. Furthermore, without
time-lapse, transient characteristics such as number of
pronuclei, multinucleation, or cell merging can easily
be missed when embryos are limited to a single
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observation. Time-lapse imaging and analysis ensure
that such phenomena can be observed and recorded,
which allows them to be considered when embryo
selection takes place. Approaches to using time-lapse
imaging in the IVF lab range from simple to complex
(Table 11.2).

Since the introduction of time-lapse imaging
within clinical IVF, novel variables have been described
and their associations with viability are being studied.
Examples include the appearance, number, and
dynamics of blastocoelic threads, or strings; the angle
between the polar bodies; filopodia-like structures at
the cleavage furrow; and episodes of blastocyst expan-
sion and collapse. Even without vast morphokinetic
data and analyses, it is logical that if an embryo cleaves
irregularly or erroneously, deviating from what we
understand of cell biology and mitosis, that it may be
less viable, at least, than an embryo which develops
typically and according to our biology textbooks. Time
lapse offers this insight and huge opportunity for
research studies (Video 11.1).

11.5 Practical Tips for Working with
Time Lapse

Four areas that may require particular consideration,
attention, and skill for those introducing time-lapse
imaging are dish or slide preparation, annotation
standards and consistency, information for patients,
and data handling.
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Table 11.2. Examples of simple, moderate, and complex approaches to the use of time-lapse imaging in the IVF lab

Simple

Used primarily as an uninterrupted incubation system. Limited assessment of images (with or without

annotation). For example, assessment of number of pronuclei, early divisions, and/or blastocyst development.

Moderate

Assessment, with annotation, of the process of development from fertilization to blastocyst development

(e.g. annotation of fertilization and t2-tB); with attention given to erroneous development or behavior. For
example, trichotomous division of one blastomere, “direct cleavage,” which has been reported to be
associated with poor viability. The use of commercially available, or published, algorithms may sit in this

category.

Complex

Assessment and recording of the variables above, with additional focus given to the annotation of further

novel variables such as blastocoel collapse, vacuolation, cell merging, polar body dynamics, etc. for within-
house algorithm development and validation. This approach is most conducive to research studies.

11.5.1 Dish or Slide Preparation

Embryologists are already familiar in working with
aseptic technique and understand the need to work
swiftly to minimize evaporation of culture medium
during dish preparation. The same principles apply
when preparing dishes, or “slides,” for time-lapse
incubators but with additional practical challenges to
consider. Time-lapse incubation, being undisturbed,
sits well with the use of single-step culture medium;
rather than sequential media so the dishes are often
prepared and then used for five, six, or even seven days
continuously. We know that over this period, evapor-
ation can occur, potentially causing shifts in osmolality
that can harm or stress oocytes, zygotes, or embryos.
Being mindful of the need for evaporation minimiza-
tion is vital, so working swiftly and using cold medium
and oil on a nonheated workbench is recommended,
prior to equilibration. One dish should be prepared at
a time, for the same reason. Another dish preparation
tip, particularly important when working with time-
lapse, is to remove any bubbles within the dish after its
preparation and before use that may obscure the
oocyte or embryo and impact the quality of the time-
lapse image collected. The use of a stereo microscope
to perform dish preparation and bubble identification
and removal is advisable.

11.5.2 Annotation Standards

Although automated, or semiautomated, time-lapse
video analysis and interpretation is likely to be
increasingly used in the future, so far, data generated
from these devices have primarily come from manual
image assessment and recordings of the events
observed (that is, by “annotation”), on human review
of the time-lapse images viewed as videos. Due to the
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manual nature of data collection, to minimize sub-
jectivity and maximize data quality, rigorous training
of practitioners and quality assurance is required to
assure the output and value of a clinical time-lapse
offering. The use of intraclass correlation coefficients,
for example, enables assessment of different practi-
tioners and the reproducibility of annotations of the
morphokinetic variables. Where there are multiple
practitioners involved in time-lapse data collection,
the risk of subjectivity and inconsistency is enhanced,
and intrapractitioner annotation variation may
also exist. Minimization of this subjectivity can be
achieved by clear definition of key variables, and with
strict annotation practice, set out within the standard
operating procedure. Guidelines for nomenclature
and annotation are available to encourage inter-
national consistency and to allow compilation of large
data in the future [3].

11.5.3 Information for Patients

When introducing time-lapse imaging in the IVF lab,
the level of information provided to patients will
likely relate to the approach taken by the embryology
laboratory and clinic to its application. For example,
if the time-lapse device functionality is not used to
assess the developing embryos in a more detailed
manner than standard methodologies, there may be
no additional information available for the patient,
who may not even have awareness of the type of
incubator or monitoring method used. However, if
the clinic is actively utilizing the time-lapse images to
provide information about the developing embryos,
and perhaps also for preferential selection, these
details can be shared with the patients to inform,
support, and advise them. Furthermore, some clinics
make the time-lapse videos available to patients
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through a portal, or use them as an aide for
consultation such that the additional information
gleaned may enhance patient acceptance of their
treatment and their subfertility, and help them plan
their next steps. The impact for the IVF patient, of
incorporating time-lapse monitoring of embryo
development, therefore appears to go beyond clinical
outcome.

11.5.4 Time-Lapse Data Handling
and Analysis

The quantity of data obtained from time-lapse
imaging increases in scale rapidly. This is expected
as around 10 focal plane images are collected every
5-10 minutes for each embryo from insemination
through to embryo transfer (so over 120 hours or
more), along with patient demographic, clinical, and
outcome data. To be able to link the time-lapse data
export with clinical databases, a unique identifier
should be used to log each patient onto the time-lapse
device (Figure 11.2). Completion and accuracy of
annotation and outcome data are crucial to maximize
the outputs, particularly if algorithms are planned.
The morphokinetic data of a specific, transferred
embryo where the outcome is known has been com-
monly referred to as being of “known implantation
data” or “KID.” This outcome may be a pregnancy
test result (positive or negative), gestational sac, fetal
heart, miscarriage, embryo ploidy, or a live birth.

Figure 11.2 Example of a time-lapse imaging device. EmbryoScope
Flex (image provided by Vitrolife, Sweden).
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Morphokinetic data can be compared between
embryos giving positive or negative implantation data
(KID+ or KID—) in order to identify significant vari-
ables, or to build selection algorithms. All data can be
utilized following a single embryo transfer, or a
double embryo transfer with a negative outcome (as
the fate of all of these individual embryos is known).
Using data following multiple embryo transfer
resulting in the same number of fetal hearts/babies
born is best avoided as it can be problematic without
the use of genetic fingerprinting to ascertain the chor-
ionicity or zygoticity.

Annotation data, consisting of timings, morphol-
ogies, anomalies, irregularities, novel phenomena,
and durations of embryo developmental events, have
been retrospectively analyzed against such outcome
measures and these data can also be used to derive
predictive selection algorithms, or to identify simple
preferential selection (or deselection) criteria, for pro-
spective use in the IVF laboratory.

11.6 Time-Lapse Algorithms for
Embryo Selection

Early adopters of clinical time-lapse imaging in IVF
used a hierarchical approach to time-lapse algorithm
development whereby embryos were classified
based on them reaching developmental milestones,
along with the relative timings associated with them.
Significant ~ differences were reported between
implanted and not implanted embryos for six early
morphokinetic variables [4]. Since then, many time-
lapse algorithms have been published that differ in
the significant variables identified, outcome meas-
ures used, and the timings of specified developmen-
tal events. There have been several reports of
unsuccessful transfer of algorithms between clinical
settings but also of the value of generic algorithms,
which are now commercially available through
device manufacturers [5, 6, 7]. Best practice should
always be to validate any time-lapse algorithms,
retrospectively and in-house, on large data prior to
clinical application, and to assess the performance of
the algorithm regularly.

11.7 Does Time-Lapse Imaging Bring
Clinical Benefits?

Morphokinetic analysis is considered by many
time-lapse users to provide more informed embryo
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selection compared with traditional, static morph-
ology. Using this morphokinetic information,
selection algorithms have been developed, pub-
lished, and independently evaluated, although evi-
dence of their performance, compared with
traditional morphological selection, and their
transferability between clinical settings, is incon-
sistent. This may in part be due to the lack of
standardization and the heterogeneity in the appli-
cation of time-lapse imaging.

Perhaps confounded by the varied approaches to
the implementation of time-lapse imaging in IVF
laboratories, and the associated heterogeneity of stud-
ies and algorithms reported within the literature, a
definitive uplift in clinical outcomes with the use of
time-lapse imaging has not been firmly proven.
A Cochrane review of 2019, including nine random-
ized controlled trials, concluded that there was insuf-
ficient evidence of improved outcomes (live birth
rate, miscarriage rate, and clinical pregnancy rate)
when time-lapse was compared with conventional
methods [8]. Despite this finding, it is generally
accepted that time-lapse imaging is safe and that the
undisturbed culture and continuous monitoring that
time lapse offers should provide the most stable envir-
onment for development, and more critical embryo
assessment and selection. A number of large retro-
spective studies have reported enhanced outcomes,
but more studies are required [6].

Artificial intelligence (AI) is being introduced in
many areas of medicine, including reproductive medi-
cine. A recent multicenter large retrospective analysis
of information gleaned from time-lapse imaging util-
ized a deep learning trained model to predict clinical
pregnancy with higher accuracy than time-lapse algo-
rithms have, to date, reported. Prospective studies are
now required to assess the potential clinical impact
of Al approaches, which sit well with time-lapse tech-
nology [9].

11.8 Human Embryo Morphokinetics

and Chromosomal Anomalies

Aneuploidy is believed to be the largest cause of embryo
implantation failure and miscarriage. Aneuploidy is
prevalent in human oocytes and embryos, with inci-
dence increasing with maternal age. Preimplantation
genetic testing for aneuploidy (PGT-A) is aimed at
identifying aneuploidy to enable the preferential selec-
tion of euploidy.

120

https://doi.org/10.1017/9781009025218.012 Published online by Cambridge University Press

Identification of the most viable embryo for trans-
fer has become increasingly important to maximize
success following fertility treatment and to reduce the
number of multiple pregnancies and births. Whether
PGT-A improves outcomes has been continuously
debated and large randomized controlled trials are
few, and often outdated by the time of completion
and technology progresses. Despite PGT-A being gen-
erally considered effective at identifying embryo
ploidy, and enhancing outcomes in some studies,
there are limitations and challenges to this approach.
The removal of several trophectoderm cells for testing
requires technical expertise and training and specific
equipment. The procedure, and especially the genetic
testing, can be expensive and time-consuming.
Furthermore, the approach and invasive nature of this
test has resulted in concerns being raised regarding its
ethics and reliability.

Prior to the introduction of time-lapse imaging,
there had been a few reports in the scientific literature
of associations between blastocyst morphology and
aneuploidy, and of delayed development of aneu-
ploidy embryos, around the time of blastulation.
With the introduction of time-lapse imaging in IVF
laboratories offering PGT-A came the opportunity
to study the morphokinetics of euploid and aneuploid
embryos, and to assess whether differences existed
that could be associated with the copy number of
chromosomes within the cells of the developing
embryos.

11.8.1 Is There an Association between
Embryo Ploidy and Morphokinetics?

Since 2012, there have been several time-lapse-based
reports of associations between early human embryo
development and ploidy. In particular, the timing of
early cleavage events was reported to be tightly clus-
tered in euploid human embryos, compared with
their aneuploid counterparts [10]. This study was
followed by others that also considered whether there
was a difference in the morphokinetics of euploid and
aneuploid embryos, by comparing data from blasto-
cysts that had undergone PGT-A. Some, but not all -
like the early nontime-lapse reports - found signifi-
cant periblastulation delays in aneuploid embryos.
However, there is heterogeneity between time-lapse
studies considering and comparing the morphoki-
netics of euploid and aneuploid embryos, and most
have not reported an association between early
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morphokinetics and ploidy, suggesting that euploid
and aneuploid embryos may develop similarly until
around the maternal to zygotic genomic transition.

A systematic review of 2018 covered 13 time-lapse
publications that considered morphokinetics and
ploidy. It highlighted the heterogeneity of these stud-
ies, which varied in the stage of embryo biopsy, the
clinical indications for PGT-A, incubation conditions,
outcome measure, and statistical methodology and
concluded that the intervals between cleavage events
appeared to have more relevance than the specific
timings, when considering the potential selection of
euploid embryos. In addition, the review concluded
that most of the studies, which involved extended
culture to the blastocyst stage, reported significant
differences between periblastulation morphokinetics
of aneuploid and euploid [11]. More studies are
needed to elucidate fully the possible association
between morphokinetics and embryo ploidy. Early
time-lapse markers are arguably simpler and more
objectively annotated, but it appears that they may
not be as reliably representative of embryo viability as
the later morphokinetic variables.

This area of clinical research is particularly chal-
lenging, in part due to the heterogeneity of patient
factors and clinical practices, but also because embryo
ploidy is not truly binary, as ploidy mosaicism exists
within the human embryo. Furthermore, there is evi-
dence to suggest that laboratory factors, such as cul-
ture media, humidity, or oxygen tension, could
impact embryo aneuploidy [12].

11.8.2 Are There Practical Synergies
between Time-Lapse Imaging and PGT-A?

Time-lapse imaging in the IVF laboratory may com-
plement PGT-A in several ways. Frequent acquisition
of time-lapse images avoids the need to remove the
embryo culture dish from the optimized conditions in
order to assess the developing embryos. This has
advantages for PGT-A practice as the embryologist
can perform numerous assessments of the embryos in
order to optimize the timing of facilitative laser
breaching (if performed) and of the biopsy procedure.
This information could also be helpful to inform
patients and to set their expectations about the
number and the quality of blastocysts available. This
morphokinetic detail could also be utilized to priori-
tize blastocysts for biopsy, especially if the number of
blastocysts to be biopsied was restricted due to
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capacity or cost. If proven to offer superior selection,
time lapse could also provide the potential for ranking
euploid embryos for transfer when patients are fortu-
nate enough to have more than one.

Time-lapse imaging in the field of IVF is a vibrant
and continuously emerging field that could benefit
patients and help further our understanding of
human preimplantation development [13].

Key Messages

e Human embryos in vitro are not all equal in their
capacity to make a viable pregnancy. How we
assess and select between them is of great
importance. Time-lapse is providing
embryologists with more detailed information
that may improve knowledge and selection
accuracy, compared with standard approaches.

e Time-lapse imaging is a useful tool in the IVF
laboratory offering several benefits:

1. information and advanced embryo
assessment and selection

a teaching, training, and supervising tool
ease of obtaining a second opinion
increased flexibility in workflow

research and development opportunities

IO

e Time-lapse algorithms for embryo selection can
be adopted from the published literature,
developed in-house, or obtained commercially
from device manufacturers. Validation of
algorithms should always be performed prior to
prospective use.

e Implementing time-lapse imaging requires
careful planning. Important considerations
include choice of device, annotation policy, the
use of algorithms, and data handling.
Collaboration with expert users and utilizing
published guidelines for use and nomenclature
is recommended.

e There are potential synergies between time-lapse
imaging and PGT-A:

1. Real-time images can be utilized to optimize the
timing of laser breaching (to facilitate herniation)
and biopsy, for PGT-A, without removing the
embryos from the incubator until necessary.

2. Time-lapse algorithms may be useful in
selecting between euploid embryos.

3. Where PGT-A is not available or permitted,
time lapse may provide more information
than standard selection and a more precise,
noninvasive selection tool.
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12.1 Introduction

Over the past 40 years, we have become proficient in
assessing human embryo morphology as it develops
from a fertilized oocyte to the blastocyst stage, thanks
to the creation of numerous grading systems to define
the development of the embryo at each successive stage
[1]. Such an approach has greatly facilitated the iden-
tification of embryos with high developmental poten-
tial within a cohort, but has been hampered by the
subjectivity associated with human visual assessment.
With the advent of time-lapse microscopy, we have
been provided with a detailed and continuous insight
into preimplantation embryo development, and can
now determine hitherto unknown variables, such as
the precise time of first cleavage, and the initiation and
duration of blastocyst formation. The availability of
such new data has facilitated the creation of algorithms
based on key developmental events in order to rank
embryos in terms of their developmental potential [2].
However, the assessment of embryos is still under-
taken by an embryologist, and therefore a degree of
subjectivity remains. Excitingly, artificial intelligence
(AI), capable of maximizing all available information
made possible through images captured every few
minutes and the use of machine learning [3], has
alleviated the issue of subjectivity. Evident advantages
of the latter approach include the elimination of vari-
ability inherent between embryologists in assessing
morphological events, and the dramatic reduction in
time required to analyze developmental competency
(it takes less than a minute for Al to analyze the entire
patient’s cohort of embryos). Although the ability of
AT to rank and select the most viable embryo looks
promising, the full potential of Al in embryo selection
now awaits prospective randomized trials.

While morphological analysis of an embryo using
conventional light microscopy, whether by an embry-
ologist or computer, has proved to be of value in embryo
selection, morphologically similar embryos can still have
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Noninvasive Analysis of Embryo Nutrient
Utilization for Embryo Selection

David K. Gardner, Laura Ferrick, Rebecca L. Kelley, and Yee Shan Lisa Lee

different implantation potential. Significantly, morpho-
logical assessment reveals little regarding the physio-
logical status and health of the embryo. Sibling human
blastocysts of the same grade have been shown to differ
considerably in their nutrient utilization (Figure 12.1)
[4]. It is beyond the scope of this chapter to elaborate on
the elegant regulation of human preimplantation
embryo metabolism as it develops and differentiates [5,
6]. Rather, the relationship between metabolic functions
and embryo health and viability is considered in
this chapter. Further, this chapter discusses how metab-
olism and epigenetic state are coupled through the meta-
boloepigenetic axis, and subsequently to embryo/fetal
health [7, 8].

12.2 How Metabolism and Viability
of the Preimplantation Embryo
Are Related

A relationship between metabolism and embryo via-
bility (as determined through embryo transfer) was
established over 30 years ago in both the cow and
mouse, where glucose uptake by the blastocyst was
positively related to subsequent pregnancy outcome
[9, 10]. This relationship between glucose uptake and
viability was subsequently confirmed in the human
embryo (Figure 12.2) [11, 12]. Further research on the
mouse blastocyst revealed that not only was the
amount of glucose consumed important, but also
the fate of glucose consumed, in this case the produc-
tion of lactate, as an indirect measure of glycolytic
activity. A benefit from animal studies is that one can
assess embryos developed in vivo (as a gold standard)
and consequently compare their metabolic activity
to embryos developed in culture. With regards to
glycolytic activity, a mouse blastocyst developed in
vivo converts ~40-50% of glucose to lactate. It was
subsequently determined that if a mouse blastocyst
developed in vitro had a glycolytic rate of ~50%, that
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Figure 12.1 Nutrient uptake and ammonium production by individual human blastocysts from the same patient

Thirteen human blastocysts from an oocyte donor were donated to research [4]. These embryos had not undergone cryopreservation. Data are
in the form of a notched box plot where the notches represent the interquartile range, therefore including 50% of the data points. Whiskers
represent 5% and 95% quartiles. The line across the box represents the median. The spread of glucose uptake is ~100 pmol/embryo/h, a wide
spread of nutrient utilization. Pyruvate is not a major nutrient of the blastocyst and does not appear to differ between embryos. The
ammonium produced by the blastocysts reflects amino acid turnover. The image of the blastocysts from which the metabolic data were
extracted reveals how difficult it can be to select them based on their morphology.
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Figure 12.2a Glucose uptake on day 4 of embryonic Figure 12.2b Glucose uptake on day 5 of embryonic
development and pregnancy outcome (positive fetal development and pregnancy outcome (positive fetal heartbeat)
heartbeat) Notches represent the interquartile range (50% of the data), whiskers
Notches represent the interquartile range (50% of represent the 5% and 95% quartiles. The line across the box is the
the data), whiskers represent the 5% and 95% median glucose consumption.
quartiles. The line across the box is the median Note: **, significantly different from pregnant (P<0.01).
glucose consumption. Closed circles represent the two blastocysts that gave rise to a positive
Note: **, significantly different from pregnant (P<0.01). fetal sac, but no subsequent fetal heart. The open circle represents the

blastocyst that resulted in a positive hCG but not fetal sac.
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is, similar to that of an embryo developed in vivo,
then viability was high. However, if a blastocyst pro-
duced excessive lactate, reflecting an excessive glyco-
Iytic rate (close to or above 100%) and hence a loss of
metabolic control, then viability was significantly
diminished [13]. These data led to the “rate and fate”
hypothesis, which proposed that the amount of a
nutrient consumed, together with information on
how this nutrient was metabolized, provides a meas-
ure of embryonic viability [5]. What is fascinating
about this hypothesis is that it predicts that when
culture conditions are manipulated, they will affect
metabolism and in turn affect viability. For example,
Lane and Gardner determined that both amino acids
and vitamins regulate the glycolytic activity of the
mouse blastocyst by decreasing the levels of glycolysis
compared to a medium that lacked them, and that if
both were removed from the culture environment, the
blastocyst rapidly lost control of its metabolic activity
and viability was significantly compromised as a
result [14].

As well as being regulators of carbohydrate metab-
olism, amino acids are themselves used as energy
metabolites, and also serve numerous important func-
tions during embryo development including pH regu-
lation, osmotic control, biosynthetic precursors,
antioxidants, regulation of differentiation, and signal-
ing molecules [15]. Hence analyzing their utilization by
the preimplantation embryo has significant physio-
logical merit. Indeed, the use of amino acids by human
embryos has been linked to both development in vitro,
to subsequent viability post-transfer and possibly to
chromosomal complement [12, 16, 17, 18].

12.3 Impact of Culture Conditions
on Metabolism

Given the relationship between metabolism and
embryo viability, it is not surprising that culture con-
ditions known to adversely affect embryonic develop-
ment can have a profound effect on metabolic
function. One of the most significant regulators of
metabolic function is oxygen. It has been documented
in all mammalian species studied to date (including
humans) that physiological levels of oxygen (~5%)
support higher levels of embryo development and
viability compared to the use of atmospheric oxygen
[19]. Analysis of the impact of oxygen concentration
on embryo metabolism determined that not only does
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20% oxygen significantly impair the utilization of
glucose and amino acids in the mouse embryo [20],
it also compromises the ability of the embryo to
regulate other functions, such as the transamination
of ammonium [21].

Initial studies on human embryo metabolism were
performed on cleavage-stage embryos developed in
suboptimal culture conditions, that is, no amino acids
[22, 23], and/or the embryos were cultured in the
presence of 20% oxygen [16]. Importantly, recent
studies have employed more physiological conditions
[11, 12, 24]. From such works it has been confirmed
that glucose uptake is a biomarker of human embry-
onic viability independent of morphology [11] and
both glucose uptake and amino utilization correlate
with the Gardner Grade, developmental algorithms,
and embryo analysis by AI [12]. Further, we propose
that analysis of embryo physiology will not only help
identify the most viable embryo for transfer but could
also be linked to the subsequent health of the child
through the relationship between metabolism and
epigenetic programming [7, 8, 25]. Here we describe
some of the technologies that can be used to quanti-
tate the dynamic metabolic activity of the preimplan-
tation human embryo, and how such data can assist
in selecting the healthiest embryo for transfer.

12.4 Assessment of
Embryo Metabolism

Analysis of embryo metabolism comes with technical
difficulties (addressed in detail in the following
sections), and also the challenge that the preimplanta-
tion embryo changes its physiology and metabolic
profile at each successive stage of development.
Prior to compaction the embryo is primarily depend-
ent upon pyruvate as a main energy source, while
after morula formation the embryo becomes increas-
ingly dependent upon glucose [5]. Notably, the overall
metabolic activity increases as the embryo progresses
from the pronucleate oocyte to the blastocyst
stage, and as the embryo develops there is an increas-
ing variation of metabolic activities (Figure 12.3).
Consequently, analysis of embryo metabolism is not
only more readily quantitated at the blastocyst stage
due to its higher metabolic rate, but there exists a
greater variability between the metabolic rates at each
successive stage of development. With the adoption of
single blastocyst transfer as the standard of care in
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Figure 12.3 Metabolic changes during mammalian preimplantation development

Prior to compaction, the pronucleate oocyte and cleavage-stage embryo predominantly consume pyruvate, and through oxidative
metabolism produce appropriate levels of ATP required to support cellular division. After compaction, the embryo exhibits exponential growth,
requiring higher levels of ATP synthesis and biosynthetic precursors. This increase in activity is supported by an increase in the overall oxidative
capacity of the embryo and also a transition to a highly glycolytic metabolism, whereby higher levels of glucose are consumed and converted
to lactate in the presence of oxygen. As overall metabolic activity increases as development proceeds, so does the variation (represented by

the shading) around the mean (represented by the solid line).

most clinics worldwide, it is feasible to assess aspects
of metabolic activity of individual blastocysts prior to
transfer, for example utilization of glucose and amino
acids [12, 24]. Interestingly, as noninvasive analysis
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of cell-free DNA (cfDNA) is being discussed as a
potential means of determining embryo ploidy, the
incubation of embryos individually, required for such
genetic analysis, are the same conditions as currently
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Figure 12.4 Noninvasive analysis of human embryo nutrient consumption and metabolite production, and/or cell-free DNA

release into the surrounding medium
Individual embryos can be incubated in 10-15 ul volumes of medium in
medium can then be analyzed by the methods outlined in this chapter.

required to assess metabolic analysis, and hence it will
be possible to obtain samples of media for both
cfDNA and metabolite analysis (Figure 12.4). Until
recently, it was standard practice at most clinics to
culture embryos in groups, preventing spent culture
media analysis, but the widespread use of time-lapse
incubators has necessitated a move toward single-
embryo culture, which also facilitates analysis of indi-
vidual embryo physiology.

A major contributor to the relative paucity of data
on the metabolism of individual human embryos has
been the sparsity of technologies able to accurately
quantitate single embryos, thereby putting the analysis
of metabolism out of reach for most IVF clinics. As a
result, the majority of data has come from a few special-
ized laboratories. However, as new technologies develop,
there is renewed interest in this area and here we
describe the assays and platforms that have been used.

There are two distinct approaches that have been
used to assess embryonic metabolic activity; targeted
assays to quantitate individual metabolites (which is
advantageous if you know which metabolite you wish
to measure), and metabolomic platforms able to
detect multiple metabolites (which is advantageous if
you have no prior hypothesis and wish to perform
a broader search). The former category typically
includes enzyme-based assays. The latter category
typically involves platform-based approaches such as
high-performance liquid chromatography (HPLC)
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a microdrop or in a chamber such as in an EmbryoSlide. Samples of

and mass spectrometry, which are usually only avail-
able in core facilities, beyond the reach of an IVF
laboratory.

Of note, a key to success in any form of analysis is
the accuracy of the volumes dispensed. This applies
not only to those used in assays, but also the volumes
of culture media used for incubation. Even a small
percentage variation in volumes can have a significant
effect on the assay results [26].

12.5 Assays and Platforms for
Individual Metabolic Analyses

12.5.1 Enzyme-Linked Assays
for Individual Carbohydrate and
Amino Acids

It is feasible to link many metabolites, including
carbohydrates and amino acids, to coupled enzymatic
reactions that include pyridine nucleotides, NAD(P)
H, which fluoresce when excited at 340 nm and emit
at 459 nm and above when in the reduced form.
When oxidized these nucleotides do not fluoresce.
Hence, by quantitating the fluorescence of reactions
one can measure the concentration of metabolites.
The reactions and assay conditions for pyruvate, lac-
tate, glucose, aspartate, and glutamine are detailed
below.
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12.5.1.1 Glucose Assay

Hexokinase

Glucose +ATP Glucose-6-phosphate + ADP

Glucose—6—phosphate +NADP+ Glucose-6-phosphate dehydrogenase

6-phosphogluconate + NADPH + H'

Glucose concentration is
fluorescence.

Reagents for glucose assay: 3.7 mM MgSO,.7H,0,
0.6 mM NADP™, 0.5 mM ATP, 0.5 mM dithiothreitol,
12 U/ml hexokinase, 6 U/ml glucose-6-phosphate
dehydrogenase, in EPPS buffer, pH 8.0.

EPPS buffer: 2.25 g EPPS (4-(2-hydroxyethyl)-1-
piperazine propane-sulphonic acid), 10 mg penicillin,
10 mg Streptomycin, made up to 200 ml in water and
pH to 8.0 with 1 M NaOH.

proportional to

12.5.1.2 Lactate Assay

Lactate dehydrogenase
R AN

Lactate + NAD™ Pyruvate + NADH +H*

Lactate concentration is proportional to fluorescence.

Reagents for lactate assay: 4.76 mM NAD™, 100 U/
ml lactate dehydrogenase, 2.6 mM EDTA in glycine-
hydrazine buffer, pH 9.4.

Glycine-hydrazine buffer: 7.5 g glycine, 52 g
hydrazine, 0.2 g EDTA in 50 ml of water, and pH to
9.0 or 9.4 with 2 M NaOH. In this case the reaction
facilitated by LDH is effectively nonequilibrium, as
the pyruvate is trapped by hydrazine in the form of
pyruvate hydrazone, and so the reaction favors the
formation of NADH.

12.5.1.3 Pyruvate Assay

Lactatedehydrogenase
A A

Pyruvate + NADH + H* Lactate + NAD™

Pyruvate concentration is inversely proportional
to fluorescence.

Reagents for pyruvate assay: 0.12 mM NADH,
28 U/ml lactate dehydrogense in EPPS buffer, pH 8.0.

EPPS buffer: 2.25 g EPPS (4-(2-hydroxyethyl)-1-
piperazine propane-sulphonic acid), 10 mg penicillin,
10 mg Streptomycin, made up to 200 ml in water and
pH to 8.0 with 1 M NaOH.

12.5.1.4 Aspartate Assay

Glutamic oxaloacetic transaminase

Aspartate + o-ketoglutarate
Oxaloacetate + Glutamate
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o+ Malate dehydrogenase

Oxaloacetate + NADH + Malate + NAD™"

Aspartate concentration is inversely proportional
to fluorescence.

Reagents for aspartate assay: 0.12 mM o-ketoglu-
tarate, 0.15 mM NADH, 3.5 U/ml malate dehydro-
genase, 20 U/ml glutamic oxaloacetic transaminase in
imidazole buffer.

Imidazole buffer: 0.2042 g imidazole, 0.4192 g
imidazole-HCL, pH 7.0.

12.5.1.5 Glutamine Assay

Glutaminase

Glutamine + H,0O Glutamate + NH;

Glutamate dehydrogenase

Glutamate + H,0 + NAD'
2-oxoglutarate + NH, "+ NADH

Reagents for the glutamine reaction: 50 U/ml glu-
taminase in acetate buffer, pH 5.0.

Reagents for glutamate reaction: 1.6 mM NAD™,
1.0 mM ADP, 100 U/ml glutamate dehydrogenase in
glycine-hydrazine buffer, pH 9.0.

Unlike the two-step reaction for glucose that can
take place in one drop, the glutamine assay has to be
carried out in two separate drops as the reactions
require different pH optima. Further, the second reac-
tion produces ammonium, and hence by changing the
reaction conditions to favor the formation of glutam-
ate and using a triethanolamine buffer at pH 8.0, one
can quantitate ammonium [27].

12.5.1.6 Platforms
Ultramicrofluorescence

Ultramicrofluorescence (UMF) is a miniaturization of
conventional methods of enzymatic analysis, which
uses an inverted fluorescence microscope with photo-
multiplier or charge-coupled device camera attach-
ments to quantitate the fluorescence associated with
coupled reactions. The assays are housed in submicro-
liter droplets on siliconized microscope slides under
heavy mineral oil, rather than in cuvettes as per a
standard fluorimeter. Typically, 10-20 nl drops of this
reagent cocktail are pipetted using specially constructed
constriction pipettes onto a siliconized slide under min-
eral oil to prevent evaporation (see Gardner [28] for
detail on pipette fabrication). Such micropipettes
require a micromanipulator and pneumatic control in
order to deliver accurately the nanoliter volumes.
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The fluorescence of each droplet is measured in
turn by exposing the pyridine nucleotides in the assay
to a UV light source. Drops are measured using a x20
or x40 objective and are routinely exposed for up to
0.5 seconds, since there is no detectable photooxida-
tion of NADH or NADPH during this time.
Following this initial determination of fluorescence, a
sample of the culture media (1-5 nl) is added to the
reagent cocktail drop. The addition of the substrate
initiates the reaction. The drops on the slide are then
left until the reaction has gone to completion. This
time can vary between three minutes to one hour
depending on the substrate being analyzed (which
must be determined for each assay by taking readings
over time to determine when the reaction has reached
completion). The fluorescence of the drops is again
quantitated. The change in fluorescence in arbitrary
units represents the amount of metabolites. A fresh
set of standards are required each day of an experiment
in order to relate metabolite concentration to fluores-
cence. A linear regression value is typically R>0.99.
Once a linear standard curve has been established, the
concentration of metabolites from samples can be cal-
culated. To measure the production and consumption
of embryos within a spent media sample, samples are
compared to “no-embryo” control media from drops/
wells incubated at the same time as the embryo.

Nanodrop

Nanodrop technology provides a means of adapting
enzymatic-based assays to benchtop assays [29].
Similar to UMF, known standards of the metabolite
in question are analyzed first to determine a standard,
but instead of using constriction pipettes to deliver
nanolitre volumes, a commercially available pipette
system (eVol positive displacement pipette, SGE
Analytical Science) is used to deliver accurately
microliter volumes. One microliter of standard or
sample is added to 4-9 pl of reagent cocktail in an
Eppendorf tube, mixed, and reactions are kept in the
dark until it reaches completion as components are
light sensitive (generally 20-60 minutes, dependent
on the substrate being tested). To measure standards,
2 ul of each reaction is pipetted onto nanodrop plat-
form and the arm of the nanodrop lowered for meas-
urement. This is repeated three times for each
standard to produce triplicate readings and then aver-
aged for final fluorescent value to produce a standard
curve. Between each measurement the pedestal is
wiped down and washed with ultrapure milliQ water.
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Once an acceptable linear regression is measured,
these steps can then be repeated for samples.

Plate Reader

Plate reader technology is a rapid high-throughput
benchtop technology [30] that assists in the rapid
detection of metabolites within spent media samples.
Typically, 1-5 pl of standard is added to ~50 pl
enzymatic cocktail for analysis (dependent on the
substrate being analyzed). These reactions can be set
up in Eppendorf tubes and kept in the dark until the
reaction goes to completion. As the plate reader
requires larger volumes, the time to completion is
generally longer than using lower volumes in UMF
and nanodrop, and reactions may require anywhere
from 30 minutes to a few hours.

Following completion of the reactions, triplicates
of ~15 pl are pipetted into a microplate and inserted
into the plate reader. Multiple reactions can be set up
at one time and simultaneously measured as the plate
reader can typically measure up to 128 reactions in
triplicate using a 384-well plate. Excitation and emis-
sion wave lengths can be preset in computer software
and analysis takes a matter of minutes. A linear stand-
ard curve run with the samples is used to calculate
mM concentrations for spent media samples and “no-
embryo” control media.

Given the speed of measuring multiple samples
simultaneously, the plate reader has greater potential
for clinical use compared to the other methods dis-
cussed above. Spent culture medium from embryos of
an individual’s cohort could be removed from culture
dishes and analyzed for metabolic biomarkers within
a matter of hours to assist in the selection of blasto-
cysts for transfer. The sensitivity of the plate reader, as
with all fluorescent platforms, is reliant on incubation
time and the concentration of metabolites in media. It
is less technically demanding than both UMF and
nanodrop, but currently less accurate than UMF.

Microfluidics (Lab-on-a-Chip)

Microfluidics technologies are capable of high through-
put and high sensitivity analysis of media samples, and
as such make an ideal platform for the analysis of low
volumes of sample, such as that obtained from individu-
ally cultured embryos. Such devices can readily accom-
modate a standard enzymatic analysis approach or be
coupled with spectroscopies [31]. A microfluidic device
capable of accurately measuring volumes in the nano-
liter range was developed specifically for this purpose
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and proved to be an order of magnitude more sensitive
than ultramicrofluorescence [32] (Figure 12.5). It is the
authors’ opinion that microfluidic devices will be avail-
able as one of the standard platforms for culture media
analysis in the next few years [33].

12.6 Metabolomic Platforms

A distinct advantage of individual targeted assays is
their accuracy and affordability, but this is only help-
ful if you already know which metabolite you wish to
measure. From a discovery perspective, metabolomic
platforms may be used, such as HPLC, liquid
chromatography-mass  spectrometry  (LC-MS),
nuclear magnetic resonance (NMR), and Raman and
near-infrared (NIR) spectroscopies.

Both HPLC and LC-MS have been utilized suc-
cessfully to quantitate amino acids in spent human
embryo culture media for several years [12, 16, 24]
and remain the platforms of choice for analysis of
overall amino acid usage. However, once an amino
acid of interest is identified, it is feasible to perform
targeted analysis, hereby negating the need for expen-
sive platform-based technology. Other platforms such
as nuclear magnetic resonance (NMR) imaging do
not appear to possess the sensitivity or resolution to
work at the single-embryo level. Raman and NIR
spectroscopies have been used to analyze human
embryo culture media [34]; however, NIR spectros-
copy is not able to quantitate the levels of specific
nutrients, but rather creates spectra reflecting the
relative abundance of metabolites. Although the latter
approach was utilized to create a viability index of
human embryos [35], this approach was not able to
identify viable embryos in a prospective manner [36].
However, as such technologies rapidly advance
research continues in spectroscopy [37].

12.7 Novel Microscopies

Developments in fluorophore-mediated and auto-
fluorescence microscopy have focused on distinguish-
ing very subtle differences in the fluorescence
properties of closely related molecules. For example,
small differences in fluorescence of bound- and
free-NADH can be measured using fluorescence life-
time imaging microscopy (FLIM). The ratio between
bound- and free-NADH is indicative of glycolytic or
oxidative phosphorylation activity. FLIM was used to
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demonstrate the differences between mural granulosa
and cumulus cell metabolism compared to oocyte
metabolism within ovarian follicles in situ [38] and
the effects of hypoxia on mouse embryos [39].
Another novel fluorescence-based technique is
hyperspectral autofluorescence microscopy. Most
fluorescence microscopes utilize no more than four
different excitation light wavelengths (colors), gener-
ated by different lasers or LEDs. With the develop-
ment of lasers that generate continuously tunable
excitation light from UV to near-infrared spectral
range, or the use of multiple LEDs, a broad range of
autofluorescence signals can be investigated. This
approach has enabled new insights into the hetero-
geneity of cellular metabolism between individual
oocytes and embryos and has been used to distinguish
between embryos cultured in different oxygen con-
centrations [40, 41].

12.8 Concluding Thoughts

The relationship between blastocyst metabolism and
viability has been established in several species includ-
ing the human. The primary reason why this
approach has not been adopted more widely has been
a limitation of technologies, combined with the need
for single-embryo incubations for at least 24 hours
from the morula stage on day 4. Importantly, tech-
niques for media analysis are becoming more readily
available, and the move to single-embryo culture has
been facilitated by the increasing use of both time-
lapse and preimplantation genetic testing. Hence, now
is the time to focus on analysis of human embryo
physiology as an adjunct to current technologies,
including algorithms and AI (Figure 12.6). Indeed,
we have now shown that although there exists a tight
correlation between glucose uptake and amino acid
utilization by individual human embryos and their
blastocyst grade, morphokinetics, and AI analysis,
there exists within each grade/score a wide range of
metabolic activities, indicating that metabolism is
relevant as a biomarker of embryo health [12].

A further reason for the failure to adopt analysis
of metabolism as a biomarker of embryo health and
viability has been conflicts within the literature. Two
issues stand out: (a) the need to ensure accuracy of
volume delivery for the assays and for embryo incu-
bations, and (b) the need to use physiological oxygen
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Figure 12.5 An example of a microfluidic chip for the analysis of the culture medium surrounding an individual embryo

Sample loading sequence: (a, b) Spent embryo media samples are stored in a Petri dish (35 mm) under oil to prevent evaporation. (c) A gel-
loading pipette tip is recommended for transfer of individual media samples (typically 1-5 uL working volume) directly into a length of 500 um
i.d. Tygon tubing. (d) The end of the tubing may be cut to prevent the carryover of any oil prior to adding a sterilized pin. (e) All samples and
reagent lines are connected to a detector chip that already is connected to the control manifold, then (f) mounted on an inverted microscope
for the experiment. Taken from [32] with permission.
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Figure 12.6 Integration of microscopies and microfluidics to quantitate embryo physiology and health in a clinical setting
Embryos are cultured in microfluidic devices where media flow is regulated to facilitate sampling. Concomitantly, data from microscopy
technologies are acquired and together these data are sent to a central computer system where Al could be used to help create a health score

for each individual embryo.

concentrations. For several years the “quiet hypoth-
esis” [42] that proposed a viable human embryo
should have a low or “quiet” metabolism, has been
prominent in human embryology. However, the data
upon which this hypothesis was established were from
experiments using 20% oxygen, which is known to
suppress metabolism. Gardner and Wale countered
this hypothesis with data obtained at 5% oxygen,
which showed that glucose uptake was positively
correlated with human blastocyst viability. It was
proposed that a higher rate of metabolism was con-
sistent with embryo viability, and that there would be
a range of normality. Should metabolism become too
high or too low, viability will be compromised [5].
The “quiet hypothesis” has subsequently been recon-
sidered and has been replaced with the “Goldilocks
principle” [43]. What is clearly evident is that when
physiological oxygen (5%) is used for culture and
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analysis, then metabolic functions are positively
related to embryo viability post-transfer. Hence, such
analyses of biomarkers may be of immense value in
not only selecting the most viable embryo for transfer,
but also to identify the healthiest embryo, that is,
those that will give rise to a healthy child and resultant
adult [12, 19, 25].

Key Messages

e Embryo viability is related to amino acid
utilization, and positively correlated to
glucose uptake.

e Combinations of biomarkers will provide a more
accurate analysis of viability and health.

e Culture conditions affect metabolism, especially
oxygen concentration.

e The “quiet hypothesis” was established using
data from incubations at 20% oxygen and
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reflects metabolic stress of embryos and not

their viability.

Successful analysis requires accuracy in both
pipetting the incubation volume for the embryo
and ensuring the embryo is washed well and
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13.1 Introduction

There are two main reasons why a genetic selection of
embryos may take place during an IVF cycle:

1. To reduce the risks that a genetic abnormality will
be transmitted to the next generation. This can
involve the identification of embryos with a
dominant gene mutation inherited from the male
or female partner, recessive gene mutations
carried by both male and female parents, X-linked
mutations inherited from the female, or
chromosome imbalances caused by a structural
chromosome rearrangement carried by
either partner.

2. To improve the efficiency of the IVF process by
distinguishing embryos of high potential from
those that are unlikely to be viable due to the
presence of genetic defects, most notably
aneuploidy.

The process of embryo selection taking place due
to a specific genetic issue is widely known as
preimplantation genetic testing (PGT), although the
term used to describe this procedure up until recently
was preimplantation genetic diagnosis. PGT aims to
identify among a cohort of embryos generated by a
couple with a known genetic disorder, those that are
free of the condition. With the transfer of embryos
predicted to be “unaffected,” it is hoped that any
clinical pregnancies established will ultimately lead
to the birth of a healthy child. Hence, PGT is increas-
ingly being considered as an alternative to routine
prenatal diagnosis, having the added advantage of
greatly reducing the number of pregnancy termin-
ations. PGT carried out due to the presence of
inherited mutations affecting the function of a gene
is known as PGT-M, where the M stands for “mono-
genic” disorders. PGT performed for the detection
of chromosomal deletions or duplications associated
with parental chromosome rearrangements, such
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as inversions and reciprocal or Robertsonian trans-
locations, is known as PGT-SR, where SR stands
for “structural rearrangement.” In addition to an
increased likelihood of establishing a healthy clinical
pregnancy and avoiding terminations, PGT often
has the capacity to eliminate an inherited genetic
disorder that has been present in a family for many
generations.

An IVF cycle including PGT involves the removal
of a few cells from each of the embryos being tested
via a process of embryo biopsy. Currently, the most
common type of embryo biopsy takes place 5-6 days
after fertilization, at the blastocyst stage of preimplan-
tation development. At this stage the embryo has
undergone its first cellular differentiation and con-
sists of an external cellular layer, the trophectoderm
(TE), and an internal cluster of cells referred to as the
inner cell mass (ICM). After embryo implantation,
the TE will give rise to the placenta and a subset of
cells in the ICM will generate the fetus. During blas-
tocyst biopsy, a few (usually approximately five) cells
are taken from the TE and the DNA they contain
is subjected to genetic testing. Various diagnostic
methodologies can be employed, and these differ
depending on the type of genetic testing that is being
undertaken.

Embryo selection for the purpose of improving
IVF outcomes, used for infertile couples without any
specific gene mutation or chromosome rearrange-
ment, focuses on the detection of chromosome losses
and gains. This form of testing is termed preimplan-
tation genetic testing for aneuploidy, or PGT-A. It has
been known for many years that numerical chromo-
some abnormalities (aneuploidy) are common during
the early stages of human embryo development [1, 2].
Chromosomally abnormal embryos are very likely to
stop developing, fail to implant, or miscarry early in
gestation. It has therefore been hypothesized that the
detection of chromosome errors in IVF-generated
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embryos, and the preferential selection and transfer of
those that are normal (euploid) could assist infertile
couples by improving various aspects of IVF, includ-
ing helping them to become pregnant with fewer
embryo transfers, a lower incidence of miscarriage,
and less risk of aneuploid syndromes (e.g. Down
syndrome) [3]. Currently, the most common indica-
tion for PGT-A is advanced female reproductive age,
although other patient groups such as those with
recurrent pregnancy losses (RPL), repeated implant-
ation failure (RIF), or male factor infertility are also
often referred. The clinical processes involved during
PGT-A are very similar to those taking place for other
forms of PGT. Hence, embryos are biopsied at the
blastocyst stage, and the cells removed undergo a
genetic test, in this case to determine chromosome
number. In the following sections we will cover tech-
nical aspects of PGT-M, PGT-SR, and PGT-A, includ-
ing challenges and troubleshooting. The potential
clinical value of different forms of PGT for patients
that request these tests in order to achieve a preg-
nancy will also be discussed.

13.2 Preimplantation Genetic Testing
for Monogenic Disorders

Couples where one or both partners are carriers of
an inherited mutation affecting gene function, and
who seek PGT-M to achieve a healthy live birth, are
generally reproductively younger and fertile. The
absence of a defect in fertility and, most importantly
of all, the younger age in comparison with most
other patients undergoing IVF treatment, means
that the chances of achieving a pregnancy for this
patient cohort could be expected to be relatively
high in comparison with other IVF patient groups.
However, the loss of embryos due to an unfavorable
diagnosis works to reduce the chances of a successful
cycle, since the embryos considered most likely to
deliver a viable pregnancy are sometimes among
those found to be affected and are therefore excluded
from transfer. Overall, pregnancy rates following
PGT-M are not dissimilar to those obtained during
routine IVFE. For example, Gutierrez-Mateo and col-
leagues [4] reported clinical outcome results after
PGT-M for 46 different disorders. The transfer of
414 embryos led to a pregnancy rate per transfer of
51%, with 43% of these progressing to the presence
of a gestational sac and a heartbeat during ultra-
sound assessment.
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For many years the polymerase chain reaction
(PCR) was the basis for all PGT-M diagnostic strat-
egies. Specifically, a PCR approach was applied to the
biopsied cell(s), amplifying a fragment of the DNA
that encompasses the mutation causing the inherited
disorder. Initial PGT-M diagnostic strategies exam-
ined only the mutation site [5], but protocols evolved
to include the assessment of additional polymorphic
markers closely linked to the affected locus [6, 7].
Such multiplex PCR approaches are still frequently
used for PGT-M today.

The amplification of DNA from single or low
numbers of cells can be technically challenging. One
technical problem associated with such amplifications
is allele dropout (ADO). ADO can be defined as
failure of DNA amplification affecting one of the
two alleles in a heterozygous cell. This amplification
failure can potentially cause the heterozygous cell to
appear homozygous at the locus affected by ADO,
increasing the risk of inaccurate genotyping and mis-
diagnosis. Multiplex PCR approaches used for PGT-
M are employed to address this issue. DNA poly-
morphisms closely linked to the locus affected by
the mutation are inherited along with it. Therefore,
the use of PCR primer sets that allow amplification
and interrogation of not only the mutation site,
but also a few closely linked polymorphic markers,
enables utilization of direct (mutation site) and an
indirect (linked markers) diagnostic strategies in par-
allel [8], thus increasing the accuracy of PGT-M.

Primer sets targeting hypervariable polymorph-
isms have often been chosen for multiplex PCR
protocols used for PGT-M. Short tandem repeat
(STR) polymorphisms have been particularly popular
as multiple alleles may exist for each locus,
increasing the likelihood of finding an “informative”
polymorphism (i.e. a polymorphic site where the
combination of alleles present allows individual
chromosomes to be differentiated). The hypervariable
nature of STRs has also led to their frequent use in the
context of DNA fingerprinting [9]. The ability of
STRs to distinguish DNA from different individuals
is also helpful for the detection of DNA contamin-
ation in tubes containing biopsied cells, another
source of possible misdiagnosis during PGT-M.
When examining an embryo biopsy specimen, the
embryo is expected to inherit one allele from each
parent. The presence of an STR allele that is not
present in either of the parents is indicative of an
external contaminant having been introduced in the
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sample tube, while the presence of more than one
allele from a single parent can indicate contamination
from a parental source. For example, the detection of
two maternal alleles plus one paternal allele could be
the result of detecting embryonic DNA plus genetic
material from a cumulus cell or other maternal
source. It should be noted that the design and opti-
mization of traditional PGT-M strategies frequently
requires a high degree of customization, necessitating
significant effort in the laboratory. It is therefore not
unusual for patients requesting PGT-M to have
to wait for several weeks before beginning their
IVF cycle.

Recently an alternative PGT-M approach was
developed, termed karyomapping [10]. Karyomapping
relies on an assessment of whether a mutant gene has
been inherited based upon analysis of approximately
300 000 single nucleotide polymorphisms (SNPs), scat-
tered across the genome using a microarray. For the
purpose of PGT-M, analysis is focused on the genotypes
of groups of SNPs that are in close proximity to the gene
of interest. The genotypes of the mother, father and
other family member(s) are analyzed by software,
revealing the characteristic groups of linked SNP alleles
(haplotype) that accompany the mutation [10, 11]. As
karyomapping simultaneously examines numerous
sites in the genome, informative SNPs can be identified
in the vicinity of virtually any gene of interest. Thus,
karyomapping provides a universal protocol for the
PGT-M of different inherited monogenic conditions.
Karyomapping has the added advantage, over conven-
tional PGT-M approaches, of enabling the detection of
certain types of chromosome abnormalities, such as
monosomies (revealed by apparent homozygosity for
all SNPs on the affected chromosome), as well as triso-
mies of meiotic origin (SNP alleles characteristic of
three distinct chromosome copies are detected). The
parental origin of meiotic trisomies (i.e. whether they
are derived from the sperm or the oocyte) can also be
determined. In their study, Ben-Nagi and colleagues
[12] found that 30% of embryos that underwent karyo-
mapping had detectable chromosome abnormalities of
types likely to impact the chances of a viable pregnancy.
Figure 13.1 provides a summary of the karyomapping
technique.

Since its development, PGT-M via karyomapping
has found wide clinical application, and has shown
promising outcome results. Konstantinidis et al. [11]
in their investigation reported on clinical outcomes
after PGT-M carried out either via karyomapping or
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conventional mutation analysis. The study summar-
ized data obtained from PGT-M for 35 different auto-
somal dominant, autosomal recessive, and X-linked
diseases. PGT-M took place at the blastocyst stage,
and karyomapping led to successful diagnosis
of 99.6% of embryos assessed and a 70% ongoing
pregnancy rate for cycles that had an embryo
transfer, although this figure was based on only 20
transfers. Another study [12], yielded similar results
with 81 embryo transfers following karyomapping
resulting in a 63% ongoing pregnancy rate. More
recently, genome sequencing technologies have been
used to reveal the same sort of SNP genotype infor-
mation as obtained using karyomapping, an approach
termed haplarithmisis [13], allowing combined PGT-
M and aneuploidy detection. Table 13.1 summarizes
the technical details and compares the most com-
monly used PGT-M strategies.

13.3 Preimplantation Genetic Testing
for Structural Rearrangements

Balanced carriers of structural chromosome
rearrangements, such as Robertsonian or reciprocal
translocations, are phenotypically normal, but are at
risk of generating genetically abnormal (unbalanced)
gametes, due to the way that the normal and deriva-
tive (rearranged) chromosomes pair during meiosis.
It is not uncommon for balanced carriers of structural
chromosome rearrangements to experience repro-
ductive problems, such as recurrent miscarriage, or
the birth of unbalanced offspring. Data suggest that
0.5-5% of all infertile couples carry a balanced struc-
tural chromosome rearrangement [14].

For many years fluorescent in situ hybridization
(FISH) was the method used for PGT of structural
rearrangements. The most common FISH diagnostic
strategy for PGT-SR involved the use of a total of
three probes that were specific for the chromosomes
involved in the structural rearrangement. Cells were
biopsied, usually at the cleavage stage of preimplanta-
tion development, then fixed on microscope slides,
and subsequently analyzed with FISH. In cases of
reciprocal translocations, two FISH probes would
hybridize to chromosomal sites flanking the break-
point on one of the chromosomes involved in the
translocation (often one probe located at the centro-
mere and the other in the subtelomeric region), while
the third probe would target a site on the other
chromosome, typically the centromere. Diagnosis
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Both parents and an additional family member (most often an affected child of the couple) are assessed using a microarray, providing
genotype information for ~300 000 SNPs scattered across the genome. SNP alleles close to the mutant gene are inherited along with it and
consequently provide an indirect indication of the presence of the mutation. Each parental chromosome has a unique pattern of SNP alleles,
which serves as a genetic fingerprint, identifying that chromosome. Examples of allele combinations that allow individual chromosomes to be
distinguished are shown at the foot of the figure. Based on the SNP results obtained, parental chromosomes are color-coded (A). This allows
easy visualization of the chromosomes inherited by embryos, even revealing sites where meiotic recombination occurred. Multiple informative
SNPs are present on each chromosome as shown in this example of a karyomapping result (B). Each spot flanking the graphical representation
of the chromosome corresponds to an informative SNP, colored in order to show the parental chromosome for which that particular SNP

provides evidence.

was based on the fact that any abnormal chromosome
segregation patterns associated with the translocation
would result in a deviation from the normal number
of copies (two) of each probe. The use of FISH was
associated with some technical challenges, especially
in relation to the spreading of cells onto slides and the
interpretation of the FISH signals observed under the
microscope. Additionally, the method was unable to
assess the entire chromosome complement of the
biopsied cells.

The optimization and subsequent validation of
new molecular cytogenetic methodologies, with the
ability to assess all of the chromosomes within single
cells, led to their clinical application for the purpose
of PGT-SR. The first molecular cytogenetic method to
be used for the clinical analysis of embryonic samples
was metaphase comparative genomic hybridization
(CGH) [2]. The initial step in the procedure involved
DNA amplification of the embryonic biopsy sample.
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This took place via PCR approaches that used random
or semidegenerate primers capable of amplifying the
majority of the genome of the biopsied cells. These
techniques are typically referred to as whole genome
amplification (WGA). The second step involved
a simultaneous hybridization of two differentially
labeled DNAs, one which was chromosomally normal
(reference sample) and another composed of the
amplified DNA from the embryonic sample, to meta-
phase chromosomes on a microscope slide. The meta-
phase spreads were karyotyped in order to distinguish
one chromosome from another and the relative
amount of fluorescence attributable to hybridized
DNA from the reference sample and the embryo
sample was measured for each chromosome. If the
cytogenetic constitution of the test sample was identi-
cal to the reference sample, that is, the test sample was
normal, then all chromosomes would display a simi-
lar amount of fluorescence for each of the two
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Table 13.1. Diagnostic strategies currently used for preimplantation genetic testing for monogenic disorders (PGT-M)

Diagnostic Method used

strategy

Conventional Multiplex PCR

Karyomapping  Whole genome
amplification followed
by analysis using array
interrogating over
300 000 single
nucleotide
polymorphisms across

the human genome

Additional technical
information

Multiple sets of primers
are used to target the
site of the mutation,
along with linked and
other polymorphisms
to detect allele dropout
and contamination

Karyomapping can be
combined with
conventional mutation
detection analysis via
some form of multiplex
PCR. The diagnostic
approach will depend
on the mutation for
which PGT-M will be
carried out

Protocol design
required?

Yes, the diagnostic
strategy is usually
uniquely designed for
the mutation in
question. Parental
DNAs are required
during protocol
optimization. Protocol
design and
optimization can be
lengthy

Yes, if a conventional
mutation detection
step is added to the
diagnostic strategy.
Parental DNAs as well
as DNA from an
affected relative are
also required during
protocol optimization.
Generally, protocol
design is not as lengthy
as conventional PGT-M
approaches

Detection of
chromosome
errors?

Conventional PGT-M
strategies are not able
to detect
chromosome errors,
unless the
chromosome affect
happens to be the
one targeted during
amplification

Yes, karyomapping is
capable of detecting
all meiotic
monosomies and
trisomies, all mitotic
monosomies and
some mitotic
trisomies

differentially labeled DNA samples. If, on the other
hand, the test sample had an extra chromosome com-
pared to the reference sample (i.e. a trisomy), then the
affected chromosome would display a greater intensity
of fluorescence in the color in which the embryo DNA
had been labeled. A monosomy would also show a
change in the relative fluorescence associated with the
reference and test/embryo DNAs, but in the opposite
direction. Metaphase CGH provided, for the first
time, an overview of the entire chromosome comple-
ment of the biopsied embryonic samples. It was, how-
ever, technically demanding, time-consuming and
labor-intensive, precluding its use for high-throughput
applications.

Metaphase CGH was rapidly superseded by
microarray CGH (aCGH), a similar method that
employed slides (arrays) spotted with DNA probes
corresponding to multiple distinct regions along the
length of each of the chromosomes. These probes,
rather than metaphase chromosomes, served as
targets for the hybridization of the differentially
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labeled embryo and reference DNA samples [15].
Analysis occurred by placing the microarray slides
through a scanner, rather than capturing metaphase
images under the microscope, followed by the use of
specialized software that would determine the test
sample chromosome constitution. As with metaphase
CGH, differences in the relative fluorescence attribut-
able to the two labeled DNA samples revealed losses
and duplications of chromosomal regions. A clinical
result after the use of aCGH is shown in Figure 13.2.

aCGH found wide application for the purposes of
PGT-SR [e.g. 16], but in recent years has been largely
replaced by another technology known as next-
generation sequencing (NGS). The term NGS encom-
passes several different methods that enable the mas-
sive parallel sequencing of small DNA fragments [17].
Hundreds of thousands of fragments are sequenced
from each sample and are “mapped,” revealing the
region of the genome from which they were derived.
By determining the proportion of sequenced frag-
ments from each chromosome, losses and duplications
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Figure 13.2 Microarray comparative genomic hybridization (aCGH)
The image shows an aCGH result for a trophectoderm biopsy sample with an apparent loss of chromosomes 1 and 14. The embryo was

therefore predicted to have monosomy 1 and monosomy 14, a lethal

abnormality. The z-axis represents the relative amount of red

fluorescence (normal control DNA) and green fluorescence (embryo DNA) detected on chromosome specific probes situated on the
microarray. On the scale L, 0.0 equates to an equal quantity of red and green fluorescence. Values toward the foot of the image indicate
increasing red, whereas those toward the top of the page indicate more green.

of chromosomal material can be revealed. NGS is
currently the main method used for both PGT-SR
and PGT-A, as it has several advantages over array-
based methodologies, including its ability to simultan-
eously test samples biopsied from multiple embryos,
increasing throughput and reducing the cost of diag-
nosis. Additionally, NGS is more sensitive than array-
based approaches, and is capable of detecting mosaic
chromosome abnormalities affecting a minority of
cells in the biopsied embryonic sample. Both WGA
and targeted PCR, simultaneously amplifying large
numbers of specific DNA sequences across the 24
chromosomes, can be used as the initial step, providing
sufficient DNA for subsequent NGS [18, 19].
A technical overview of NGS is given in Figure 13.3.
Clinical outcomes after PGT-SR using compre-
hensive cytogenetic approaches have generally been
encouraging, with studies reporting pregnancy rates
ranging between 26% and 38% per cycle [16, 20, 21].
Similar to the use of karyomapping for PGT-M, com-
prehensive cytogenetic approaches deployed for PGT-
SR have revealed secondary findings in embryonic
samples, presenting in the form of aneuploidies unre-
lated to the structural rearrangement. Data analysis
obtained during the PGT-SR of 498 blastocysts via
aCGH demonstrated that 24% were normal/balanced
for the structural rearrangement, but had other unre-
lated chromosome errors [21]. As is the case with
PGT-M via karyomapping, avoiding the transfer of
embryos affected by these additional unrelated
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aneuploidies is expected to decrease spontaneous mis-
carriages and improve the rate of births per transfer,
but will also lead to a greater number of cycles with
no transfer due to all embryos being classified abnor-
mal, especially for couples where the female partner is
of advanced reproductive age. Table 13.2 summarizes
the technical details of the PGT-SR and PGT-A
methods.

13.4 Preimplantation Genetic Testing
for Aneuploidy

Several indications for PGT-A have been proposed,
including advanced female reproductive age, repeated
unexplained implantation failure or recurrent preg-
nancy loss (RIF and RPL, respectively), male factor
infertility, or previous aneuploid conceptions with
both partners having a normal karyotype. The reason
for considering PGT-A for patients in these categor-
ies is the suspicion that they might have elevated
levels of aneuploidy in their embryos, although for
some of these indications the evidence for an
increased abnormality rate is weak. Nonetheless,
given the fact that embryo aneuploidy is seen at an
appreciable frequency for all patients undergoing
IVF, including young patients and egg donations
cycles, it is possible that PGT-A would be beneficial
in most cycles.

Ever since its initial clinical application in the
early 1990s, a principal aim of PGT-A has been to
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Figure 13.3 Next-generation sequencing (NGS)

For NGS, the DNA contained within the embryo biopsy specimen is first subjected to whole-genome amplification. The resulting DNA is
prepared for sequencing that results in the production of millions of DNA fragments. Sequencing of these fragments reveals the order of DNA
bases (G, A, T, and C) along their length. The fragments of DNA sequence thus obtained are known as “reads.” The DNA sequence of each
fragment can then be compared to the sequence of the human genome in order to determine the location it originally came from, a
computer-driven process known as alignment. The relative proportion of “reads” aligned to each chromosome is identical for all samples with
a normal number of chromosomes. Extra chromosomal material (e.g. a trisomy) causes an overrepresentation in the amount of reads from the
affected chromosomes, whereas a monosomy is associated with a reduction in the relative number of reads from the abnormal chromosome.

improve certain clinical outcomes after IVF. In
theory, avoiding the transfer of aneuploid embryos,
predicted to have reduced viability, should improve
the chances of pregnancy per embryo transfer, reduce
the time taken to achieve a viable pregnancy, and
decrease miscarriage rates and the incidence of aneu-
ploid syndromes. Currently, PGT-A is the most
widely used of all PGT approaches, due to its relative
simplicity and the larger populations of patients to
which it is considered applicable.

Similar to PGT-SR, FISH was the first method
used for PGT-A. FISH strategies employed for PGT-
A involved the analysis of 5-12 chromosomes, most
often applied to single blastomeres biopsied from
cleavage-stage embryos. However, several random-
ized clinical trials (RCTs) failed to demonstrate that
this approach was capable of improving clinical
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outcomes [22]. This failure was attributed to FISH’s
inability to assess the entire chromosome comple-
ment of biopsied cells, the high rate of chromosomal
mosaicism during the cleavage stage of preimplanta-
tion development [23], and the negative impact that
the removal of a single blastomere had on the viability
of the corresponding embryos [24].

The optimization of more comprehensive molecu-
lar cytogenetic approaches and the improvement of
IVF culture systems meant that the way that PGT-A
was performed changed dramatically in the mid-
2000s. Specifically, extended culture of embryos until
they reached the blastocyst stage became routine,
allowing safe sampling of several cells. Our group
[25] were the first to report on clinical data obtained
by employing CGH for the cytogenetic analysis of TE
samples biopsied from blastocyst stage embryos. It
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Table 13.2. Diagnostic strategies that have been used for detection of structural (PGT-SR) and numerical (PGT-A)

chromosome abnormalities

Method Additional technical information

FISH

CGH

aCGH

NGS

142

Fluorescently labeled DNA probes employed
that hybridize either on the chromosome
centromeres, or on loci on the long or short
arm.

Several FISH rounds can be performed to
increase number of chromosomes examined

Requires whole genome amplification of
biopsied embryo sample as initial step.
Competitive hybridization of two
differentially labeled

DNA samples, a test DNA (embryo sample)
labeled in green, and a chromosomally
normal reference DNA labeled in red to a
microscope slide of normal metaphase
chromosomes.

Comparison of the ratio of green:red
fluorescence along the length of each
chromosome determines the relative
chromosome copy number in the test sample
compared to the reference.

Requires whole genome amplification of
biopsied embryo sample as initial step.
Competitive hybridization of two

differentially labeled

DNA samples, a test DNA (embryo sample)
labeled in green, and a chromosomally
normal reference DNA labeled in red to a
microscope slide (array) spotted with DNA
probes from multiple sites along the length of
the 24 chromosomes.

Comparison of the ratio of green:red
fluorescence along the length of each
chromosome determines the relative
chromosome copy number in the test sample
compared to the reference.

Biopsied embryo sample is amplified either via
whole genome amplification or a targeted PCR
strategy. The amplified product is then
fragmented into pieces of 100-200 base pairs.
Sequencing of fragments follows.

The data obtained after the sequencing is
compared with a reference human genome,
and counted to determine chromosome copy
number of the biopsied embryo sample.
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Protocol design
required?

Yes, for reciprocal
translocations,
inversions,
insertion, etc.

No, the protocol is
universal
irrespective of the
type of diagnosis
required

No, the protocol is
universal
irrespective of the
type of diagnosis
required

No, the protocol is
universal
irrespective of the
type of diagnosis
required

Aneuploidy types Method

detected currently
in use?

Abnormalities only No

detected for

the specific

chromosomes tested

Whole or partial No

abnormalities

affecting all 46

chromosomes

Whole or partial No

abnormalities

affecting all 46

chromosomes

Whole or partial Yes

abnormalities
affecting all 46
chromosomes.
Abnormalities of
meiotic and
postfertilization
mitotic (mosaic)
origin are identified
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was clear from this dataset that aneuploidy persisted
to the final stage of preimplantation development,
and affected all chromosomes. As was the case with
PGT-SR, CGH was initially replaced by approaches
such as aCGH, SNP arrays, or quantitative real-time
PCR, and eventually NGS. With the exception of
quantitative real-time PCR, all molecular cytogenetic
strategies were not capable of yielding results in a
time frame compatible with a fresh embryo transfer.
It is therefore common practice that all blastocysts
generated by couples going through PGT-A are vitri-
fied once TE biopsy has taken place. If any embryos
are found to have a normal chromosome complement
after PGT-A analysis, they can be warmed and priori-
tized for transfer in a subsequent cycle.

The clinical efficacy of PGT-A via the use of
comprehensive molecular cytogenetic strategies has
been the subject of several RCTs, most of which have
reported promising results. A recent meta-analysis
including some of these RCTs [26] concluded that
PGT-A is capable of improving clinical outcomes
for couples where the female partner has a normal
ovarian reserve, but it was unclear if the test offered
the same benefits for poorer-prognosis patients. An
additional two RCT's that were published in the past
two vyears yielded conflicting results. Specifically,
Munné et al. [27] used NGS to examine TE samples
biopsied from embryos generated by patients with a
wide female age range (25-40 years). The RCT
included IVF clinics in the USA and Europe, and only
couples capable of producing at least two good-
quality blastocysts participated. The results obtained
during this RCT were indicative of a potential
improvement in clinical outcomes for women of
advanced reproductive age. Such an improvement
was not observed in the RCT carried out by
Verpoest and colleagues [28]. Similar to the Munné
et al. [27] study, several European IVF clinics partici-
pated in this RCT. Unlike the Munné et al. [27] RCT,
however, the results obtained by Verpoest and col-
leagues did not show a difference in clinical preg-
nancy rates between their test and control patient
groups, irrespective of female age. It should be noted
that this RCT involved analysis of the first and second
polar body (PB) using aCGH analysis, a strategy
rarely used for PGT-A, which is of questionable
accuracy and is unable to detect paternally derived
or postfertilization chromosome abnormalities.
Furthermore, while the two polar bodies are often
considered biproducts of female meiosis, superfluous
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to embryonic development, it has not yet been dem-
onstrated that their removal is truly neutral in terms
of subsequent embryo viability. The difference in
embryo assessment stage, and the methodology used,
could be causative of the variation in clinical out-
comes seen between these two recent RCTs.

There are two main issues that raise questions
over the clinical efficacy of PGT-A: the potential
impact of the biopsy procedure, and uncertainty
over the extent to which a result from a single TE
sample is representative of the rest of the embryo.
Irrespective of the developmental stage during
which the biopsy occurs, it requires a lengthy
training period for the embryologists performing it
to ensure that embryo viability is not compromised.
Additionally, IVF clinics that are considering
offering any type of PGT need to purchase expensive
laser equipment, in order to perform the biopsy.
Importantly, the biopsy procedure itself is not
standardized. Multiple aspects of the technique vary
between individual embryologists, including the
number of laser pulses and the number of TE cells
removed from the embryo. While existing data sug-
gests there is little if any impact on the embryo when
TE biopsy is carried out by experienced personnel
[29], it is conceivable that suboptimal practice could
reduce embryo viability.

Uncertainty over the extent to which a single TE
sample is representative of the rest of the embryo
could be caused by inadequacies of genetic testing
methods or due to a biological phenomenon known
as mosaicism. Mosaicism can be defined as the pres-
ence of two or more chromosomally distinct cell lines
within the same embryo. Mosaicism arises from
chromosome malsegregation taking place during the
mitotic divisions after fertilization, and leads to the
formation of embryos containing a mixture of
euploid and abnormal cells, or embryos that have
different aneuploidies affecting individual cells in
the absence of any euploid cells.

The optimization and application of molecular
cytogenetic methodologies capable of examining the
entire embryonic chromosome complement, demon-
strated that mosaic chromosome abnormalities are
common during preimplantation development, but
decrease in frequency between the cleavage and blas-
tocyst stages [23, 25]. However, mitotically derived
aneuploidy and mosaicism only recently became
readily detectable during PGT-A , due to the increas-
ing use of NGS for the purposes of PGT-A. NGS is
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much more sensitive compared to previously
employed PGT-A strategies, such as aCGH, and is
able to detect chromosome errors present either in
all or part of the biopsied TE cells. Mosaic chromo-
some abnormalities carry the possibility of negatively
impacting the diagnostic accuracy of PGT-A, and
there has been some confusion about the best way to
clinically manage embryos that are an apparent mix-
ture of euploid and abnormal cells, termed “mosaic
diploid-aneuploid.” An example of a mosaic TE
sample, as identified after NGS analysis, is illustrated
in Figure 13.4.

Several datasets have recently been published
concerning the viability and implantation capacity
of mosaic diploid-aneuploid embryos [30-37] (see
Table 13.3 for a summary). Most of these investiga-
tions were retrospective and conclude that mosaic
diploid-aneuploid blastocysts have significantly lower
implantation and pregnancy rates (some also indicat-
ing higher miscarriage rates) compared to embryos
that have an entirely euploid trophectoderm biopsy
sample. However, most recently, a well-designed pro-
spective trial has indicated that there may be little if
any difference between the viability of euploid and
mosaic embryos [37]. Thus, while there is general
agreement that many mosaic embryos are capable of
producing a viable, healthy pregnancy, there remains
some uncertainty about whether they should be con-
sidered equivalent to embryos with a euploid TE

biopsy, or whether they should be given a lower
priority for transfer to the uterus. Guidelines to aid
the clinical management of blastocyst stage embryos
with different types of PGT-A results have been pub-
lished by the Preimplantation Genetic Diagnosis
International Society, and were recently updated to
reflect new data concerning the impact of mosaic
chromosomal abnormalities [38].

Some studies have suggested that mosaicism
affects more than 20% of blastocyst stage embryos.
However, recent research has indicated that the true
rate may be much lower [39]. Errors in the classifica-
tion of embryos can occur due to suboptimal PGT-A
methods, or as a result of problems such as DNA
contamination, which can cause fully aneuploid
embryos to appear mosaic. For this reason, it is
important to use well-validated methods, shown to
be highly accurate and capable of detecting DNA
contamination when it occurs [39]. Furthermore, it
should be demonstrated that embryos classified as
“aneuploid” have little or no chance of producing a
child. Surprisingly, very few of the commercially
available PGT-A methods have been subjected to this
important level of validation [29].

13.5 Conclusion

Preimplantation genetics is a rapidly evolving field
that has succeeded in helping many patients and

Figure 13.4 NGS result from an embryo
biopsy specimen

For NGS analysis of chromosome abnormalities,
the genome is divided into segments, referred
to as “bins.” Analysis focuses on determining the
proportion of the total sequence “reads”

aligning within each bin. After comparing the
results to those obtained from chromosomally
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normal “reference” samples, it is possible to
deduce how much of the embryo DNA was
derived from each area of the genome. Each
data point in the figure represents a result from
one bin, arranged in their respective order
along the length of each chromosome. The y-
axis indicates the predicted copy number of
each chromosome. In this case, an intermediate
value, falling midway between 1 and 2 copies, is
shown for chromosome 9 and also for a small
segment at the end of the long arm of
chromosome 5. This result is interpreted as
meaning that the TE biopsy specimen was
mosaic, likely containing a mixture of euploid
cells and cells monosomic for chromosome

9 and with a segmental loss on chromosome

5@.
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Table 13.3. Studies examining the developmental potential of mosaic embryos

Study Implantation rate
after mosaic

embryo transfer

Greco et al, 2015 44% 33%
Fragouli et al, 30% 15%
2017

Munné et al, 53% 41%
2017

Spinella et al,, 38% 30%
2018

Victor et al, 2019 38% 30%
Munné et al, 49% 37%
2019

Viotti et al,, 2021 47% 37%
Capalbo et al, 55-56%* 42-439%*
2021

Ongoing pregnancy
rate after mosaic
embryo transfer

Implantation rate
after euploid
embryo transfer

Ongoing pregnancy/live
birth rate after euploid
embryo transfer

56% 46%
71% 63%
54% 46%
50% 47%
83% 77%
57% 52%
56% 43%

Note: *Embryos having results consistent with low levels of aneuploid cells in the ranges 20-30% and 30-50% were transferred. Embryos
with apparent mosaicism involving higher levels of aneuploid cells (>50% in the biopsy specimen) were not transferred in this study.

holds much promise for the future. Innovations in the
delivery of PGT-M have led to accurate tests, involv-
ing the simultaneous analysis of multiple informative
sites in the genome in order to boost reliability.
Modern methods typically require less patient-
specific customization than early PGT-M strategies,
shortening waiting times. Additionally, it is now
common to detect aneuploidy and certain other inci-
dental genetic abnormalities of relevance to health
and embryo viability at the same time as performing
PGT-M, potentially improving treatment outcomes.
While most disorders assessed using PGT-M are simi-
lar to those that have traditionally been subject to
prenatal testing, there is a relative increase in the
proportion of late onset and incomplete penetrance
disorders tested at the preimplantation stage of devel-
opment. More controversially, PGT-M technology
has also been applied to determine whether healthy
embryos are HLA-compatible with seriously ill sib-
lings in need of stem cell transplantation to cure their
condition [40]. Stem cells can be harvested from the
umbilical cord of the resulting children at birth and
provided to the affected sibling. Recently, preimplan-
tation testing has also been applied to polygenic dis-
orders, generating relative risk scores for certain

https://doi.org/10.1017/9781009025218.014 Published online by Cambridge University Press

conditions rather than a more definitive diagnosis
[41]. It is not yet clear whether this latest expansion
of PGT-M has significant clinical value or whether it
complicates an already challenging process with rela-
tively little gain. With the cost of DNA sequencing
continuing to decline, and methods applicable to
single cells being developed, the analysis of entire
embryo genomes may soon become a viable prospect.
Whether this is desirable, given ethical concerns over
the use of the data produced, clinical problems inter-
preting the information, and difficulties counseling
patients, remains a subject of debate.

Despite the fact that PGT-A has been used clinic-
ally for almost 30 years, its efficacy remains contro-
versial. It seems obvious that patients having PGT-A
will benefit from reduced risks of Down syndrome
birth, aneuploid pregnancy, and miscarriage, but
unfortunately most studies have not been adequately
powered to provide conclusive proof. Although sev-
eral RCTs have demonstrated improvements in preg-
nancy rate per embryo transfer, and in some cases
increased live birth rates, debate over the value of
PGT-A continues. It is therefore of the utmost
importance that more well-designed RCTs are per-
formed. Given the potential impact of embryo biopsy
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and the challenges of analyzing the small number of
cells in a TE biopsy specimen, such studies should
only be carried out by well-trained embryologists, in
collaboration with experienced genetics laboratories,
using highly validated methods. Of course, this also
means that the findings will only be applicable in
situations where a similar array of skills can be
deployed, however, it is naive to think that a high-
complexity procedure such as PGT-A can fulfil its
potential without rigorous optimization and attention
to detail. Noninvasive methods of PGT-A (niPGT-A),
focusing on analysis of embryonic DNA found in the
culture medium or blastocoel cavity, may allow the
embryo sampling procedure to be “deskilled” and
should, theoretically, have no impact on the embryo
[42]. However, to date the reported niPGT-A
methods fail to give a result from ~10% of samples
and are associated with high false positive and false
negative rates. For PGT-A results to be managed
appropriately, a full understanding of the mosaicism
phenomenon is also urgently needed. In particular,
information concerning the degree to which mosaic
embryos can normalize - ejecting, arresting, or des-
troying aneuploid cells - is currently missing. It seems
likely that most embryos classified as mosaic are
potentially viable, are highly unlikely to produce an
abnormal pregnancy, and should not therefore be
excluded from transfer.

Key Messages

e Preimplantation genetic testing is a well-
established and valuable reproductive option for

patients at high risk of transmitting an inherited
disorder.

Using modern PGT-M methods, such as
trophectoderm biopsy combined with analysis of
multiple relevant genomic sites (e.g. mutation
sites and linked polymorphisms) test accuracies
frequently exceed 99%.

It is widely accepted that PGT-A is likely to reduce
risks of aneuploid syndromes and miscarriage.
Furthermore, embryos classified “euploid” or
“normal” using PGT-A appear to have better than
average chances of producing a viable
pregnancy. Nonetheless, the clinical efficacy of
PGT-A remains the subject of debate.

Some PGT-A methods are superior to others in
terms of accuracy, adding to confusion in the
literature with respect to the efficacy of the
method. Given the difference in the performance
of PGT-A methods, generalizations about the
clinical value of PGT-A are not appropriate.

It is important to carry out nonselection studies
to confirm that viable embryos are not
erroneously excluded from transfer after PGT-A.
At the time of writing, few PGT-A providers have
conducted such a study.

PGT was initially used for the avoidance of the
same sort of genetic conditions for which
prenatal testing is routinely employed. Today, a
growing number of disorders of late onset are
also tested at the preimplantation stage, as well
as conditions with incomplete penetrance.
Furthermore, PGT has been used to identify
tissue matched embryos capable of providing
stem cells for seriously ill siblings and,
controversially, for the evaluation of polygenic
disease risk.
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to Blastocyst

14.1 Introduction

Preimplantation genetic testing (PGT) is adopted in
modern IVF to test human embryos for monogenic
diseases (PGT-M), structural rearrangements (PGT-
SR), and aneuploidies (PGT-A). Across the years
from its first clinical application [1], different molecu-
lar diagnostic techniques, several stages of embryo
preimplantation development, and different protocols
have been investigated in order to identify a gold
standard approach. Blastomere biopsy at the cleavage
stage has represented the most prevalent approach for
several years, and it is still widely used nowadays
despite the evidence of its possible impact on embryo
reproductive potential [2]. At present, instead, mainly
trophectoderm (TE) biopsy at the blastocyst stage is
conducted, which has been demonstrated as reprodu-
cible across different operators [3], as well as safer and
more accurate than blastomere biopsy for PGT [2, 4],
possibly due to a higher number of cells sampled
(5-15 rather than a single cell) from a nonembryonic
section of the embryo (the TE gives origin to the
embryonic annexes, while the inner cell mass is kept
intact). Clearly, implementing TE-based PGT in an
IVE clinic requires high expertise at every stage of the
treatment from intracytoplasmic sperm injection
(ICSI), via extended embryo culture, up to vitrifica-
tion and warming, as well as a thoughtful patients’
counseling.

Three TE biopsy protocols have been described
across the years: (a) the first pioneering protocol,
which entails zona pellucida (ZP) opening in day
5-6 whenever the blastocyst reaches full expansion
[5] (Video 14.1); (b) the most widely used protocol,
which is known as the “day 3 ZP opening-based TE
biopsy” approach [6, 7] (Video 14.2); (c) and the latest
protocol, which does not involve any assisted hatch-
ing and has been named the “day 5-7 sequential ZP
opening and TE fragment retrieval” approach [8]
(Video 14.3).
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ZP opening might be conducted through a mech-
anical protocol, an acidified Tyrode’s solution-
mediated one, or a laser-assisted one, the latter of
which is the most user-friendly, the fastest, and there-
fore the most widely used one. Two methods are
instead available for TE fragment final cutting: the
“pulling” method and the “flicking” method
(Figure 14.1).

In parallel to both blastomere and TE biopsy, the
polar body (PB) biopsy approach has been proposed
as an alternative option to embryo biopsy for PGT [9,
10]. Such an approach is still currently used in those
counties where embryo biopsy is restricted (e.g.
Austria). However, PB biopsy is now rarely used in
countries that permit this approach (<3% cycles)
because it involves a higher workload, and is limited
to the investigation of maternal meiotic errors.

In this chapter, we briefly describe the different
biopsy techniques, and then focus on TE biopsy.
Some tips and troubleshooting will be provided, along
with advice for an efficient and safe implementation
of PGT in the workflow of an IVF clinic.

14.2 Considerations for an IVF Clinic
Implementing PGT

A successful treatment requires an efficient inter-
action between embryologists, molecular biologists,
and clinicians. All the different professional figures
involved in this process must be aware of the whole
process and its possible pitfalls, pivotal to guide the
couples through the cycle and provide them with
suitable counseling.

When choosing the biopsy approach among
PBs, blastomere, and TE, it is advisable to ponder
safety, validation, reproducibility, reliability, efficiency,
and workload. TE biopsy when combined with
comprehensive chromosome testing (CCT) techniques
(quantitative polymerase chain reaction, array com-
parative genomic hybridization, array single nucleotide
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Figure 14.1 The pulling and flicking methods to remove a fragment of the trophectoderm during blastocyst biopsy

polymorphisms, next-generation sequencing) in the
PGT workflow, involves (a) the highest predictive
power upon euploid embryos’ implantation potential
[2], (b) the lowest prevalence (~5%) of euploid-
aneuploid chromosomal mosaicism (i.e. the presence
of cells with different karyotypes within the same
embryo) [11], (c) an almost total concordance with the
inner cell mass (ICM) [12], (d) clinically relevant false
negative error rates equal to 0.1-0.7% per delivery
depending on the CCT technique adopted [13, 14],
and (e) false positive error rates lower than 3-4% (pro-
vided that no diagnosis of mosaicism or of segmental
aneuploidies is attempted on a single TE biopsy) [2, 15].

When implementing a TE biopsy approach, par-
ticular attention should be given to culture media
formulation, incubators, and air quality, aiming at a
reduced manipulation of the gametes and embryos.
For instance, the use of a continuous culture media
and of a time-lapse incubator, although not involving
better clinical outcomes per se, might result in a lower
number of exposures of the embryos to suboptimal
culture conditions as well as a lower workload. In
general, low oxygen incubators should be adopted,
ICSI may be the elective method for oocyte insemin-
ation so to minimize the risk for cumulus cells or
sperm DNA contamination, and the vitrification
protocol should be used for biopsied embryos’
cryopreservation. The results (e.g. fertilization, cleav-
age, blastocyst, and survival after warming rates) must
be constantly monitored and fulfil the competency or
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(even better) the benchmark key performance indica-
tors (KPIs) set by scientific societies like the ESHRE
(e.g. Vienna consensus [16]).

When it comes to the biopsy and the vitrifica-
tion procedure, the operators should undergo a
supervised practicing and training period [17],
and, after being qualified to their clinical applica-
tion, each embryologist should be monitored for
their performance in terms of mean duration of
the biopsy procedure, inconclusive diagnosis rate,
survival rate after warming, as well as live birth rate
[18, 19]. Of note, the number of TE cells retrieved
from different operators is comparable, although
such a number should be kept roughly below 15,
not to impair euploid blastocysts’ reproductive
competence [20].

An efficient traceability is also crucial for the
management of a PGT cycle. In this regard, a failure
modes and effect analysis represents a suitable scheme
to identify the most dangerous steps along the work-
flow and adopt effective witnessing and corrective
measures [21].

To minimize the risk for exogenous DNA con-
tamination, it is mandatory to use DNA-free mater-
ials at any step of the biopsy protocol (from the
preparation of the dishes to the tubing) and avoid
the use of devices and solutions potentially toxic to
the embryo. The tubing procedure must be per-
formed under a laminar flow hood at room tempera-
ture, and particular care should be invested also in
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this step to avoid a DNA amplification failure [19].
Biopsy samples must be stored at —20°C until ship-
ment or analysis in the genetic laboratory.

14.3 Zona Pellucida Opening

In previous years, several approaches have been
adopted for the ZP opening procedure in oocytes
and embryos (i.e. mechanical dissection, chemical
drilling, laser ablation).

The first blastomere biopsy technique was per-
formed using three pipettes: one to hold the embryo,
another to drill the ZP with the acidified Tyrode’s
solution, and the third to aspirate the blastomere
[1]. Since then, several other procedures have been
developed to conduct ZP opening. The ideal approach
should be simple, efficient, and minimize changes in
oocyte or embryo microenvironment (ie. pH and
temperature).

14.3.1 Acidified Tyrode’s Solution Opening

In 1998, the three-pipettes approach was replaced
with the two-pipettes approach developed by Chen
and colleagues [22]. In this simplified protocol, the
ZP drilling and embryo biopsy procedures were per-
formed through a single larger pipette filled with a
small amount of acidified Tyrode’s solution. This
solution is expelled until a hole is produced in the
ZP and then sucked back before removing the selected
blastomere with the same pipette. Throughout the
following years, the two-pipettes approach was con-
firmed a valid alternative for blastomere biopsy, due
to its simplicity and the short time required for the
procedure.

14.3.2 Mechanical Opening

The mechanical ZP opening is conducted through a
glass partial zona dissection (PZD) microneedle,
which is inserted through the ZP, tangentially to the
oocytes/embryos. The continuous rubbing between
the PZD microneedle and the holding pipette allows
the formation of a slit in the ZP [23, 24]. This method
was considered reliable and safer than chemical
digestion.

14.3.3 Laser-Assisted Opening

In 1995, Germond and colleagues adopted a diode-
laser system for PB biopsy, to perform a microdissec-
tion of the ZP of mouse and human oocytes and
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zygotes [25]. The same year, Licciardi and colleagues
adopted it instead for the ablation of mouse ZP aimed
at blastomere biopsy [26]. Conventionally, a single
laser irradiation is sufficient to create a hole, but a
proper irradiation time is necessary to allow the
insertion of the biopsy pipette through the hole to
conduct the biopsy. Currently, a noncontact diode
laser is adopted to drill the ZP and create a single
14-18 pm hole, and normally a 1.2-1.6 m] irradi-
ation is adopted (12-16 ms of irradiation time)
[27]. This ZP opening approach is less time-
consuming and easier than the former ones, and it
is therefore the preferred protocol. Of note, the
correct laser target alignment should be verified
before each biopsy procedure. If the laser position
appears inaccurate, immediately recalibrate it. The
entire system should be routinely serviced at least
every six months to check that all optical elements
are properly cleaned and proper calibration is
assured.

14.4 Polar Body Biopsy

This approach is based on the idea that PBs are waste
products of female meiosis; they are not required for
fertilization and do not represent embryonic cells,
therefore might suit a minimally invasive genetic
testing. Secondly, chromosomal mosaicism does not
represent an issue at this stage. Lastly, an embryo
developing from an oocyte whose PB analysis high-
lighted a normal gene would be transferred in the
same cycle, and no cryopreservation is needed.

The genotype of the 1st PB (PB1) mirrors exactly
that of its corresponding oocyte; however, due to
recombination, the analysis of PB1 might not allow
an accurate diagnosis. Similarly, the aneuploidies
deriving from the second meiotic division cannot be
detected by analyzing only the PB1, and both PBs are
needed. This drawback makes this biopsy approach
time-consuming and expensive. Yet, the ESHRE has
recently published a randomized controlled trial
based on the array-CGH analysis of both PBs versus
the standard care in about 200 patients per arm.
Interestingly, no difference was reported in the
cumulative live birth rate per couple, but such an
outcome was achieved with fewer embryo transfers,
fewer cryopreserved embryos, and a lower miscar-
riage rate per clinical pregnancy [28]. In other
terms, although PBs-based PGT-A excludes paternal
meiotic and postzygotic mitotic errors from the
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analysis, the selection against maternal meiotic mis-
segregations is sufficient to elicit a higher efficiency
after IVF.

PB biopsy might be conducted through a sequential
approach on day 0 (from the oocyte) and day 1 (from
the zygote), or through a simultaneous approach at 6-9
hours after ICSL. In the latter case, PB1 and PB2 should
be distinguished based on their morphology (i.e. PB2 is
smaller and regular in shape and it is also connected to
the oocyte with a cytoplasmic strand, while PB1 could
be dislocated in the perivitelline space) [29].

ZP opening should be better conducted mechanic-
ally or through the laser, since the acidified Tyrode’s
solution is not well tolerated by the oocyte and may
interfere with further embryo development [30, 31].

14.5 Blastomere Biopsy

Blastomere biopsy is conducted at day 3 of embryo
development, when the 6- to 10-cells cleavage stage is
reached. Across the years from its very first experi-
ence [1], the protocol has been improved through (a)
the introduction of a two-pipettes system [22], (b) the
introduction of the Ca[*'*-Mg[** free medium to
decompact the embryo [32], and (c) the introduction
of the laser to drill the ZP [33].

Of note, after ZP opening, the blastomere can be
removed via either aspiration or displacement, as
described by Wang and colleagues in 2009 [34].
Although blastomere aspiration is traditionally per-
formed, it might be tricky not to lyse the cell during
the procedure and the embryo might be severely
damaged if more than one cell is aspirated.
Blastomere displacement is indeed a valuable alterna-
tive since the blastomere is simply forced to pop out
from the opening in the ZP by expelling some media
through the hole or by exerting some pressure onto
the embryo.

Blastomere biopsy is fast and compatible with
fresh ET, and it has been reported efficient in high-
standards IVF clinics when associated with array-
CGH to conduct PGT-A in advanced maternal age
women [35]. However, (a) blastomere biopsy might
be detrimental toward embryo reproductive compe-
tence [2], especially when two blastomeres are
retrieved; (b) cryopreservation is still required for all
surplus embryos; (c) mosaicism reaches its highest
prevalence at this stage of preimplantation develop-
ment, and (d) single-cell analysis is still not as efficient
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as multiple TE cells analysis. All these reasons under-
mine the clinical efficiency of such an approach.

14.6 Trophectoderm Biopsy
14.6.1 Blastocyst Selection and Grading

Embryos can reach the blastocyst stage any time
from day 5 to 7 of preimplantation development.
Blastocysts can mature in an asynchronous fashion
and with heterogeneous morphology. Any blastocyst
classification scheme in IVF is adapted from Gardner
and Schoolcraft’s parameters scoring expansion, ICM
and TE morphology (Figure 14.2).

The ideal grade to conduct TE biopsy is repre-
sented by a fully expanded blastocyst with a visible
and compact ICM and several well-organized small
TE cells. Nevertheless, in view of the low correlation
between the aneuploidy rate and blastocyst morpho-
logical evaluation [8], any kind of blastocyst should be
biopsied regardless of its quality.

14.6.2 Workflow of the Different Blastocyst

Biopsy Protocols

Three blastocyst biopsy approaches have been
described to date that are still currently used: the first
one published by Veiga and colleagues in 1997 [5], the
mostly used approach described in 2004 by de Boer
and colleagues [6], and the latest one described by
Capalbo and colleagues in 2014 [8].

14.6.2.1 Day 5-6 ZP Opening-Based Trophectoderm
Biopsy Protocol

Laser-assisted ZP drilling is performed far from the
ICM whenever the blastocyst reaches full expansion.
During further culture in the incubator, the natural
expansion of the blastocyst elicits TE hatching. Only
then is the biopsy fragment finally removed by
targeting the junctions between the TE cells with the
laser and applying a gentle suction (Video 14.1).

14.6.2.2 Day 3 ZP Opening-Based Trophectoderm

Biopsy Protocol

This protocol was described in two papers published
in 2004 and 2005 [6, 7]. The embryo is removed from
the incubator to open the ZP at the cleavage stage of
preimplantation development. The embryo is then
cultured to the blastocyst stage and when it starts
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Blastocyst

Fully-expanded

Fully-hatched
Blastocyst

Hatching Blastocyst

EIxcellent quality: 11

Good quality: 12, 21

Average quality: 13, 22, 31

Poor quality: 23, 33, 32

Figure 14.2 The conventional scheme for blastocyst morphological evaluation

expanding some TE cells will hatch from the opening
in the ZP. By gentle suction and a few laser pulses
targeted to the junctions between TE cells, a few cells
are then removed from the blastocyst (Video 14.2).
Hopefully the hatched part of the embryo does not
involve the ICM, otherwise the biopsy procedure is
more difficult. In fact, another hole in the ZP should
be produced to retrieve some TE cells opposite to the
ICM (as shown in Figure 14.3).

14.6.2.3 Sequential ZP Opening and Trophectoderm
Biopsy Protocol

The latest described protocol does not involve any
assisted hatching [8]. The operator orients the blasto-
cyst before the procedure so that the ICM is kept as far
as possible from the target TE cells. Once the ZP is
opened, it is necessary to detach the blastocyst from its
inner surface by blowing some media through the hole.
Only then does the operator penetrate the ZP and suck
the selected cells into the biopsy pipette. Finally, by
alternating laser shots directed at the junctions
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between the TE fragment and the body of the embryo
and gentle suction the fragment is removed (i.e.
pulling method; Video 14.3; Figure 14.1).

14.6.2.4 Alternative Method to Remove the Biopsy
Fragment: The Flicking Method

Alternatively to the pulling method, the flicking
method can be adopted to remove the biopsy frag-
ment. Specifically, after loosening the bonds between
the selected TE fragment and the body of the blasto-
cyst with a few laser shots the embryo is released from
the holding pipette and positioned on top of it.
A quick downward movement of the biopsy pipette
containing the selected TE cells is then sufficient to
finalize the biopsy (Figure 14.1).

14.6.3 The Focus Issue and the Optimal

Blastocyst Orientation

When a TE biopsy is conducted, the most important
issue is ensuring that the blastocyst, the ZP opening,
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Figure 14.3 Biopsy of an embryo hatching from the inner cell mass after a laser-assisted zona opening at the cleavage stage
a) embryo before the biopsy; b) ZP opening on the opposite side of the former hole; c) the selected trophectoderm cells are sucked into the

biopsy pipette and cut with a few laser shots; d) the biopsy is finalized.

and the biopsy pipette are on the same focal plane as
the laser objective. Video 14.4 is an example of an
operator struggling for this issue. At 20x magnifica-
tion, secure the embryo to the holding pipette and
position it at the bottom of the biopsy dish, orient the
blastocyst so that the ICM is visualized at 7 o’clock,
focus on the ZP, and move the biopsy pipette on this
same focal plane (i.e. the edges of the pipette are dark
and the pipette itself is in focus). Only then, switch to
the laser objective (pulse time 0.3 ms, 6.5 um) and
position the pointer on the ZP opposite to the ICM.

14.6.4 The Quality of the Retrieved

Trophectoderm Fragment

The quality of the biopsy fragments is crucial for the
reliability of the molecular analysis downstream. The
embryologists should try to retrieve 5-10 cells.
However, it is difficult to quantify the exact cellularity
at the time of biopsy. Therefore, the evaluation
mainly relies on the quality of the fragments (always
keep a picture of them). Figure 14.4 shows examples
of a desirable, a small, a lysed, and a degenerated
fragment at 20x magnification. Neal and colleagues
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recently reported that in a range of 1-20 TE cells,
only when more than 15 cells are biopsied, might
euploid blastocysts suffer a decrease in their repro-
ductive competence [20]. Similarly, inconclusive gen-
etic results are more likely to arise from small biopsy
fragments, due to a poor DNA template. Ideally 7-8
TE cells should be retrieved to achieve good amplifi-
cation with no impact on the embryo [19]. Of note,
blastocyst quality does not associate with a conclusive
result, while the day of the biopsy (day 6-7 better than
day 5) and the experience of the IVF clinic do [19].

14.6.5 Trophectoderm Biopsy: Peculiar
Cases and Troubleshooting

Several times the embryologists must face deviations
from the ideal TE biopsy. Some peculiar biopsy cases
are reported hereafter along with some issues that
might be encountered during the procedure.

14.6.5.1 Fully Hatched Blastocyst

When the blastocyst is fully hatched from the ZP, it is
important to pay more attention to the aspiration
with the holding pipette to avoid harming the
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Small

Desirable

Figure 14.4 Examples of biopsy fragments

embryo, in particular the ICM. Then, by sucking the
chosen TE cells into the biopsy pipette, the embryo
will collapse and the biopsy procedure might be per-
formed according to the standard protocol (Video
14.5). After the biopsy, blastocyst reexpansion should
be prevented, especially since the vitrification proced-
ure might be more stressing for the embryo in the
absence of the ZP [18].

14.6.5.2 Poor-Quality Blastocyst

Poor-quality blastocysts (<BB according to Gardner
and Schoolcraft’s classification) require particular
care while removing the biopsied fragment since the
TE cells tend to be stickier than normal. The operator
should insist on stretching the fragment and using
more laser shots until its removal (Video 14.6). In the
presence of excluded blastomeres or degenerated cells
in the ZP, they should be avoided since their chromo-
somal content might not represent the ICM.

14.6.5.3 Troubleshooting

Sometimes the biopsied fragment might be lost in the
mineral oil or accidentally sucked into a pipette. In
the latter case, the biopsy operator should empty the
pipette into the washing drop and check whether the
biopsy fragment can be recovered. If not, a second
biopsy must be taken. Of note, if the blastocyst is
completely collapsed and the ICM cannot be distin-
guished, the operator must return the embryo to the
incubator until reexpansion.

For tubing, it is reccommended to change the tip of
the stripping pipette in between consecutive tubing
procedures or at least to thoroughly wash it and
completely empty it. Before tubing the biopsy frag-
ment, this must be sucked and released from the
stripping pipette in a washing drop a couple of times
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Small and lysed

ém@

Degenerated

to mechanically remove any degenerated or lysed cell
debris.

Key Messages

e Three approaches exist to retrieve a sample for
PGT purposes: PB, blastomere, and TE biopsy.

e PB biopsy has several limitations, but it is the only
feasible approach where embryo biopsy
is restricted.

e Blastomere biopsy might impact embryo
reproductive potential and suffers from the issues
of chromosomal mosaicism and single-cell
analysis.

e TE biopsy has not been shown to inhibit
reproductive potential and is the gold standard
approach at present.

e Three protocols exist to conduct TE biopsy, that
seem equivalent in terms of diagnostic and
clinical effectiveness.

e Fully expanded good-quality blastocysts (>BB
according to Gardner and Schoolcraft's
classification) on day 5-7 postfertilization
represent the ideal embryo for TE biopsy.
Nevertheless, also fully hatched, in-hatching, and
poor-quality blastocysts (<BB) might be biopsied.

e TE biopsy and CCT analysis represent an accurate,
cost-effective, and clinically valuable workflow,
whose main issue is represented by
chromosomal mosaicism.

e Ensuring traceability during the entire biopsy and
vitrification/warming procedures is of
utmost importance.

e Reexpansion after biopsy and before vitrification
should be prevented to improve blastocyst
survival after warming.

e Seven-to-eight TE cells are ideal to achieve good
DNA amplification outcomes with no impact on
embryo reproductive competence.
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15.1 Introduction

In humans, the reproductive process is markedly less
efficient than that in other mammalian species. Several
reasons contribute to this low fecundity including the
presence of sexually transmitted diseases, environmen-
tal factors, and diseases unique to our species such as,
for example, endometriosis. However, the overriding
reason for our low fecundity is the high incidence of
aneuploidy in oocytes that, even in young women, has
an incidence of 20-30% [1].

Since the birth of the first IVF baby in 1978,
numerous technological advancements have been
introduced, resulting in an increasing number of
people now being able to have a child. A particular
milestone in the history of assisted reproductive tech-
nology was the successful clinical application of pre-
implantation genetic testing (PGT) in 1990, when it
was proven that blastomere biopsy from a day
3 embryo and testing with fluorescent in situ hybrid-
ization (FISH) could determine the sex of the embryo
[2]. Following this landmark accomplishment, others
began investigating the application of PGT using
polar body biopsy in oocytes [3].

Before the introduction of PGT, the only options
avaijlable for couples, at high reproductive risk, were
prenatal diagnosis or childlessness. In case of fetal
abnormalities identified with amniocentesis or chori-
onic villus sampling, prospective parents had to con-
front the difficult decision between the termination of
the pregnancy and the birth of an affected child. Both
these options, in addition to the choice of not having
their own children, are accompanied by significant
emotional distress.

PGT provides an alternative by permitting the
selection of embryos before they are transferred to
the uterus, thus preventing the potential for more
painful and traumatic options when a pregnancy
is already ongoing. More specifically, PGT for
monogenic diseases (PGT-M) and for structural
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rearrangements (PGT-SR) allow the selection of
healthy embryos to avoid the transmission of hereditary
diseases or of unbalanced rearrangements consequent
to chromosomal aberrations. PGT for aneuploidy
(PGT-A) aims to improve implantation and take-home
baby rates by permitting the selection of euploid
embryos before transfer.

15.2 Development of
PGT-A Technologies

Professor Alan Handyside successfully used PGT on
day 3 embryos for the first time in 1990, when it was
announced that two patients at risk of transmitting a
recessive X-linked disease were pregnant after the
transfer of IVF-generated embryos. The report
included five patients, who underwent standard IVF.
On day 3, embryos were biopsied by aspiration of one
or two cells by using a thin microneedle introduced
into the perivitelline space after zona pellucida (ZP)
opening. Subsequently, Y-chromosome-specific DNA
from the biopsies was amplified by PCR. Day
3 embryos identified as females were transferred and
two of the patients each had twin pregnancies. The sex
of the fetuses was confirmed at 10 weeks gestation by
chorionic villus sampling [2].

In the same year, Yury Verlinsky reported a dif-
ferent approach by testing the first polar body to
perform preconception diagnosis for autosomal
recessive diseases [3]. The same strategy was later
applied to test aneuploidy [4]. In the early 1990s,
Santiago Munné and his coworkers, while at Cornell
University Medical College, focused on assessing
whether analysis of individual chromosomes using
the FISH technology would enable selection of
euploid embryos. The first live birth and correlation
between maternal age and chromosome abnormalities
was reported in 1995 [5]. The biggest limitation of
FISH was the limited number of chromosomes (gen-
erally 5-9) that could be analyzed. The first series in
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which this technique was applied clinically was for a
selected group of patients involving a collaboration
between the Institute for Reproductive Medicine and
Science at St. Barnabas Medical Center (West Orange,
NJ, USA) and S.I.S.Me.R., Reproductive Medicine
Unit (Bologna, Italy). The first results were published
in 1997 [6, 7]. Since these groundbreaking reports
using FISH, PGT technology has evolved to cover
more than 200 genetic disorders as well as assessment
of all 24 chromosomes in hundreds of thousands of
embryos around the world.

15.3 Indications for PGT-A

PGT-A is indicated for all cases at high risk of trans-
ferring aneuploid embryos, including women of
advanced reproductive age, couples with a history of
recurrent miscarriages or repeated implantation fail-
ures, and couples with severe male factor. The most
influential factors predisposing to chromosome mis-
segregation are female age and altered recombination.
Recombinant chromosomes are formed during the
reciprocal exchanges of DNA between homologous
chromosomes (crossover). In addition to sister chro-
matid cohesion, crossovers link the homologous pairs
together during prophase I of meiosis, which takes
place during fetal development in females. These link-
ages persist for decades, as the second round of
chromosome segregation only occurs in adult women.

Aneuploidy occurs more frequently during oogen-
esis than spermatogenesis. Polar body biopsy and
subsequent chromosome analysis provided important
information about oocyte meiosis. We now know that
premature predivision of chromatids rather than
nondisjunction of whole chromosomes causes the
great majority of errors in the first meiotic division
and that more than half of aneuploidies derive from
errors in the second meiotic division [8].

In addition to woman’s age, aneuploidy has been
shown to be associated with other patient characteris-
tics [9]. In a study of 544 infertile couples undergoing
706 IVF cycles presenting with one of the following
indications: maternal age > 38 years, repeated IVF
failures, and recurrent miscarriages, the results showed
that the proportion of euploid oocytes was directly
correlated with the number of mature oocytes and
the establishment of a clinical pregnancy. An inverse
correlation was found with female age, some causes of
female infertility (endometriosis, miscarriages, ovula-
tory factor), poor prognosis indications (female age,
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number of previous cycles, multiple poor prognosis
indications), and number of follicle-stimulating hor-
mone units used in the stimulation per collected
oocyte and per mature oocyte [9].

Of note, over time, indications for PGT-A have
expanded to include unexplained infertility, polycystic
ovary syndrome, and poor responders. As reported in
a meta-analysis and in a recent randomized controlled
study, the use of PGT-A is indicated for several cat-
egories of patients with the aim to reduce the number
of IVF cycles and miscarriages, to shorten the time
to pregnancy, and to decrease the costs [10, 11].
However, a more recent Cochrane review concludes
that the currently available evidence is insufficient to
support PGT-A in routine clinical practice, confirm-
ing that use of PGT-A in improving IVF outcomes in
unselected patients remains controversial [12].

15.4 Biopsy Techniques

Over the years, approaches to PGT have been numer-
ous and varied in terms of biopsy and source of
genetic material for analysis. The initial procedures
using polar body and cleavage stage biopsy have now
evolved to trophectoderm (TE) biopsy. Advances in
culture media and the introduction of vitrification
have greatly supported this approach. Table 15.1
summarizes the different stages of biopsy for PGT
with the corresponding pros and cons.

TE biopsy has several advantages compared to the
previously mentioned biopsies: the inner cell mass
(ICM) is not touched, more than one cell is available
for analysis, and the results obtained represent a more
complete and accurate description of the chromo-
somal structure in preimplantation embryos [13].

At present, although TE biopsy is currently
the most used method for PGT-A, it has recently been
associated with an increased risk of preeclampsia
and hypertensive disorders [14, 15]. It is invasive
for the embryo, and efficacy and safety are limited
by the embryologist’s experience. In fact, as recently
reported, the number of biopsied cells not only
affects the results of the analysis, but also the implant-
ation rate, especially in cases of poor-quality blasto-
cysts [16].

The above limitations associated with TE biopsy
have led to investigations of alternative approaches
for identifying euploid embryos. However, neither
static morphological evaluations nor time-lapse
imaging provide adequate sensitivity for this purpose.
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Table 15.1. Pros and cons of the three different procedures of biopsy

Cons - Genetics Lab

- Informative only for the maternal
counterpart
- Moderately predictive of the embryonic

- PB1 involved in both single chromatids
and whole chromosomes copy number

- High level of mosaicism (only one cell

Aneuploidy  Pros

Testing

Polar bodies Less invasive

(PB)
status
variations

Day 3 Paternal, maternal, and

embryos mitotic contribution to analyzed)

Blastocysts

aneuploidy
Usually multiple embryos
available

Paternal, maternal, and
mitotic contribution to
aneuploidy

More cells available = more

- High level of chromosome instability
- Moderately predictive of the blastocyst
chromosome status

- Short time for diagnosis (unless
cryopreserving)

- Unproven Concordance between TE and
inner cell mass cells

- Evaluation of mosaicism

Cons - IVF Lab

High number of biopsy
procedures

Sequential biopsies
(timing)

Moderate number of
biopsy procedures
More risk of embryo
damage

Increased workload —
cryopreservation and
thawing

Concerns over

robust diagnosis

- Low level of mosaicism

- Little (if any) impact on
embryo (embryonic mass
not reduced)

As a result, efforts are currently focused on develop-
ment of three less invasive techniques for PGT-A.
Two of these involve analysis of cell-free DNA
(cfDNA) in either blastocyst fluid (BF) [17], or the
medium in which embryos have been cultured (spent
culture medium, SCM) [18]; and the third involves
investigation of miRNAs in the BF and in the
SCM [19].

15.5 Blastocyst Fluid: A Source of cfDNA
15.5.1 Principle

After ICM and TE cell differentiation, Na+ ions accu-
mulate on the basolateral side of the TE epithelium.
This event creates an osmotic gradient, partially gen-
erated by different isoforms of Na+/K+ adenosine
triphosphates, that promote the accumulation of
water and the subsequent formation of a cavity
known as the blastocoele. Tight junctions form
between blastomeres as compaction gets underway,
which create a seal, preventing leakage of the fluid
from the cavity. The progressive accumulation of this
fluid inside the blastocyst (BF), causes expansion of
the blastocyst and thinning of the ZP. Ultimately,
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extended embryo
culture

- Destiny of mosaic
embryos

expansion leads to a breach of the ZP, with natural
escape (“hatching”) of the blastocyst from the ZP, in
preparation for implantation.

In addition to proteins and other factors, the BF
also contains embryonic DNA. The cellular origin of
the DNA source has yet to be determined. According
to some hypotheses, it could be free DNA or enclosed
inside microvesicles. Regardless of its form, this DNA
can be submitted to amplification and analysis to
study the chromosomal status, specific mutations, or
genetic diseases [20].

15.5.2 Technique for Blastocentesis

The BF can be aspirated from expanded blastocysts as
is routinely performed in many laboratories to col-
lapse blastocysts before vitrification. The procedure is
performed at the micromanipulator setup using hold-
ing and intracytoplasmic sperm injection (ICSI) pip-
ettes in a dish with drops of buffered medium under
paraffin oil (Figure 15.1).

The blastocyst is normally held with the ICM
positioned anywhere between 6 and 12 o’clock to
avoid a potential contact of the ICSI pipette when
entering the cavity. After carefully balancing the
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Figure 15.1 Aspiration of the BF from a hatching blastocyst
The ZP was opened on day 3 to facilitate the hatching process. TE
cells started to herniate form the breach opened in the ZP that
remains thick irrespective of the developmental stage.

ICSI pipette, it is guided into the blastocoelic cavity,
entering at the junction between two TE cells. The BF
is aspirated until the blastocyst is completely collapsed
(Video 15.1). The ICSI pipette is gently withdrawn
and the blastocyst is released and immediately cryo-
preserved. The fluid is transferred into a PCR tube
containing 1 ul drop of phosphate buffered saline
under microscope view. To do this, the tube is placed
horizontally on a dish lid, on the micromanipulator
stage. Then, the pipette containing the BF is inserted
into the tube and positioned inside the drop and the
content is expelled using the microsyringe connected
to the ICSI pipette. The tube is closed, briefly spun to
lower the drop to the bottom, and frozen for future
analysis.

15.5.3 Evidence for cfDNA in BF

The first attempt to characterize the BF content was
aimed at studying the metabolic profile of embryos
using mass-spectrometry. Research was then focused
on genomic DNA that was detected in about 90% of
BFs [17]. Other authors showed lower detection rates
and, after analyzing 32 samples, 19 displayed no DNA
amplification, 4 produced chaotic profiles, and only
9 produced informative results [21]. Of these 9
samples, 3 showed data concordant with the corres-
ponding TE biopsy, 5 were aneuploid while the
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corresponding TE biopsy was euploid, and 1 revealed
complex aneuploidy while the TE biopsy showed tri-
somy of chromosome 16 [21]. Nevertheless, more
recent studies demonstrate promising utility of BF
cfDNA analysis for predicting embryo ploidy (see
Section 15.5.4).

15.5.4 Investigations of Concordance
between cfDNA in BF and Embryo
Chromosome Status by TE Biopsy

We undertook a prospective study to investigate the
degree of concordance between the chromosomal
status of the BF and that predicted by TE biopsy
[13]. The study included 17 couples (maternal age
37.6 = 3.5 years) undergoing PGT-A for advanced
maternal age or repeated IVF failures. The BF was
aspirated in 51 blastocysts, whole-genome amplifica-
tion (WGA) applied, and DNA was detected in 39 BFs
(76.5%). The mean amount of DNA after WGA of
the BFs was 900.38 ng/pl. In 38 of these 39 BFs, the
ploidy condition of TE cells was confirmed resulting
in 96.6% of chromosome concordance rate. The
results were also evaluated in relation to the ploidy
status predicted by polar body and blastomere biopsy,
which was confirmed in 93.3% and 100% of cases,
respectively.

In 12 of the 51 BF samples analyzed, no informa-
tive DNA was detected (23.5%) possibly due to
highly fragmented DNA derived from apoptotic cells.
As we know, all cells surrounding the blastocoele
cavity are metabolically active and secrete various
substances. We also know that apoptosis occurs even
in good-quality embryos, both in TE and ICM.
Therefore, the presence of DNA could be a true
reflection of the blastocyst content and could be con-
sequent to its release from apoptotic cells into the
blastocoele cavity [13].

More data are available from another study on BF
from 116 blastocysts from 51 couples (maternal age
38.1 + 3.2 years) undergoing 24-chromosome array-
comparative genomic hybridization (a-CGH) on
polar bodies, blastomeres, or blastocysts. DNA was
detected in 95 of the BF samples (82%), of which
85 had strong amplification and 10 had weak amplifi-
cation. When compared with polar body or blasto-
mere results, BF showed a ploidy concordance of
94.3% in both cases, while the ploidy concordance
with TE cells was 97.1% [20] (Figure 15.2).
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Figure 15.2 Concordance between PB1 and PB2 chromosomal results and those from the corresponding BF, TE, and whole-embryo analyses.
Following PB analysis, the embryo is predicted to be monosomic for chromosome 15 as proven by BF, TE biopsy, and by the analysis of the

whole embryo.

In a further study, BFs from 256 blastocysts
from 91 couples (maternal age 37.7 + 4 years) were
analyzed [22]. According to the TE results, 71 were
diagnosed euploid and 185 aneuploid. When the cor-
responding BFs were submitted to WGA, the inci-
dence of amplification was significantly lower in BFs
from TE-euploid blastocysts (45%) when compared
with those that were aneuploid (81%, P<0.001). After
a-CGH, informative results from BF amplified prod-
ucts were obtained in 172 blastocysts (94.5% of posi-
tive amplifications). The total ploidy concordance was
93.6%, while the chromosome concordance was 96%.
Comparison between the two TE ploidy groups indi-
cated a difference in incidence of informative results
based on ploidy: 97% for aneuploid embryos versus
81% for euploid embryos (P<0.005).

Further analyses were undertaken to investigate
whether PGT-A results from BF cfDNA may be util-
ized for embryo selection. The BF analyses from
53 transferred blastocysts with euploid TE cells were
correlated with implantation in a retrospective and in
a blinded fashion. In all, 33 clinical pregnancies were
obtained, of which 29 were ongoing and 4 miscarried.
The ongoing pregnancy rate was significantly higher
after the transfer of euploid blastocysts with failed BF
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amplification (68%) versus those with positive BF
amplification (31.5%, P = 0.01). Interestingly, in the
case of one of the miscarriages, the BF from the
corresponding blastocyst was found to be aneuploid,
which was in discordance with the TE biopsy result,
suggesting mosaicism as a possible cause of the mis-
carriage [22].

An additional observation in this study [22] was
that 11 blastocysts showed a partial ploidy discord-
ance. In seven of them, embryos had euploid TE and
aneuploid BF as a possible result of the complete
elimination of the abnormal cells from the TE
into the BF (Figure 15.3). In the remaining four
cases, embryos had aneuploid TE and euploid BF,
which might reflect a defective transition from the
mechanism of DNA repair pathways to the cell cycle
control and apoptotic process. While it is unknown
why aneuploidy is so frequent in preimplantation
embryos, evidence indicates that most errors are not
correctable, although several pathways for attempted
self-correction exist, including blastomere exclusion,
the formation of micronuclei, or cellular fragmenta-
tion. At the blastocyst stage, mosaicism is a likely
consequence of aneuploidy correction; the possibility
of mosaic embryos to develop further depends on the
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Figure 15.3 Chromosome analysis by a-CGH in the TE biopsy and corresponding BF

The blastocyst is called euploid by the software analyzing the TE biopsy, although a modest grade of mosaicism is identified for chromosome
1,2,11,12, 14, and 18. The analysis of the BF reveals a clear aneuploid status by calling an extra copy for chromosomes 1, 2, 12, 14, and 18, and
a single copy for chromosome 11. This result supports the role of BF as the collector of aneuploid cells in an attempt by the mosaic embryo to

restore an euploid condition.

proportion of euploid/aneuploid cells, on the type of
abnormalities, and on the efficiency of the corrective
mechanisms.

Taken together, the blastocoelic cavity may repre-
sent a “collector” for products from different cells,
including those generated by apoptotic processes. As
such, we can expect more DNA (possibly apoptotic)
in the BF from aneuploid blastocysts [22], which
raises the question whether BF-cfDNA analysis can
be used for embryo selection. While the balance of
evidence indicates that the lack of BF-cfDNA is posi-
tively correlated with euploidy and implantation, fur-
ther research is required to determine whether this
PGT-A approach has efficacy in clinic practice.

15.6 SCM: A Source of cfDNA
15.6.1 Principle

Although collection of BF is less invasive than polar
body, blastomere, or TE biopsy, the procedure still
involves manipulation of the embryo. Standardizing
the analysis of ¢fDNA in SCM would represent a
PGT-A approach that is even less invasive.

The presence of ¢fDNA in blood was documented
for the first time in adult serum in 1948 by Mandel
and Metais [23]. The source of this DNA was thought
to be circulatory lysed cells as well as apoptotic events.
Fetal cfDNA was later found in maternal circulation
and this prompted researchers to concentrate on
study of embryo-derived cfDNA. It was identified in

the amniotic fluid as well as in the yolk sac,
suggesting that cfDNA was present in every locale
where apoptotic or tissue remodeling activities occur
during preimplantation development. These collective
observations provided the foundation for the first
proof-of-principle report of the successful application
of SCM cfDNA for selection of embryos leading to
healthy live births [24].

15.6.2 Technique for SCM Collection

The volume of SCM collected for cfDNA analysis will
invariably depend on the initial volume of the micro-
drop used to culture the embryo. However, the ratio
of initial microdrop volume to the volume of
medium collected has varied among studies. While
some investigators have used 25 pL microdrops for
culture with collection of only 5 uL of SCM [25],
others have used 15 pL microdrops with collection
of 10 pl [26] and yet other investigators have utilized
10 pL microdrop volumes for culture with all
remaining medium collected after removal of the
embryo [27]. Regardless of the microdrop volume
for culture, it is recommended that the protocol for
SCM collection takes into consideration the fact that
there is likely a gradient of cfDNA from the embryo
outwards toward the drop perimeter. Therefore, it is
inadvisable to pipette the embryo directly from its
original position in the drop as the more cfDNA one
collects, the more likely one will obtain successful
amplification and a result.
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A reasonable approach for sample collection is as
follows [26]:

Use 15 pL microdrop volumes for culture.

Immediately before medium collection, gently

nudge the embryo to the edge of the drop with the

end of a stripper tip, to create the least possible

disturbance of medium in the original location of

the embryo.

Remove the embryo.

Remove 10 uL of SCM into lysis buffer for

cfDNA analysis.

The other metric to be considered for optimized SCM
cfDNA analysis is culture duration and over what
days the embryo should be cultured. Work by Rubio
et al. indicates that culture for more than 48 hours
from day 4 to days 6-7 is optimal [27].

15.6.3 Evidence for cfDNA in SCM

Although ¢fDNA is detectable in the SCM from day 3,
day 4, and day 5 culture [25], as mentioned above,
results may be more accurate when the SCM is collected
following culture of blastocysts from days 6 to 7 [27].
To demonstrate the reliability of cfDNA testing in
SCM, the first step was to perform concordance ana-
lyses [28]. Table 15.2 shows that the performance of
cfDNA testing (i.e. noninvasive PGT-A [niPGT-A])
was higher than that of TE biopsy (i.e. invasive PGT-
A [iPGT-A]) in terms of false positive rate, positive
predictive value, and concordance for both embryo

ploidy and chromosome copy number variation.
These data suggest that cfDNA analysis is less prone
to errors associated with embryo mosaicism, and is
more reliable than TE biopsy.

In another study including 40 morphologically
normal day 5 blastocysts donated for research, the
concordance data between BF combined with
SCM, versus TE biopsy, versus the remaining whole
embryos gave five groups of results, as illustrated in
Table 15.3 [29]. The results obtained from this study,
where the chromosome analysis was performed by
next-generation sequencing, showed that DNA from
SCM and BF can be amplified and provide informa-
tion on aneuploidy. However, the differences between
the three different types of samples leave the way open
to various hypotheses [29]. Similar data were pub-
lished later, proving again a moderate reliability of
this noninvasive technique, compared to traditional
protocols [30]. Consistent with these findings, a
recent study compared the outcomes following trans-
fer of embryos with euploid TE and euploid SCM
results with those having euploid TE with aneuploid
SCM. A total of 115 TE biopsies and SCM from
46 patients were analyzed. The ongoing pregnancy
rate in the group with euploid TE/euploid SCM
showed a threefold increase compared to the group
with euploid TE/aneuploid SCM (52.9% vs. 16.7%).
Furthermore, in the euploid concordance group no
miscarriages were observed, suggesting that this non-
invasive technique was highly reliable [27].

Table 15.2. Comparison of the performance of noninvasive PGT-A and TE biopsy for PGT-A from samples collected following

blastocyst culture

Performance characteristic
False positive rate

False negative rate

Positive predictive value
Negative predictive value
Sensitivity

Specificity

Concordance for embryo ploidy

Concordance for whole chromosome copy number

niPGT-A (n = 102) iPGT-A (n = 100) p-value
21.7% (5/23) 62.5% (15/24) 0.008
1.3% (1/79) 0.0% (0/76) 1.000
94.0% (78/83) 83.5% (76/91) 0.034
95.5% (21/22) 100.0% (18/18) 1.000
98.7% (78/79) 100.0% (76/76) 1.000
78.3% (18/23) 50.0% (12/24) 0.069
94.1% (96/102) 85.0% (85/100) 0.039
81.4% (83/102) 67.0% (67/100) 0.024

Notes: The above comparison includes the three studies assessing performance characteristics of niPGT-A and iPGT-A to the whole embryo,
after collection of samples (spent medium with or without BF) at the blastocyst stage (culture day 5 to 6 or day 6 to 7). P-values were
derived from Chi square with Fisher's Exact Test with p < 0.05 considered statistically significant.

Published with permission from Elsevier: Table 2 of Racowsky C, in Rubio C et al,, Fertil Steril. 2021;115(4):841-9.
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Table 15.3. Chromosomal information obtained from the analysis of TE cells and SCM combined with BF from 40 expanded blastocysts
donated for research. The results were compared against those obtained from the whole embryo

Groups No. Analyzed TE SCM + BF Whole Embryo Conclusions

1 11 Euploid Concordance Concordance Full concordance
4 Aneuploid Concordance Concordance Full concordance

2 2 Aneuploid Aneuploid Euploid Repair activity

Mosaicism in TE

3 12 Euploid Aneuploid Euploid Repair activity

4 4 Aneuploid Euploid Euploid Mosaicism in TE

5 7 Discordance Discordance Discordance Full discordance

Notes: Group 1 included 15 cases with total concordance between all three samples: 11 cases were euploid and 4 were aneuploid. Group
2 had 2 cases in which SCM in combination with BF (SCM + BF) and TE biopsy were in agreement for aneuploidy, but differed from the
whole embryo sample. Group 3 included 12 cases in which the TE biopsy and whole embryo sample gave the same result, but differed from
SCM + BF. Group 4 showed 4 cases with concordance between SCM + BF and whole embryos, but discordance with TE biopsy. Group
5 included 7 cases of absolute discordance between the three samples.

The table summarizes data presented in Li et al., Sci Rep. 2018;8:9275.

On the other hand, several authors oppose use of
SCM as a PGT-A selection technique due to concerns
regarding maternal DNA contamination [31].
Therefore, great care should be taken to remove all
cumulus/corona radiata cells before onset of culture.

Collective evidence indicates that further research
with more robust datasets is required to clarify the
potential use of cfDNA analyses, whether from BF or
SCM, for determining embryo ploidy.

15.7 miRNAs and Exosomes as
Noninvasive Biomarkers

The presence of miRNAs in culture medium, and
their role as embryonic biomarkers, has been postu-
lated [19]. Comparative analysis has been undertaken
of miRNAs in the SCM after culture to the cleavage,
morula, and expanded morphologically normal blas-
tocyst stages (25 implanted euploid and 28 nonim-
planted embryos). Results showed that 96.6% of the
miRNAs detected in SCM were expressed from TE
cells, and that the SCM taken from cleavage and
morula stages did not give the same results [19].
Recently, 89 miRNA and extracellular vesicles
(exosomes), were demonstrated in BFs. BF miRNAs
reflect the miRNome of preimplantation embryonic
cells and these could represent molecular markers of
blastocyst quality. DNA fragments were also identi-
fied and their derivation could result from the pres-
ence of exosomes. Of note, DNA fragments are used
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to facilitate the diagnosis and prognosis of cancer
patients; the possibility exists that their presence in
BFs could be used to investigate Mendelian monogenic
diseases. Therefore, analysis of miRNAs in BF may
provide an additional, minimally invasive approach
for predicting embryo quality [32].

15.8 Conclusions

After 30 years of clinical application, PGT is recog-
nized worldwide as a well-established practice to
reduce the risk of giving birth to affected children.
In the case of aneuploidy testing, most patients, espe-
cially if infertile, tend to ethically accept the applica-
tion of these techniques to decrease miscarriage rates,
to shorten time to term pregnancies, and to avoid
unnecessary repetitive cycles related to the transfer
of undiagnosed embryos. However, the costs and
invasiveness of TE biopsy, which in essence is a sur-
gical procedure, are still the major limitations for
wider application of PGT.

Research is now required for improving reliability
of results from the “less-invasive” BF approach or the
“noninvasive” SCM approach for determining the
genetic status of human embryos. Several studies in
this field are underway, some of them with extremely
promising results, especially those using cfDNA in BF
combined with SCM. However, these new techniques
should first be applied in meticulous and rigorously
controlled clinical trials to determine their safety and
effectiveness.
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Key Messages

PGT-A plays an important role in select patient
populations for embryo selection by identifying
euploid embryos.

TE biopsy is currently the most used method for
PGT-A, although mosaicism complicates
interpretation of the results.

Less invasive techniques for PGT-A involve the
analysis of cfDNA or of miRNAs in either BF, or the
medium in which embryos have been

cultured (SCM).

The analysis of cfDNA in the BF suggests that the
blastocoelic cavity may represent a collector for
different cell products, including those generated

by apoptotic processes. The lack of BF—cfDNA is
positively correlated with euploidy and
implantation rate.

The assessment of copy number variation in
some cfDNA from SCM may be complicated by
contamination due to either the culture medium
constituents or cumulus/corona cells.

miRNAs in BF could represent molecular markers
of blastocysts quality.

Several studies are underway to confirm the
possibility of using cfDNA for less or noninvasive
techniques for PGT-A. The preliminary results are
very promising, especially those combining
cfDNA in BF and SCM.
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16.1 Introduction

Embryo selection methodologies are paramount in the
success of IVF cycles. Today, approximately only one-
third of patients presenting to a clinic can expect to have
a child after one cycle, leaving great room for improve-
ment in our understanding of embryo quality and pre-
diction of pregnancy potential. While current embryo
selection technologies are thoroughly described in this
book, here we will envision possible new technologies in
light of the fact that the current pace of technological
advancement is breathtaking.

16.2 Evolution of Assisted
Reproductive Technology

Human knowledge is increasing in an exponential fash-
ion. For example, it was estimated that the doubling time
of medical knowledge in 1950 was 50 years; in 1980, 7
years; and in 2010, 3.5 years. In 2020 it is projected to be
0.2 years — just 73 days [1]. The assisted reproductive
technology (ART) field is witnessing the emergence of a
large, novel set of possible interventions. Several novel
technologies are making it possible to execute proced-
ures that could not have even been imagined in the past.
Overall, we are witnessing an evolution from ART used
only for infertility purposes (ART 1.0) to elective indica-
tions (ART 2.0) and finally to therapeutic, transform-
ational technologies (ART 3.0, Table 16.1).

ART 3.0 is fueled by breakthrough technological
and scientific discoveries. Examples of these technolo-
gies include CRISPR/CAS9 that is a targeted genetic
“cut and paste” genome editing tool in which research-
ers can modify precise regions of DNA. The first birth
of CRISPR-edited humans (twin girls) occurred in
China in 2018, inciting an intense, ongoing global
scientific debate.

In vitro gametogenesis refers to the generation of
gametes in culture from embryonic stem cells or
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inducible pluripotent stem cells. Healthy mouse oft-
spring have been born from sperm and egg cells
derived from skin biopsies [2]. If such a technology
entered human ART, it would revolutionize not only
the clinical ART field but the entire concept of repro-
duction, by permitting the unlimited creation of
gametes.

Flushing of human embryos from the uterus, a tech-
nique performed in the early days of IVF, could allow
genetic testing of embryos conceived naturally [3].

While molecular cloning refers to the process
of making multiple copies of molecules or DNA,
Reproductive cloning involves the creation of an entire
cloned human, instead of just specific cells or tissues.
While multiple animal species have been cloned and it
is theoretically possible to clone a human, this has not
been done and is considered illegal because of the
significant ethical implications [4]. Of note, monozy-
gotic twins are genetically identical and therefore each
one represents a “clone” of the other; this occurs in
0.04% of live births following natural conception and
in up to 2-3% following ART, likely because the
increased gamete and embryo manipulation processes
facilitate embryo splitting.

Mitochondrial transfer involves the transfer of
healthy donor mitochondria to replace those of the
intended mother, via a variety of techniques including
maternal spindle transfer and pronuclear transfer.
This intervention is primarily indicated for families
with hereditary mitochondrial disease; however, it is
also being controversially explored as an adjunctive
measure for age-related infertility.

Finally, it is worth mentioning the rapidly advan-
cing work on blastocyst complementation between dif-
ferent species (for example, combining a pig blastocyst
deficient of some key genes with a human blastocyst).
This technology could generate a mammalian chimera
(e.g. a pig with a human heart) that could provide
unlimited organs for transplantation [5].
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Table 16.1. Evolution of ART

Timeline

ART 1.0 Infertility-based. Provided only to infertile
couples

ART 2.0 Elective: gamete and embryo banking in
individuals without a history of infertility

ART 3.0 Therapeutic. Examples include:

e Mitochondrial transfer

e Use of CRISPR/CAS9

e In vitro gametogenesis

e Flushing of in vivo embryos from
the uterus for testing

e Cloning

Importantly, these novel technologies might
require new and more sophisticated gamete and
embryo selection tools, to assess the changes induced
by the technologies themselves.

16.3 Novel Technologies for
Embryo Selection

Technologies for embryo selections are rapidly evolv-
ing. Significant progress can be expected from the
adoption of new technologies or the refinement of
currently existing ones. For example, novel biomar-
kers describing the metabolic fitness of a gamete or
embryos might become critically important for
selecting a healthy embryo to transfer.

While current technologies select embryos based
on their implantation potential, we can imagine a
future in which embryos could be selected not only
for the implantation potential but also based on the
expected future health of the individual (Table 16.2).
This could be important, since the ultimate goal of
improving IVF efficiency should be rapid identifica-
tion of an embryo that will generate not only a healthy
singleton newborn, but also a healthy adult.

16.3.1 Use of Artificial Intelligence for
Embryo Selection

Artificial intelligence (AI) represents technologies
designed to recapitulate human-like intelligence, that
is, the ability to learn, reason, and self-correct, in
machines such as computers.
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Based on the pioneering work of Robert Edwards and Patrick
Steptoe (1960, now)

Since ~2010 an increasing number of patients use elective
procedures

These techniques are feasible in animals now. The theoretical
capability exists to execute these procedures in humans as well

Basic terminology of relevant data science concepts
is found in Table 16.3 and Figure 16.1. Machine learn-
ing is one feature of AI that describes the learning
capacity of technological systems, such that they might
iteratively make predictions from datasets without
explicit external programming. In a simplified concep-
tual view, a machine learning model is trained using a
sample of a dataset (the training dataset) on which
it creates a “fit” (i.e. learns to make predictions);
the model is subsequently validated against the
remaining data from the dataset (the validation data-
set) for accuracy.

Potential use cases of Al in ART include:

e Assessment of gametes and embryo quality from
images. Al is especially efficient in image
processing, using algorithms such as
convolutional neural networks

e Massive data processing to enhance fertility
diagnostics and to inform clinical predictions

e Personalization of treatment regimens

There are several potential advantages of using Al in
ART. First, it is believed that AI might remove the
subjectivity in interpreting data (for example, in
assessing the morphology of an embryo), allowing
for unbiased selection procedures. Second, the auto-
mated nature of Al is expected to reduce costs and
increase efficiency and quality control. Finally, thanks
to increasing computational power, AI might be able
to incorporate very large datasets from an IVF cycle
(e.g. patient demographics, medical history, stimula-
tion regimens, follicular response, endocrine param-
eters, retrieval characteristics, embryo morphology,
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Table 16.2. Technologies for embryo selection

Aimed at identifying embryos with higher implantation potential

Type of technology Usage

Morphology Routinely used

Time lapse Frequently used

Analysis of chromosomal ploidy
(preimplantation genetic testing)

Frequently used
but controversial

Performed but
still experimental

Metabolomic of embryos

Mitochondria number Experimental

Gene expression profiling of embryos
or granulosa cells

Experimental

Use of novel imaging techniques Experimental

Use of artificial intelligence to select
embryos

Experimental

Selection of male germ cells by cell
sorting

Experimental

Evidence of utility
70% PPV

Insufficient evidence whether more or less effective than
conventional morphology

Controversial; older randomized controlled trials (RCTs)
suggested benefit while a more recent RCT failed to repeat
this

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Aimed at assessing implantation and future health of the embryos

Selection of embryos based on Experimental
predisposition to develop adult-onset

diseases

Selection of embryos based on
epigenetic/imprinting fingerprint

Experimental

time-lapse imaging) to yield a greater understanding
and prediction of cycle outcomes than ever before, by
connecting dots invisible to humans.

While societal concerns have been voiced about
Al replacing humans and jobs, proponents of the
technology suggest that by removing the automatable,
“mindless” tasks, AI might instead free humans to
perform work that is more creative, interesting,
and human.

However, limitations of machine learning remain.
The “black box” concept represents the idea that the
calculations performed between input and output by
some machine learning systems often cannot be dis-
cerned or understood by humans, even the system
programmers. This introduces the potential for unin-
tended biases in the systems, particularly in the setting
of skewed training datasets. As our understanding of
machine learning grows, we will need to impose
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Unknown

Unknown

reporting standards and statistically sound criteria
for publication. Finally, conventional peer review is
limited both by the highly technical nature of Al, and
the fact that companies developing these technologies
are not subject to the same peer review processes and
traditional academic institutions.

Currently, published evidence of leveraging Al to
benefit ART is limited but increasing. For example,
while only two total abstracts incorporating Al and
machine learning were presented at the annual ASRM
and ESHRE conferences in 2017, 16 projects were
presented in 2019 [6]; most remain unpublished at
the time of writing.

One of the largest published endeavors using Al to
select high-quality embryos implemented a neural
network-based framework (STORK) founded on
Google’s Inception model [7]. Approximately
50000 images from 10148 embryos captured via
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Table 16.3. Basic concepts in data science

Al

Machine learning
Deep learning
Supervised learning
Unsupervised learning
Artificial neural
network
Convolutional neural

network

Data science

Big data

Training dataset

Validation dataset

Deep learning

Machinelearning

The science and engineering of creating human-like intelligence in computer systems, to
achieve goals like reasoning, learning, and self-correction

A subset of Al representing computers’ ability to learn from data without being explicitly
programmed

A subset of machine learning based on artificial neural networks, in which data passes through
multiple transformations allowing software to train itself to perform a variety of tasks

Trial-and-error machine learning based on labeled data, allowing the algorithm to compare its
output with the correct output during training

Machine learning involving unlabeled datasets; the algorithm looks for patterns to create its
own categories of data

Computer systems inspired by biological neural networks, comprising a system of
interconnected units or nodes

A neural network especially adept at image recognition; involves breaking images into
overlapping tiles using filters in hierarchical layers of complexity and then pooling data into
smaller parts

Understanding and interpreting data

Extremely large datasets (terabytes and larger) requiring new technologies and techniques for
interpretation

The sample of data from which the model learns, and is fit to generate predictive algorithms

The sample of data from which the trained model is validated and tuned

time-lapse imaging were studied. STORK discerned pat-
terns and iteratively learned from the training set of
images without preprogrammed features informed by
the researchers. Ultimately, the model was able to predict
embryo quality better than human embryologists with
an area under the curve of >0.98 [8]. When combined
with patient age, the model generated various likelihoods
of pregnancy based on an interaction between patient
age and quality. Of note, STORK was unable to directly
predict pregnancy or positive versus negative live birth
from morphology alone [7]. Yet, this research remains a
proof-of-concept that machine learning using large data-
sets might yield fully automated blastocyst quality assess-
ments that rival or exceed conventional microscopy-
based human-performed methods.

The future will illuminate how AI is further lever-
aged in reproductive medicine.

Figure 16.1 Relationship between artificial intelligence,
machine learning, and deep learning

Al encompasses the science and engineering of creating human-like
intelligence in computer systems. Machine learning is a type of Al,
while deep learning is a further subdivision of machine learning
based on artificial neural networks.
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16.3.2 Selecting Male Gametes by
Cell Sorting

The importance of selection in ART is not limited to
embryos. Upstream gamete selection tools are also

m
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currently in development. For example, cell sorting
techniques are being explored for sperm selection, as
these gametes typically exist in surplus in comparison
to oocytes.

Magnetic-activated cell sorting (MACS) is one
technology under investigation. MACS involves incu-
bating spermatozoa in a buffer containing annexin V-
conjugated microbeads. Annexin V has a high affinity
for the externalized phosphatidylserine phospholipids
on the cell membranes of apoptotic sperm cells.
Exposure of the spermatozoa in this buffer to a mag-
netic field in an affinity column allows for separation
of the nonapoptotic from apoptotic cells. However, this
technique did not improve clinical outcomes of intra-
cytoplasmic sperm injection (ICSI)-oocyte donation
cycles [9]. When combined with traditional modalities
of swim-up and density-gradient, MACS did not
improve semen parameters and further was deleterious
to total and rapidly progressive sperm counts [10].
Thus, MACS has yet to demonstrate any benefit over
conventional sperm separation methods.

Microfluidic sperm sorting is another emerging
gamete selection technique. A microfluidic sorting
chip allows for rapid sorting of raw semen samples,
avoiding centrifugation and the related oxidative stress,
to produce clinically usable sperm. One blinded, con-
trolled laboratory study using the microfluidic “sperm
chip” determined that this cell sorting technique
yielded highly motile sperm with virtually undetectable
DNA fragmentation [11]. If and how a reduction in
sperm DNA fragmentation index might translate into
improved live birth rate is yet to be established.

16.3.3 Label-Free Microscopy:
A Noninvasive Tool to Assess Gametes and
Embryo Quality

The cornerstone of gamete and embryo grading today
relies upon the use of conventional light microscopy.
This technique has been used in the IVF laboratory
for decades and is limited by its ability to provide
only two-dimensional information about three-
dimensional structures, offering rudimentary images
of complex structures. Furthermore, staining tech-
niques used to distinguish cellular structures are
incompatible with clinical use in the IVF lab, since
labeling could damage gametes and embryos.

A variety of novel microscopy techniques are
being explored to improve gamete and embryo
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selection. These recent advances harness emerging
technologies in optics as well as data processing com-
puter algorithms. Overall, these techniques are aimed
at providing additional information about gametes,
embryos, and the cellular processes within, without
disrupting the viability of these structures. The add-
itional information yielded by advanced imaging
techniques may advance our understanding of repro-
ductive biology. Whether novel microscopy methods
will enable advances in gamete and embryo selection
and be routinely deployed in the IVF lab remains to
be determined. However, these are exciting develop-
ments to closely monitor.

Novel microscopy techniques for gamete and
embryo selection include the following:
polarization microscopy
interferometric phase microscopy
confocal Raman spectroscopy
hyperspectral fluorescence lifetime imaging
gradient light interference microscopy

Polarization microscopy includes optical microscopy
techniques utilizing polarized light (i.e. light waves
in which the vibrations occur in a single plane). It
allows for enhanced visualization of structures with
birefringence. Birefringence, also called “double
refraction,” indicates the property of a material to
reflect incident light into two rays taking slightly
different paths. Examples of cellular birefringent
structures include parallel bundles of microtubules
(such as the oocyte spindle or sperm tail) and the
inner layer of the oocyte zona pellucida. Polarization
microscopy initially used a filter and crossed compen-
sator, revealing only structures with a specific orien-
tation (i.e. perpendicular) in relation to the filter.
A new polarized microscope was invented in
1995 using a circumpolar polarizer, allowing for visu-
alization of birefringent structures having any orien-
tation [12].

Polarization microscopy has been used to visualize
the location of the oocyte spindle. Several studies have
investigated the relevance of the spindle orientation
for IVF/ICSI, in order to avoid potential injury on
injection of sperm. A meta-analysis has correlated
visualization of the spindle with improved fertiliza-
tion and embryo development compared with non-
visualization [13]. Spindle dynamics have also been
explored to understand oocyte meiotic maturation. In
addition, another use case of polarization microscopy
has been to determine whether imaging of the oocyte


https://doi.org/10.1017/9781009025218.017

What Science May Come for Embryo Selection?

zona pelucida might influence ART success rates;
early data suggest there may be a correlation between
high birefringent intensity of structures in gametes
and IVF/ICSI outcomes [14]. Finally, polarization
microscopy is an emerging technique for sperm
selection, as birefringence has been correlated with
morphology, DNA integrity, and potentially embryo
implantation.

Interferometric phase microscopy (IPM), also
referred to as digital holographic microscopy, is being
investigated as a method to enhance sperm imaging.
Sperm imaging by traditional bright field microscopy
is limited by the low contrast existent between the
optical properties of the spermatozoa and the ones of
the surrounding field. The human eye is unable to
perceive the very minor delay in light passing through
the sperm compared to the surrounding. In contrast,
IPM uses different techniques to translate phase delays
into visualized contrast. In particular, computer algo-
rithms are used to generate a phase map in which each
pixel indicates the thickness of the sperm at a specific
point (shown by differing colors), yielding a 3D model
of the structure. This technique enables detection and
quantitative measurements of the sperm nucleus, acro-
some, vacuoles, and dry mass, without requiring label-
ing that is used in conventional bright field
microscopy. 3D sperm imaging may further improve
assessments of motility. Whether these additional data
augment the current World Health Organization
semen analysis approach in assessing clinical outcomes
remains to be seen [15, 16].

Confocal Raman spectroscopy is a laser-based
microscopy technique that allows for label-free, non-
invasive, 3D imaging. The submicrometer spatial
resolution affords visualization of macromolecular
structures within cells. This technique has been used
to observe the meiotic maturation of living murine
oocytes from the germinal vesicle through the meta-
phase II stage. In vivo imaging revealed differences
between fixed oocytes and in vivo oocytes in terms
of organelle distribution, nuclear organization, and
mitochondrial architecture, emphasizing the import-
ance of imaging of living cells for our understanding
of reproductive processes [17]. Future research may
perhaps extend such findings to human oocytes, with
the goal of identifying oocytes with higher ability to
fertilize and develop, an especially important fact
given the current trend to cryopreserve oocytes.

Hyperspectral fluorescence lifetime imaging (FLIM)
is a tool for visualizing fluorescent structures based on
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the decay rate of the fluorescence in the sample. In
biology this tool has been used to assess the metabolic
state of cells and tissues, because nicotinamide aden-
ine dinucleotide and flavin adenine dinucleotide, two
key metabolic cofactors, are naturally fluorescent;
thus no special labels are needed. FLIM can be
coupled with time-correlated single photon counting,
in which very rapid detectors record the arrival of each
photon from a laser. This technique has been used in a
mouse model to assess mitochondrial function of
oocytes, revealing differences between young and old
oocytes, as well as those derived from wild type versus
knockout mice as a model of oocyte dysfunction [17].
In addition, FLIM-based metabolic imaging of an
experimental mouse model was able to detect meta-
bolic changes through embryo development to the
blastocyst stage, suggesting this tool may add value in
embryo selection in future ART [18].

Gradient light interference microscopy (GLIM)
is a technique that allows for 3D rendering of live
embryos. By controlling the path length over which
light travels, thick multicellular structures such as
embryos can be probed in a noninvasive way and
multiple unlabeled image slices composited into a
3D model. This technique was first demonstrated in
bovine embryos, revealing their 3D structure and
internal composition [19]. Because the GLIM tech-
nique is offered as an add-on module to conventional
microscopes, ready deployment may be available to
ART laboratories [19]. The future will establish
whether GLIM imaging offers an advantage to human
embryo selection in IVF.

16.3.4 Selection of Embryos Based
on Predisposition to Develop

Adult-Onset Diseases

The 1997 movie Gattaca depicted a society in which
ART will be the only method of reproduction.
Further, blastomere testing would allow choosing an
embryo based on the risk of developing adult diseases
and fitness.

The likelihood of using such technology is still in
the distant future. As an example, genome-wide asso-
ciation study technology, which analyzes the DNA
sequence for evidence of genes predisposing to dis-
eases, has not proven to be significantly helpful. For
example, at least 18 loci have been linked to predis-
pose to type 2 diabetes, yet these loci explain only
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about 6% of diabetes occurrence. On the other hand,
it is conceivable that we will be able to select embryos
based on their transcriptomic and epigenetic signa-
ture of stress. Evidence for this has its origin in the
work of Henry Leese who proposed the so-called quiet
embryo hypothesis, later modified into the so-called
Goldilocks hypothesis [20]. Basically, embryos with
higher implantation potential will be the ones that
will show an intermediate level of metabolic activity,
without evidence of too much or too little stress.
Novel embryo selection technology might therefore
aim to define parameters of stress in the embryo and
then will select embryos that will score in the optimal
physiologic range. The strategy to select embryos
with optimal stress might be particularly important,
since animal studies show that embryos with evidence

of high stress might result in adults with increased
predisposition to adult diseases, like diabetes and
hypertension.

The Barker hypothesis postulates a mechanism to
explain the correlation between in utero (and in this
case, preimplantation) stress and adult health [21].
When an embryo or fetus encounters a stressful
environment, it will activate survival pathways to
adapt to the environmental conditions encountered.
While this will confer a survival advantage in the
short term, it will subsequently predispose to adult
disease. This concept is very important, because it
would suggest that embryo with lower stress should
be selected for transfer.

This is well explained in a series of experiments
(Figure 16.2) where mouse embryos were generated

Blastocyst gene expression Ratio placenta/fetus Glucose tolerance
Control
Reference No evidence of glucose intolerance
or insulin resistance
A D G
“Optimal” IVF 0
conditions i 3 3
% 3001 i -
. .. !
264 misexpressed £ 20y .
genes O]
~M-1VF KAA 5% Oy
® CTRL
0 @ % 12
B E H Time (min)
“Suboptimal” .
IVF conditions 5 .
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E = ]
L]
g 2001 H
a 1008 - IVF WM 20% Oy
0 20 40 60 80 100 120 % @ ) % 120
c F mplacenta mfetus I Time (min)

Figure 16.2 Selecting embryos with less stress might result in healthier offspring

To measure embryonic stress, blastocyst gene expression was measured by microarray technology. Compared to control mouse embryos
flushed out of the uterus at the blastocyst stage (A), blastocysts generated by IVF and cultured in optimal conditions have 264 misexpressed
genes (B). Blastocysts that were cultured in suboptimal conditions have nearly 10-fold misexpressed genes (n = 2 133, C). The size of the circle
is proportional to the number of abnormal genes. (Data are from Feuer SK et al,, Reprod. 2016;153:107-22.)

Importantly, the embryonic stress is memorized: at mid-gestation (day 12.5 in mice), fetuses generated in vitro in optimal conditions have
lower weight and larger and heavier placentae (E) when compared to in vivo embryos (D); this effect is even more evident in embryos that
were cultured in suboptimal conditions (F). (Data are from Delle Piane L et al, Hum Reprod. 2010,25:2039.)

Finally, adult mice generated by IVF in optimal conditions have normal glucose levels when tested with a glucose tolerance test (GTT) (H),
although they have higher fasting insulin levels (indicating insulin resistance — data not shown). On the contrary, mice generated by IVF in
stressful conditions are glucose intolerant when tested by GTT (I). Data are from Feuer SK et al., Endocrin. 2014;155:1956.

These data suggest that limiting stress to embryos (for example by minimizing the number of procedures done to gametes and embryos)
might benefit the future health of the individual.
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by IVF in either optimal conditions (i.e. cultured in
potassium simplex optimized medium with amino
acids and 5% oxygen atmosphere) or in suboptimal
conditions (i.e. embryos cultured in Whitten’s medium
and 20% oxygen) and then transferred to unstimulated
pseudopregnant recipient mice. In different experi-
ments, the embryos’ in utero growth and adult health
were assessed. Control blastocysts were flushed out of
the uterus after superovulation and natural mating
and then transferred to unstimulated pseudopregnant
recipients.

Overall, compared to control, mouse embryos
cultured in optimal conditions showed: (a) altered
blastocyst gene expression (264 misexpressed genes),
(b) fetuses had lower weight and larger placenta at
mid-gestation, and (c) the resulting offspring showed
increased fasting insulin level (a marker of insulin
resistance) but normal glucose tolerance when tested
with a glucose tolerance test. On the contrary, blas-
tocysts cultured in suboptimal conditions showed
nearly 10 times as many misrepresented genes com-
pared to control. Fetal weight was progressively
smaller and the placenta larger, indicating abnormal
growth. Finally adult IVF offspring show clear evi-
dence of glucose intolerance.

Other researchers, by analyzing imprinted genes’
expression and methylation, have similarly shown
that increased manipulation of gametes and embryos
results in increased misexpression and abnormal
methylation of imprinted genes with subsequent
abnormal placentation.

These findings suggest that embryo selection
based on the response of gametes and embryos to
the culture environment might become increasingly
relevant in the future.

16.4 The Need for Debate and Safety

As novel technologies for embryo selection emerge
and evolve, there is a critical need for ethical guidance.
At present, in the United States, new approaches to
embryo selection are regulated primarily at the insti-
tutional level under the discretion of institutional
review boards. Although human reproduction is an
intensely politicized issue, there is no federal governing
body with explicit oversight of deployment of ART
technologies for embryo sorting in IVF clinics across
the country. The Ethics Committee of the American
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Society for Reproductive Medicine has taken position
on some interventional technologies (e.g. by defining
human cloning unethical), however no document
guides the choice of nascent embryo selection tech-
niques. At present clinicians have a significant and
appropriate amount of autonomy regarding the choice
of ART technologies to offer to patients. However, the
ramifications of such individual decisions are signifi-
cant for patients and societies; unanticipated side
effects of embryo manipulation procedures might be
compounded as children age and reproduce. Guidance
is clearly needed to ensure that novel technologies are
adopted thoughtfully and with explicit consideration of
efficacy and, importantly, safety to patients and off-
spring conceived.

16.5 Conclusion

Embryo selection technologies will certainly continue
to evolve at a rapid pace. It is possible and likely that
yet-unknown technologies will appear and provide
great benefit to patients. One critical message for all
practitioners involved in ART is that avoiding exces-
sive gamete and embryo manipulation remains a key
goal.

Key Messages

e The pace of technological advancement is
breathtaking. Novel technologies, like in vitro
gametogenesis, might require novel tools for
embryo selection.

e Alis poised to be extensively used in the field
of ART.

e Improvement of existing technologies (like
assessment of metabolism of gametes or
embryos) might provide a new tool for
embryo selection.

o Novel noninvasive imaging technologies are
rapidly emerging.

e Use of noninvasive technologies for embryo
selection will become preferred.

e Independent of the technology chosen to select
gametes and embryos, there is a critical need to
limit stress to the embryos, as reprogramming of
the genome can occur with unknown long-
term consequences.

e An ongoing ethical dialogue to guide
development of new technologies is crucial.
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Epilogue

The ability to determine the viability of an embryo
created by IVF remains key to achieving successful
clinical outcomes. While this has been the case since
the early days of assisted reproductive technology
(ART), the improved efficiency of ovarian stimulation
regimens and in vitro fertilization and culture tech-
niques means that the responsibility for selection lies
less on nature and more with the embryologist.

As a commercial enterprise, bringing newer and
better selection techniques to the market remains an
attractive proposition, and much has been written
about the responsibility of embryologists and clin-
icians to ensure that innovations in the field are
properly validated before being widely introduced,
even with the pressures to use them before this has
been achieved. This has perhaps been one of the key
challenges in embryology during the last 10 years.

What of the next 10 years? From an embryolo-
gist’s point of view, it might be understandable to see
the next decade as presenting an existential challenge
to the profession. Artificial intelligence and automa-
tion are words that could be reasonably expected to
induce anxiety in the IVF lab. However, we would
argue that while they may change the tasks of the
embryologist, their successful development and
implementation will only increase the importance
of the embryologist’s role in the effective and safe
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treatment of infertility. Perhaps an analogy can be
found in the cockpit of a commercial airliner.
Advances in technology mean that an aeroplane can
be made airborne, flown to a precise distant destin-
ation, and safely landed without the involvement of
the pilot. But they remain necessary because in the
end humans have faith and trust in human interven-
tion more than in technology when life is at stake.
People entrusting their hopes and plans for having
their family to fertility clinics will still need the pilots
to be in the cockpit.

Moreover, while algorithms increasingly find their
way into clinical and laboratory practice, the com-
plexity of biology and the profound importance of
reproduction for achieving contentment and purpose
in life means that embryos will always represent more
than products and recipients of care: they, like their
“parents,” are our patients. Individual patients require
individual care: assisted by algorithms yes, but not
managed by them.

We believe that this book presents a comprehen-
sive state of the ART in this field. We are grateful to
the expert contributors who have recounted what has
been achieved and what still requires development.
They have reminded us too of the profound responsi-
bilities that the embryologist has toward those seeking
help to build their families.

177


https://doi.org/10.1017/9781009025218.018

Index

Note: Page numbers followed by f indicate a figure on the corresponding page. Page numbers followed by t indicate a table

on the corresponding page.

abortive apoptosis, 35
acidified Tyrode’s solution, 151
adenosine monophosphate (AMP), 83
adenosine salvage pathway, 46
adenosine triphosphate (ATP)
cellular energy context in IVF, 82-5
developmental competence and, 95
in embryo development, 82
intensity of autofluorescence and, 94
metabolic loading and, 45-6
mitochondrial DNA and,
85, 87-8
oxygen consumption rates, 89-91
adjuvant therapies for implantation, 26,
27-8t
adult-onset diseases and embryo
selection, 173-5, 174f
advanced female reproductive age
(ARA), 140, 143, 159
age factors in patients, 62
allele dropout (ADO), 136-7
altered blastocyst gene expression, 175
amino acids, 16-17, 67, 125, 127, 130
amniocentesis, 146, 158
anaphase I (AI), 11
aneuploidy, see chromosomal
anomalies in embryos
annexin V-conjugated microbeads, 172
array-comparative genomic
hybridization (a-CGH), 139-40,
143, 161
artificial intelligence (AI), 6, 51, 123,
130, 169-71, 171f, 171t
aspartate assay, 128
assessment of DNA fragmentation,
36-8, 37t
assisted reproduction technology
(ART), see also laboratory systems
in ART; oocyte processing in
ART; sperm manipulation and
assessment for ART
abortive apoptosis, 35
evolution of, 168-9¢, 169
expanded use of, 49
live birth success after, 15
as routine treatment, 10, 14

178

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

sperm manipulation and assessment
for, 38-40, 38-9t
in vitro maturation in, 51
autofluorescence, 51, 92-6

Barker hypothesis, 174
Beckwith-Wiedermann syndrome, 75
bioenergetics in developmental
competence
cellular energy context in IVF, 82-5
historical perspective, 82
introduction to, 81-2
key points, 90-6
mitochondria and, 85-6
mtDNA copy number and, 86-9
noninvasive autofluorescence, 92-6
oxygen consumption rates, 89-91
Raman spectroscopic analysis, 88f,
91-6
scanning electrochemical
microscopic system, 90-1
semi-quantitative estimations of, 88f,
92-5
summary of, 95-6
biopsy techniques in preimplantation
genetic testing
acidified Tyrode’s solution, 151
blastomere biopsy, 152
introduction to, 149
IVF clinic implementation of,
149-51
key points, 155
laser-assisted opening, 151
mechanical ZP opening, 151
overview, 159-60, 159-60¢
polar body (PB) biopsy, 149, 151-2
trophectoderm (TE) biopsy, 152-5
zona pellucida (ZP) opening
procedure, 151
birefringence, 172
birth rate declines, 4-5
“black box” concept, 170
blastocentesis technique, 160-1, 161f
blastocoele, 23, 160-1
blastocyst complementation, 168
blastocyst fluid for cfDNA screening

blastocentesis technique, 160-1, 161f
evidence for, 161
investigations of concordance
between, 161-3, 162-3f
overview of, 160-3
principle of, 160
blastocysts/blastocyst stage
cryosurvival rates, 5
development rates, 62
events of implantation, 23-4, 24-8f
formation of, 11, 14, 17
fully hatched blastocyst, 154-5
grade of expansion, 107
inner cell mass and, 108
morula-to-blastocyst transition, 90
poor-quality blastocyst, 154-5
static evaluations for morphological
assessment, 107-9, 108f
trophectoderm (TE) cells, 108-9
vitrification procedure, 4-6, 150
blastomere biopsy, 149, 151-2, 155, 158
blastulation, 15, 106
blood vessel changes, 23
body mass index (BMI), 15, 24, 46-51
Brown, Louise, 1

calcium pulsations, 11
capacitation, defined, 65
cell-free DNA (cfDNA) screening for
PGT-A, see also blastocyst fluid
for cfDNA screening
blastocyst fluid as source, 160-3,
163f
development of PGT-A, 158-9
evidence in blastocyst fluid, 161
indications for PGT-A, 159
introduction to, 158
key points, 166
miRNAs and exomes, 165
spent culture medium, 165-7
summary of, 165
TE biopsy, 160
cell number and stage appropriateness,
103, 104f
chemical-energy requiring processes,
84


https://doi.org/10.1017/9781009025218.019

Index

chemokines, 23-4
chorionic villus sampling, 158
chromatin modelling, 13
chromosomal anomalies in embryos,
1-2, 43, 119-20, 135-6, 140-6,
144f
citric acid cycle, 84
cleavage stage
aneuploidy in embryos, 121
assessment timing, 103
cell number and stage
appropriateness, 103, 104f
defined, 103
fragmentation, 104-6, 105f
introduction to, 3, 10-11
static evaluations for morphological
assessment, 103-6
symmetry during, 104f, 104
timing of divisions, 14, 15f
uneven cleavage and
multinucleation, 106
c¢MOS proto-oncogene, 50
CO, levels in incubator environment,
63
comet assay, 36-7
comparative genomic hybridization
(CGH), 138-9
competency in embryogenesis, 44-5,
45t
comprehensive chromosome testing
(CCT) techniques, 149-50
Confocal Raman Spectroscopy (CRS),
7f, 91-6, 130, 173
contact materials in ART culture
environment, 64
Cornell University Medical College,
158

CRISPR/CAS9 genome editing tool, 168

cryopreservation, 5, 43, 62, 65, 150
cryosurvival rates, 4-6
culture environment/system
in ART laboratory, 62-4
condition challenges, 5-6
embryo processing in ART, 68
impact on metabolism, 125
laboratory’s role in embryogenesis
and, 53
protection against changes in, 64
of in vitro fertilization, 10, 15
cumulative live birth rate (CLBR), 151

cumulus cell metabolism, 45-6, 47f, 48
cumulus-oocyte complexes (COCs), 63,

66-7
cytoplasmic bioenergetics, 87
cytoplasmic fragmentation, 104-6,
105f, 105
cytoplasmic halo, 101-3, 102f
cytoplasmic maturation promoting
factor (MPF), 11

cytoplasmic organization, 84, 89
cytoskeleton, 12, 22-9, 48, 50-1, 73
cytostatic factor (CSF), 11

D-loop (displacement loop), 85

day 3 ZP opening-based TE biopsy, 149
day 5 useable blastocyst rate (D5BUR),

56-8, 60

day 5-7 sequential ZP opening and TE

fragment retrieval, 149
decapacitation factor(s), 65
decidualization, 22-4
dendritic cells, 23
density-gradient centrifugation, 39-40
developmental competence, see

bioenergetics in developmental

competence
diploidy establishment, 10-12
DNA (deoxyribonucleic acid), see also

cell-free DNA (cfDNA) screening

for PGT-A; mitochondrial DNA
contamination, 150-1
demethylation of, 13, 15, 32
embryonic DNA, 160
histone-based nucleosomes,
33-4
integrity of, 34-6, 35f
methylation of, 15, 33-4
mtDNA mutations, 82
non-nucleosomal, 46
nuclear matrix attachments, 32
packaging and delivery in sperm,
32-3, 33f
protamines, 32-5
repair processes, 103
sequencing methods, 81
DNA (deoxyribonucleic acid)
fragmentation
assessment techniques, 36-8, 37t
comet assay, 36-7
in situ nick translation, 38
sperm chromatin dispersion assay,
38

sperm chromatin structure assay, 31,

37-8
sperm DNA integrity and, 34-6see
also (preimplantation genetic
testing)
summary of, 40-1
terminal deoxynucleotidyl
transferase dUTP nick end
labeling, 36
DNA fragmentation index (DFI), 172
double refraction, 172
dual photon microscope, 92

dynamic evaluations for morphological

assessment, see time-lapse
imaging
dystroglycan, 22

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

Ebner, Thomas, 113
Edwards, Robert G. (Bob), 1, 100
electron microscopy analysis, 72
embryo metabolism
amino acids and, 16-17
in development, 15-17
energy substrate, 16-17
hyperglycaemia and metabolic stress,
16-17
post genomic activation, 16-17
pre genomic activation, 16
reactive oxygen species, 16
embryo nutrient utilization analysis
aspartate assay, 128
assays and platforms, 123-7
assessment of, 125-7, 126-7f
cultural conditions and, 125
embryo viability and, 123-5, 124f
enzyme-linked assays, 123-7
glucose assay, 128
glutamine assay, 128
introduction to, 123, 124f
key points, 132-3
lactate assay, 128
metabolomic platforms, 130
microfluidics technologies, 129-30,
131f
nanodrop technology, 129
novel microscopies, 130
plate reader technology, 129
platforms for, 123-8
pyruvate assay, 128
summary of, 130-2, 132f
ultramicrofluorescence, 128-30
embryo processing in ART
culture medium system, 68
fertilization assessment, 68
overview, 68
embryo selection
adult-onset diseases and, 173-5, 174f
artificial intelligence for, 169-71,
171, 171f
Confocal Raman Spectroscopy, 88f,
91-6, 130, 173
cumulative results, 5
debate over safety concerns, 175
early IVF timeline, 1, 2f
evolution of ART, 168-9¢, 169
fluorescence lifetime imaging
microscopy, 92, 130, 173
future challenges, 5-6, 6f
future of, 177
Gradient Light Interference
Microscopy, 173
improvements in transferred
embryos, 4-5
interferometric phase microscopy,
173
introduction to, 168

179


https://doi.org/10.1017/9781009025218.019

Index

embryo selection (cont.)

key points, 175

label-free microscopy, 172-3

novel technologies for, 169-70t,
169-75

polarization microscopy, 172-3

process of, 1-4, 2-5f, 3f

summary of, 6, 175

time-lapse algorithms for, 119-21

embryogenesis/embryo development,
see also gamete’s role in
embryogenesis; laboratory’s role
in embryogenesis; sperm’s role in
embryogenesis

activating process of,
95-6

blastocyst formation, 11

blastulation, 15

cleavage stages, 3, 10-11

developmental programming, 11-14

embryogenesis and, 11-14, 13f

embryonic genome activation, 12-13

fertilization and establishment of
diploidy, 11-12

fertilization events, 10

gaps in knowledge, 10

implantation and, 11

initiation of, 12

introduction to, 1-2, 10

key points, 17-18

kinetics of, 14-15

lineage commitment, 13-14

maternal determinants of, 44-7

maternal programme for, 11-12

metabolic needs, 15-17

morula formation, 14

oocyte maturation, 11

oogenesis and, 43, 47-51

preimplantation embryo
development, 10-11, 12f

preimplantation embryogenesis,
81-2, 87, 90-6

summary of, 17

syngamy and, 12

timing of cleavage divisions, 14, 15f

extrinsic mediators of embryogenesis,
48-9

failure modes and effect analysis
(FMEA), 150

Fallopian tubes, 20, 21-8f

fecundity rates, 3-4

fertilization process, 10-12, 65, 68

first polar body, 73, 73f

flavin adenine dinucleotide (FAD), 92,
95-6, 173

flicking method, 153

fluorescence lifetime imaging
microscopy (FLIM), 92, 130, 173

fluorescent emission wavelength, 87

fluorescent in situ hybridization
(FISH), 137-8, 141, 158-9

flushing embryos from uterus, 168

follicle stimulating hormone (FSH), 25

follicular fluid, 48, 66-7
follicular growth, 1-4, 2-5f, 3f, 46
folliculogenesis, 72
fragmentation, see also DNA
(deoxyribonucleic acid)
fragmentation
cleavage stage, 104-6, 105f
cytoplasmic fragmentation, 104-6,
105f, 105

sperm DNA fragmentation, 31, 36-8,

37t
free radical generation, 46
free radical neutralizing, 46
freeze—thaw cycles, 25-6, 26t
freeze-thaw procedures, 5
FSH stimulation, 1
fully hatched blastocyst, 154-5

gamete’s role in embryogenesis
current clinical standards, 44f, 44
future research directions, 50-1
intrinsic and extrinsic mediators of,

48-9

introduction to, 43
key points, 51
maternal determinants of,

glandular epithelium, 22

glass wool filtration, 40

glucose assay, 128

glucose uptake and embryo viability
relationship, 123-5, 124f

glutamine assay, 128

glycocalyx thinning, 22

glycosylation, 85

“goldilocks” hypothesis, 172-4

Gradient Light Interference
Microscopy (GLIM), 173

granular cytoplasm, 75-6

guanosine triphosphate (GTP), 82-5, 95

Hamamatsu OCRA R2 camera, 93

health factors in patients, 62

heparin-like EGF-like growth factor
(HB-EGF), 22

high performance liquid
chromatography (HPLC), 127

histone-based nucleosomes, 33-4

hormonal levels with implantation, 25

human chorionic gonadotropin (hCG),
25

human menopausal gonadotropins
(hMQG), 1

hyperglycemia, 16-17

hyperspectral auto-fluorescence
microscopy, 130

iatrogenic zona hardening, 90
implantation
adjuvant therapies for, 26, 27-8¢
blood vessel changes, 23
elevated BMI and, 24
embryo developmental
programming, 11
endometrial cyclicity, 20-3, 21-8f
endometrial development effects, 25
endometrial receptivity, 26-8
endometrial scratch, 26
epithelial cell polarity, 22
events of implantation, 23-4, 24-8f
freeze-thaw cycles, 25-6, 26t
glandular epithelium, 22

embryology key performance
indicators, 53, 55-60

embryonic DNA, 160

embryonic genome activation, 12-13

embryonic stem cells (ESCs), 168

endometrial cyclicity, 20-3, 21-8f

endometrial development, 25

endometrial receptivity, 4, 20, 25-8

Endometrial Receptivity Array (ERA),
26-30

endometrial scratch, 26

energy substrate, 16-17

epigenetics, 31, 33-4, 41

epithelial cell polarity, 22

ERPeak, 26

extracellular vesicles (EV), 24

180

44-7

metabolic loading during ovulation,
45-6, 47f

molecular determinants of, 47-8, 49f

monitoring developmental
competence, 44-5, 45t

oocyte competence in, 49-50

patient health status, 46-7

selection through cell sorting, 171-2

subcortical membrane complex, 50

gametogenesis, 3f, 6, 62, 168
gene mutations, 135

genetic mosaicism, 81
genome-wide association study

(GWAS), 1734

germinal vesicle (GV), 11, 70, 71f

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

hormonal levels with, 25
infertility clinic impact, 25-6
introduction to, 20, 21-8f
leukocyte infiltration, 23

luminal epithelial cells, 22
ovarian stimulation effects, 25-6
ovulation induction effects, 25
rates of, 4-5

stromal cell decidualization, 22-3
summary of, 26-8

uterine tract microenvironment, 24

imprinted genes, 15, 33-4, 175
in situ nick translation, 38
in vitro fertilization (IVF)

assessing developmental
competence, 81


https://doi.org/10.1017/9781009025218.019

Index

cellular energy context in, 82-5
clinic implementation of biopsy
techniques, 149-51
culture environment, 10, 15
embryo growth, 53
improving efficacy, 135
insemination process, 67
male infertility, 31-2
noninvasive selection of oocytes, 70
oocyte donor use in, 46
oocytes fitness, 43
rates of, 56
sperm preparation process for, 65
in vitro fertilization (IVF) laboratory,
see laboratory systems in ART;
laboratory’s role in embryogenesis
in vitro maturation (IVM), 51
in vivo environment, 53
incubation system in ART culture
environment, 64
inducible pluripotent stem cells
(iPSCs), 168
inner cell mass (ICM), 11, 13-14, 23,
107-8, 135, 160
Institutional Review Boards (IRBs), 175
interferometric phase microscopy
(IPM), 173
International Society of
Preimplantation Genetic
Diagnosis (PGDIS), 144
intracellular morphology of oocytes
granular cytoplasm, 75-6
in noninvasive selection of, 73-6
refractile bodies, 74, 74f
smooth endoplasmic reticulum,
74-5, 75-6f
vacuoles, 73-4
intracytoplasmic sperm injection
(1CSI)
abortive apoptosis in, 35
blastocentesis technique, 160-1, 161f
effects of ART on offspring health, 15
fertilization assessment in embryo
processing, 68
fertilization rates, 56
male involvement in, 31-2, 67-8
noninvasive selection of oocytes, 70
oocytes fitness, 43, 51
sperm deposition within a vacuole, 74
TE biopsy and, 150

intrinsic mediators of embryogenesis,
48-9
IVF-ET cycle, 26

karyomapping, 137, 138f
key performance indicators (KPIs) in
embryogenesis, 53, 55-60, 57-8¢

label-free microscopy, 172-3
laboratory systems in ART

contact materials, 64
culture medium protection, 64
culture system in, 62-4
embryo processing, 68
incubation system, 64
introduction to, 3, 62
key points, 68
light suppression in, 64
oocyte processing, 66—8
osmolarity and, 64
ovarian stimulation protocols, 62
oxygen levels in, 63
pH range of cultures, 63
sperm processing, 65-6
temperature control, 63
laboratory’s role in embryogenesis
biological effects of environmental
stressors, 54
culture environment, 53
embryo selection, 59-60
introduction to, 53
key performance indicators in, 53,
55-60, 57-8t
key research points, 60
summary of, 60
time-lapse incubators, 56
useable blastocyst rates, 56-8
lactate assay, 128
laser-assisted opening, 151
Leica EVOS fluorescent microscope, 93
leukocyte infiltration, 23
light suppression in ART culture
environment, 64
lineage commitment, 13-14
liquid chromatography-mass
spectrometry (LC-MS), 130
low motility sperm samples, 65-6
low sperm concentration samples, 65
luminal epithelial cells, 22

magnetic-activated cell sorting
(MACS), 171-2
male factor infertility (MF), 31, 140
mass spectrometry, 127-30
mast cells, 23
maternal-embryonic interactions, 20,
21-8f
maternal mRNA, 13
maternal program for development,
11-12
maturation promoting factor (MPF),
11
maturation stage of oocytes, 70-1, 71f
mechanical-energy requiring processes,
84
mechanical ZP opening, 151
meiosis, 1, 11, 70-1, 71f
meiotic maturation
mtDNA competence and, 86-7
oocyte competence and, 48
oocyte development and, 85

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

process of, 48
spindle positioning during, 76
metabolic loading during ovulation,
45-6, 47f
metabolic stress, 16-17
metabolomic platforms, 130
metaphase CGH, 139
metaphase I (MI) stage of meiosis, 11,
70-1, 71f
metaphase II (MII) stage of meiosis,
70-1, 71f
microdrop volume, 163-4
microfluidic technique for isolating
sperm, 40, 4lf, 129-30, 131f, 172
microRNAs (miRNAs), 165
migration-sedimentation technique,
39
minimally invasive genetic testing, 151
mitochondrial DNA (mtDNA)
copy number and developmental
competence, 86-9
in developmental competence, 85-6
function and dysfunction in, 85-6
mutations, 82
noninvasive assessment, 86
stage-specific spatial reorganization,
87-9
mitochondrial metabolism, 46, 86, 92
mitochondrial transfer, 168
mitosis, 2, 3f, 12, 17, 50, 103-4
molecular cytogenetic methodologies,
138-9
monogenic disorders, 136-7
morphodynamic processes, 90
morphokinetics, 50-1
morula formation, 14, 18, 117, 125
morula-to-blastocyst transition, 90
mosaicism, 143-6, 162
mouse embryo assay (MEA), 64
mRNA fertilization, 50
multiday scoring for morphological
assessment, 109-10
multinucleation with uneven cleavage,
106

nanodrop technology, 129
near-infrared (NIR) spectroscopy, 130
next-generation sequencing (NGS),
139-40, 141f
nicotinamide adenine dinucleotide
(NAD), 92, 94-6, 173
nicotinamide adenine dinucleotide
phosphate (NADPH), 92, 94-6
Nikon Diaphot microscope, 93
Nikon inverted microscope, , 93
noninvasive selection of oocytes, see
also intracellular morphology of
oocytes
first polar body, 73, 73f
introduction to, 70, 71f
maturation stage, 70-1, 71f

181


https://doi.org/10.1017/9781009025218.019

Index

noninvasive selection of oocytes, see
also (cont.)
morphological assessment and
scoring, 76
oocyte dysmorphisms, 80
perivitelline space, 72, 73f
shape considerations, 71, 72f
size considerations, 72
summary of, 76-80
zona pellucida, 72
non-nucleosomal DNA, 46
noninvasive autofluorescence, 51, 92-6
nuclear magnetic resonance (NMR)
imaging, 130
nuclear matrix attachments, 32

observer-based morphological
assessments, 91
Olympus IX 82 widefield fluorescent
microscope, 93
oocyte competence in embryogenesis,
49-50
oocyte maturation, 11, 44, 49-51, 70,
88
oocyte pick-up (OPU), 66-7
oocyte processing in ART, see also
noninvasive selection of oocytes
equilibration and set-up, 66
insemination process, 67-8
intracellular morphology, 73-6
overview of, 66-8
retrieval process, 667
oocyte’s role in embryogenesis, see
gamete’s role in embryogenesis
oogenesis
aneuploidy during, 159
cellular bioenergetics and, 82
complexity of, 1
cytoplasm stored during, 72
developmental competencies and,
44-5, 45f, 45¢
embryogenesis and, 43, 47-51
growth phase of, 46, 47f
osmolarity in ART culture
environment, 64
ovarian hyperstimulation stimulation
syndrome (OHSS), 25
ovarian stimulation protocols, 62, 106
ovulation, 25, 45-6, 47f, 66
oxidative stress and sperm, 34
OXPHOS diseases, 82
oxygen consumption rates (OCR),
16-17, 89-91
oxygen levels in ART culture
environment, 63

partial-zona-dissection (PZD)
microneedle, 151

patient health status, 46-7

percutaneous epididymal sperm
aspiration (PESA), 66

182

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

peri-blastulation delays, 120
peri-implantation stage human
embryo, 86
pericortical cytoplasm, 93
perivitelline space (PVS), 70, 72, 73f
permeable chemical intracellular
thermometer, 87
pH range in ART culture environment,
63
phospholipase-zeta (PLCZ), 11
pinopodes, 22
plasma membrane transformation, 22
plate reader technology, 129
ploidy mosaicism, 121
pluripotent stem cell induction, 168
polar body (PB) biopsy, 149, 151-2
polarization microscopy, 172-3
polycystic ovary syndrome, 159
polymerase chain reaction (PCR), 136,
140
poor-quality blastocyst, 154-5
pre genomic activation, 16
preimplantation embryogenesis, 81-2,
87, 90-6
preimplantation genetic diagnosis
(PGD), 135
preimplantation genetic testing for
aneuploidy (PGT-A), see also
biopsy techniques in
preimplantation genetic testing;
cell-free DNA (cfDNA) screening
for PGT-A
development of, 158-9
indications for, 159
introduction to, 6
time-lapse imaging, 119-20, 135-6,
140-6, 144f, 149
preimplantation genetic testing for
monogenic disorders (PGT-M),
136-7, 145, 149, 158
preimplantation genetic testing for
structural rearrangements (PGT-
SR), 135, 137-43, 149, 158
preimplantation genetic testing (PGT),
see also biopsy techniques in
preimplantation genetic testing
allele dropout, 136-7
introduction to, 135-6
karyomapping, 137, 138f
for monogenic disorders, 136-7
mosaicism and, 143-6
short tandem repeat, 136-7
for structural rearrangements,
137-40, 140-1f
summary of, 144-6
time-lapse imaging, 130, 135
primordial follicles, 1, 46, 47f, 70
pronuclear membrane breakdown,
102-3
prophase II (PII), 11
proprotein convertase (PC), 22

protamines, 32-5
proteostasis, 48, 50
Purdy, Jean, 1
pyruvate assay, 128

Quiet Embryo hypothesis, 17, 132,
172-4

“Rate and Fate” Hypothesis, 125
reactive oxygen species (ROS), 16, 32,
34-5, 65
ReceptivaDx test, 26
recurrent pregnancy losses (RPL),
136
refractile bodies, 74, 74f
repeated implantation failure (RIF),
136
reproductive cloning, 168
respiration-based competence
assessment, 89
respiratory chain complex, 83
retrograde ejaculation samples, 66
RNA
microRNAs, 165
mRNA fertilization, 50
rRNA synthesis, 100
sperm’s role in embryo development,
34
stability of, 48

scanning electrochemical microscopic
(SECM) system, 90-1
Seahorse XF analyzers, 89
second meijotic metaphase (MII), 11
serum beta human chorionic
gonadotropin (BhCG), 58
short tandem repeat (STR), 136-7
S.I.S.Me.R. Reproductive Medicine
Unit, 159
smooth endoplasmic reticulum (SER),
74-5, 75-6f
Society of Assisted Reproductive
Technology (SART), 4
somatic-cell nuclear transfer, 168
spent culture medium
microRNAs in, 165
principle behind collection, 163
reliability of cfDNA testing in,
164-5, 164-5¢
as source of cell-free DNA, 165-7
technique for collection, 163-4
sperm chromatin dispersion assay, 38
sperm chromatin structure assay
(SCSA), 31, 37-8
sperm DNA fragmentation, 31, 36-8,
37t
sperm manipulation and assessment
for ART
comparisons of, 38-40, 38-9¢
cryopreserved sperm samples, 65
density-gradient centrifugation, 39-40


https://doi.org/10.1017/9781009025218.019

Index

glass wool filtration, 40
low motility sperm samples, 65-6
low sperm concentration samples, 65
microfluidic technique for isolating
sperm, 40, 41f
migration-sedimentation technique,
39
other techniques, 40
preparation methods, 65
processing in laboratory systems,
65-6
retrograde ejaculation samples, 66
surgically retrieved sperm samples,
66
swim-up method, 38-9
unusual sperm/semen
samples, 65-6
spermatogenesis, 2, 34, 159
sperm’s role in embryogenesis
assessment of DNA fragmentation,
36-8, 37t
DNA integrity, 34-6, 35f
DNA packaging and delivery, 32-3,
33f
epigenetics and, 33-4
histone-based nucleosomes, 33-4
introduction to, 31
key points, 41
manipulation and assessment for
ART, 38-40, 38-9¢
mechanics of, 32-6
nuclear matrix attachments, 32
protamines, 32-5
RNA and, 34
summary of, 40-1
static evaluations for morphological
assessment
in blastocyst stage, 107-9, 108f
cleavage stage, 103-6
in compaction phase, 106-10
cumulative scoring, 109-10
cytoplasmic halo, 101-3, 102f
introduction to, 100, 101f
key points, 109-10
pronuclear pattern, 100-1, 102f
zygote stage, 100-3
Steptoe, Patrick, 1
STORK framework, 170-1
stromal cell decidualization, 22-3
structural chromosome
rearrangements, 137-40, 140—1f
subcortical membrane complex
(SCMC), 50
subplasmalemmal cytoplasm, 87, 101
surgically retrieved sperm samples, 66
swim-up method, 38-9
syngamy and embryo developmental
programming, 12

T cells, 23
telophase I (TT), 11
temperature control in ART laboratory,
63
terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL),
36
testicular sperm aspiration (TESA), 66
testicular sperm extraction (TESE), 31,
66
tetrahedral blastomere configuration,
106-10
therapeutic cloning, 168
thermodynamically unfavorable
processes, 84
three electrode Clark sensor system, 89
time-correlated single photon counting
(TCSPC), 173
time-lapse imaging (TLI)
algorithms for embryo selection,
119-21
annotation of, 116-18, 117f
benefits of, 113
chromosomal anomalies in embryos,
119-20
clinical benefits, 119-20
considerations in IVF laboratory,
114
data handling and analysis, 119f, 119
dish or slide preparation, 118
historical perspective and
background, 113
incubators and, 56
introduction to, 14
key points, 119-21
patient information on, 118-19
practical tips for, 117-19
uses of, 114-16t, 116
time-lapse (TL) methodology, 5-6
timing of cleavage divisions, 14, 15f
total useable blastocyst rate (TBUR),
56-8
tracking key performance indicators,
58-9
transcription factors, 13-14, 17
transcriptional inhibitors, 12
transferred embryos, 4-5
translational protein modifications, 48
translucent cytoplasm, 101
transmission electron microscopy
(TEM), 73, 87
trichotomous mitosis, 104
tripeptide glutathione, 46
trophectoderm (TE) biopsy
blastocyst fluid in cfDNA screening,
161-3, 162-3f
blastocyst protocols, 152-3, 154f
blastocyst selection, 152, 153f

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press

day 3 ZP opening-based TE biopsy,
149
day 5 useable blastocyst rate, 56-8,
60
day 5-7 sequential ZP opening and
TE fragment retrieval, 149
flicking method, 153
focus issue, 153-4
IVF clinic, 149-51
overview, 159-60
peculiar cases and troubleshooting,
154-5
quality of sample, 154, 155f
techniques of, 152-5
zona pellucida and, 152-3, 154f
trophectoderm (TE) cells, 11, 13-14,
107-9, 135, 143, 149
trophoblast cells, 24, 160

ultramicrofluorescence (UMF), 128-30

ultrastructures of refractile bodies, 74

unusual sperm/semen samples, 65-6

useable blastocyst rates, 56-8

uterine natural killer cells (uNK), 23

uterine tract microenvironment, 24

uterodomes, 22

uteroplacental blood flow, 23

vacuoles, 73-4, 74f, 75

vitamin E supplementation, 16

volatile organic compounds (VOCs),
63

whole genome amplification (WGA),
138-47, 161

zona pellucida (ZP)

acidified Tyrode’s solution, 151

blastocentesis technique, 160-1, 161f

blastocyst fluid and, 160

fully hatched blastocyst, 154-5

introduction to, 70

laser-assisted opening, 151

mechanical ZP opening, 151

opening procedure, 151

overview of, 72

partial-zona-dissection (PZD)
microneedle, 151

poor-quality blastocyst, 154-5

thinning of, 107

trophectoderm (TE) biopsy, 152-3,
154f

zona breakers, 90

zygote stage

cytoplasmic halo, 101-3, 102f

pronuclear pattern, 100-1, 102f

scoring of, 103

static evaluations for morphological
assessment, 100-3

183


https://doi.org/10.1017/9781009025218.019

https://doi.org/10.1017/9781009025218.019 Published online by Cambridge University Press


https://doi.org/10.1017/9781009025218.019

	cover
	Title Page
	Contents
	Contributors
	Preface
	1 Introduction: Why Do We Bother with Embryo

Selection?
	2 Embryo Developmental Programming
	3 Embryo–Maternal Interactions
	4 The Sperm’s Role in

Embryo Development
	5 The Oocyte’s Role in Embryo
	6 The Laboratory’s Role in Embryo

Development
	7 Handling of Gametes and Embryos
	8 Noninvasive Morphological Selection

of Oocytes
	9 Prospects for Bioenergetics for

Embryo Selection
	10 Static Morphological Assessment for

Embryo Selection
	11 Dynamic Morphological Assessment for

Embryo Selection
	12 Noninvasive Analysis of Embryo Nutrient

Utilization for Embryo Selection
	13 Genomics for Embryo Selection
	14 Biopsy Techniques from Polar Body

to Blastocyst
	15 Cell-Free DNA Analysis for PGT-A
	16 What Science May Come for Embryo

Selection?
	epilogue
	index



