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Preface

Embryo cleavage is the division of cells in the early embryo. This division from one-celled
zygote into two cells, four cells, eight cells, and sixteen cells, morula stage, and the final
forming blastocyst stage until implanting in the uterus is called embryo cleavage. These
stage embryos still do not implant in the uterus, and also they are called as preimplantation
embryos. Preimplantation embryo development experiences a series of critical events and
remarkable epigenetic modifications, and reprogramming of gene expression occurs to acti-
vate the embryonic genome. The development of current assisted reproductive technology
(ART) has created some new observations and novel discoveries in cleavage embryos. For
example, in order to observe embryo morphology and assess embryo quality, time-lapse
imaging and light-sheet microscopy have made it possible to visualize early mammalian de-
velopment in greater detail and over longer time periods than ever before. Thus, this book
will collect some new technologies and methods on the study of cleavage embryos to select
high-quality embryos for transfer and improve embryo implantation and pregnancy.

Since the birth of the first in vitro fertilization (IVF or test-tube) baby, ART has been widely
used in human infertility treatment and animal population reproduction and expansion.
However, the success of assisted reproductive technology mainly depends on the production
of viable embryos with high implantation potential. More importantly, choosing the best em-
bryo for transfer has become the major challenge in IVF. In the early embryo culture, the
embryo quality assessment was mainly based on the morphological criteria of transfer em-
bryo. Thus, performing serial observation of embryo morphology is a common technique for
embryologist to evaluate embryos and has been considered as key predictor of implantation
and pregnancy. For a long term, embryologists perform embryo quality and morphology
assessment by taking embryos out of incubator and placing under a microscope. However,
although this is easily practiced, it frequently takes embryos out of incubator due to concerns
for safety and stability of culture conditions. Also, some key points of embryonic develop-
ment may be missed for observation. Recently, various time lapse microscopy incubators
have started to be used in human IVF clinic to monitor all steps of embryo growth and devel-
opment. Time-lapse imaging is another noninvasive, emerging technology that allows 24-
hour monitoring of embryo development, offering the possibility of increased quantity and
quality of morphological information without disturbing the culture condition. This techni-
que has been able to improve transferred embryo implantation and pregnancy. Thus, in the
second part of this book, some morphokinetic markers can be revealed in time-lapse system.
The first is the time outline of embryo cleavage, and embryologists may clearly know what
situation embryo should be at various time points. Thus, an optimal quality embryo or high
potential implantation embryo may be selected for transfer to obtain a higher pregnancy rate.
Secondly, some specific events (such as a four-dimensional video sequencing of embryos) of
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cleavage embryos may be observed by morphokinetic markers and spatiotemporal analysis
and innovated computer hardware and software analysis to determine embryo developmen-
tal speed, sex, etc. Simultaneous monitoring of molecular processes enables the study of con-
nections between genetic expression and cell physiology and development.

Cleavage embryos experience a series of gene expression. In the early stages, maternal
mRNAs direct embryonic development. New study showed that differential demethylation
process results in differential parental gene expression in the early developing embryos that
may have an impact on the correct development. Thus, Part III listed a review paper that
showed different factors affecting gene expression during early embryo development,
which included epigenetic factors, focusing on methylation profiles. The effects of noncod-
ing RNAs on gene expression were thoroughly evaluated. Based on the products of gene
expression, an available metabolic and proteomic approach as the noninvasive molecular
assessment of embryo viability has been described. A new discovery, the alpha-1 chain of
the human haptoglobin molecule, may be used as a quantitative biomarker of embryo via-
bility. If this molecular composition of cultivation media can be used as an additional nonin-
vasive procedure to choose an embryo for selective transfer, it will be very useful to
improve human IVF pregnancy outcome.

Embryonic quality, cleavage speed, and gene expression have a close relationship with in
vitro culture environment, including culture media, incubator type, and gas concentration.
Thus, an optimum for embryo in vitro culture plays important roles in improving embryo
quality and pregnancy rate. In the last part of this book, an interesting research report has
been listed, which showed the favorable response of individual patient’s embryos to media
and incubators. Some patents’ embryos grow very well in one kind of medium, but it does
not grow well in the other medium. Thus, in human IVF clinic practice, using two media
and two incubators for embryo culture could significantly improve IVF/ICSI embryo quality
and increase pregnant rates.

I thank all authors who devoted their time and expertise to prepare these outstanding chap-
ters included in this book.

Bin Wu, PhD, HCLD (ABB)
Arizona Center for Reproductive Endocrinology and Infertility

Tucson, Arizona
USA
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Introductory Chapter: New Technologies for the Study
of Embryo Cleavage

Bin Wu

Additional information is available at the end of the chapter
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1. Introduction

After fertilization by sperm into oocyte combination, mammal embryogenesis is the process
of cell division and cellular differentiation of the embryo that occurs during the early stages of
development. In embryology, cleavage is the division of cells in the early embryo. This divi-
sion from a one-celled zygote into 2, 4, 8, and 16 cells; morula stage; and finally into blastocyst
stage until implantation in the uterus is called embryo cleavage. The zygotes of many species
undergo rapid cell cycles with no significant growth, producing a cluster of cells the same size
as the original zygote. The different cells derived from the cleavage are called blastomeres
and form a compact mass called the morula. Cleavage ends with the formation of the blastula
known as the blastocyst stage embryo that is yet to implant in the uterus and hence is also
called preimplantation embryo.

In the last three decades, the development of assisted reproductive technology (ART) has
created some new observations and novel discoveries in preimplantation embryos, espe-
cially during embryo cleavage. Preimplantation embryo development experiences a series of
critical events and remarkable epigenetic modifications, and reprogramming of gene expres-
sion occurs to activate the embryonic genome. The alteration of these events often results in
changes of embryo quality and morphology. At the cleavage stage, although morphological
scores assigned using traditional criteria have little relationship with chromosome abnormali-
ties [1], morphological evaluation is a major tool to assess embryo quality. Thus, many new
observations and technologies have been developed. For example, in order to observe embryo
morphology and to assess embryo quality, time-lapse imaging, and light-sheet microscopy
have made it possible to visualize early mammalian development in greater detail and over
longer time periods than ever before [2—4]. This book collects some new technologies and
methods on the study of cleavage embryos to select high-quality embryos for transfer and to
improve embryo implantation and pregnancy.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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2. Observation of fertilized embryos to cleavage embryos

Since the first rabbit embryo culture was described in 1912 [5] and mouse zygote could be cul-
tured in vitro to form blastocyst stage embryos [6, 7], embryo quality has become an impor-
tant factor for pregnancy after the transfer of in vitro embryo into the uterus because embryo
quality has a close correlation with transferred embryo implantation in uterus. Since the birth
of the first “test-tube” baby, Louise Brown in July 1978, for which the 2010 Nobel Prize for
Physiology or Medicine was awarded to Robert Edwards for developing in vitro fertiliza-
tion (IVF) and embryo transfer (ET) to treat infertility in women with non-patent oviducts,
in vitro embryo production (IVP) has been widely used in human infertility treatment and
animal population reproduction and expansion. However, the success of assisted reproduc-
tive technology mainly depends on the production of viable embryos with high implantation
potential. More importantly, choosing the best embryo for transfer has become the major
challenge in IVF. In the early embryo culture, the embryo quality assessment was mainly
based on the morphological criteria of the transferred embryo. Thus, performing a serial
observation of embryo morphology is a common technique for embryologists to evaluate
embryos and has been considered as a key predictor of implantation and pregnancy [8-10].
For a long term, embryologists performed embryo quality and morphology assessments by
taking the embryos out of the incubator and placing under a microscope. Besides morphol-
ogy observation, the researchers are interested in a series of studies on cell nuclear change,
gene activation and expression, cytoplasmic protein expression, blastomere differentiation,
and so on. However, these studies often result in the death of embryos. For example, in our
early study which observed microspindle change after the sperm entry into the egg or the
activation of oocyte, the fertilized zygotes or activated eggs needed to be fixed on the slide
and stained with immunocytochemical fluorescein and laser confocal microscopy [11]. Our
research clearly showed the alteration of microtubule and chromatin after bovine oocyte
activation and introcytoplasmic sperm injection (ICSI; Figure 1). The sperm into oocyte or
calcium ionophore and ethanol may activate oocyte and cause extrusion of the second polar
body. In order to observe the time of the second polar body, we stained various stages of
oocytes after activation. The result showed that after 5-hour postactivation, the second polar
body may be completely extruded (Figure 2).

The study of gene expression often requires to isolate mRNA or protein from embryos [12-14];
hence, embryos needed to be lysed and no embryo would survive. In order to study the cell dif-
ferentiation on moral and blastocyst stage embryos, a double staining with fluorescein micros-
copy method has been used to distinguish inner cell mass (ICM) from trophoectoderm (TE).
The numbers of two different cells may be counted based on different colors (ICM as blue and
TE as pink, Figure 3).

These research methods finally damage all embryos, and it is impossible to apply these meth-
ods to clinical practice. Thus, current embryo quality assessment is based primarily on the
morphological criteria of transferred embryos, which includes three major parameters such
as blastomere regularity, fragmentation, and cytoplasmic granularity [15]. Also, embryo cell
numbers on different culture day and multinuclearity can be considered to evaluate embryo
quality [16, 17]. Several reports have documented the association between the morphological
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Figure 1. Laser-scanning confocal microscopy of spindle and chromatin changes at the various time post-activation and
intracytoplasmic sperm injection (ICSI) in bovine. Capital letters (Left) indicate the change post-activation and small
letters (Right) indicate after ICSI. A/a showed at 0.5 h, B/b is 2 h, C/c is 3 h, and D/d is 7 h post-activation or ICSI.
Prenucleus in activated egg and prenuclei in ICSI egg have appeared with red color.
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1.0 hr

Figure 2. Laser-scanning confocal microscopy of spindle and chromatin changes at the various times post activation
in bovine. At 0.5 h after activation, the chromosomes of spindle start to divide, and the completion of spindle division
needs about 3 hours and the second polar body may be extruded at about 5 hours. The red and green together indicate
the spindle, and the red point indicates the first polar body.

characteristics of cleavage stage embryos with pregnancy success. Thus, this is currently the
basic method for embryo quality assessment in human IVF and animal in vitro embryo pro-
duction. However, although this is easily practiced, it frequently takes embryos out of the
incubator which leads to concerns for the safety and stability of culture conditions [18]. Also,
some key points of embryonic development may be missed during observation. Evaluation of
cleavage embryos during culture and before embryo transfer is an important clinical practice.
Currently, the major assessment of in vitro fertilized embryos is visual observation using
microscopy. In recent years, various time-lapse microscopy incubators are being used in
human IVF clinic to monitor all the steps of embryo growth and development. Although
preimplantation embryo diagnosis and screen (PGD/PGS) technologies have been applied in
human embryo selection practice to improve pregnancy rate, these techniques are invasive
for embryos. Finding another noninvasive method to select a good embryo will be very useful
in human ART practice. Sallam et al. [19] reviewed noninvasive methods for embryo selec-
tion and evaluated these methods in the light of the best currently available evidence to find
out whether any of them is ripe for replacing or supplementing the time-honored method of
morphological assessment. Thus, we need more powerful tools to estimate the morphokinetic
markers of embryos.

2.1. Embryo cleavage morphokinetics based on time-lapse imaging

For decades, researchers have attempted to follow the development of multicellular organ-
isms from fertilized eggs into adults. While scientists had explored individual steps of this
process, no method existed to enable them to model the whole process of development live.
Currently, advances in light-sheet microscopy reported in two Nature Methods papers have
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cell mass

Figure 3. Distinguishing different cells in bovine blastocyst embryos with double staining. Top figure shows a blastocyst
embryo with marked inner cell mass (ICM) and around trophectoderm cells (TE). Bottom figure shows double-stained
bovine blastocyst embryo with blue as ICM and pink as TE cells. The picture on top is from webpage search, and the
author greatly appreciates Prof. Fuliang Du’s courtesy for the unpublished bottom photo.
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enabled researchers to visualize early development in great detail [3, 4]. Recent light-sheet
microscopes use a sheet of laser light to illuminate a thin section of a sample and capture the
entire plane in one snapshot. This allows them to use much less light than confocal or two-
photon microscopes. It is very fast but also very gentle to perform extremely well in multiple
critical ways at the same time [20]. For imaging the development of entire embryos like those
of Drosophila, zebrafish, and mice, this new multiview imaging technique is fantastic.

Time-lapse imaging is another noninvasive, emerging technology that allows 24-hour moni-
toring of embryo development, offering the possibility of increased quantity and quality of
morphological information without disturbing the culture condition [21]. The time-lapse
microscope is very useful for embryo development observation. In the last decade, many
human IVF clinics or centers have started to use time-lapse imaging to monitor embryo
growth and division during in vitro culture and finally to select good quality embryo for
transfer according to record data and pictures. This technique has been reported to be able to
improve transferred embryo implantation and pregnancy [22, 23]. Based on time-lapse record
for embryo cleavage, normal embryo cleavage speed may be determined. Thus, in the second
chapter of this book, the timing of embryo cleavage has been outlined based on morphoki-
netic markers by the time-lapse monitor. According to this embryo cleavage timing outline,
embryologists may clearly know at which stage an embryo should be at various time points.
Thus, an optimal quality embryo or a high-potential implantation embryo may be selected
for transfer to obtain a higher pregnancy rate. Using time lapse continuously and frequently
recording system, some morphokinetic markers can be revealed in time-lapse system. For
instance, the rapid division of embryo cells at a given time often results in lower implanta-
tion rate. In the normal situation, the division from zygote into 2-3 cells requires about 10-11
hours of time, but Rubio et al. [21] found that some embryos just spend about 5 hours to com-
plete this division, and these embryos have much lower implantation rate than normal divi-
sion embryos (1.2% vs 20%). Also, embryo unequal cleavage which is defined as an abruption
of one blastomere into three daughter blastomeres or an interval of cell cycle less than 5 hours
often produces significant lower implantation potential [24]. Thus, we may use these more
precise morphokinetic markers to distinguish the embryo quality.

The third chapter further examines and verifies whether time-lapse imaging technology is
useful for the selection of “top-quality” embryos for transfer to improve ART outcome rather
than conventional morphological evaluation. Interestingly, the possible correlations between
the sex of the embryo, embryo fragmentation, treatment protocols, different culture media,
and embryo morphokinetics have been evaluated based on some new researches on time-
lapse imaging facilities. Furthermore, various algorithms and predictive models designed
in ART cycles with time-lapse imaging are also discussed. For example, a lot of researches
on animal and human embryonic development speed by ordinary morphology observation
showed that male embryos grow faster than female embryos [25-27]. However, current time-
lapse imaging observation may provide more detail and exact information on the difference
in male and female embryos during early divisions. Although female embryos showed late
cleavage (t8), morula (tM), and blastocyst stage morphokinetic parameters, they presented
earlier expansion than males. Thus, the key time points of observation is related to embryo
gender development. Interestingly, the authors designed a model according to the time of
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second synchrony and morula formation with four subgroups to predict the probability of an
embryo being female.

In order to further study and explore morphokinetics of embryo cleavage, the fourth chapter
discusses some methods for spatiotemporal analysis of embryo cleavage in vitro. Automated
or semiautomated time-lapse analysis of early stage embryo images during the cleavage
stage can give insight into the timing of mitosis, regularity of both division timing and pat-
tern, as well as into cell lineage. Simultaneous monitoring of molecular processes enables
the study of connections between genetic expression and cell physiology and development.
By time-lapse imaging data and analytical software, a four-dimensional video sequencing of
embryos can be easily created so that growing embryos display new insights into temporal
embryo development. In this chapter, the authors describe three methods with variations in
hardware and software analysis by giving some examples of the outcomes to open a window
to new information in developmental embryology, as embryo division pattern and lineage
are studied in vivo.

2.2. Gene expression of cleavage embryo and noninvasive assessment of embryo viability
via culture media analysis

Preimplantation embryo development experiences a series of critical events and remarkable
epigenetic modifications, and reprogramming of gene expression occurs to activate the embry-
onic genome. In the early stages of preimplantation embryo development, maternal mRNAs
direct embryonic development. Throughout early embryonic development, a differential meth-
ylation pattern is maintained, although some show stage-specific changes. Recent studies have
shown that differential demethylation process results in differential parental gene expression in
the early developing embryos that may have an impact on the correct development [28]. Also,
noncoding RNAs, long noncoding RNAs (IncRNA), and short noncoding RNAs, microRNAs
(miRNAs) have been shown to play an important role in the regulation of mRNAs, and there-
fore their role in preimplantation development has gained significance. Chapter Five reviews
the different factors affecting gene expression during preimplantation embryo development,
which includes epigenetic factors, focusing on methylation profiles, of gametes and preimplan-
tation embryos. The effects of noncoding RNAs on gene expression were thoroughly evaluated.

Because gene expression appearance during embryo development in in vitro culture, pre-
implantation embryos often require rich nutrition culture media. The embryo during its
growth and development needs to absorb some important nutritive components from culture
medium and metabolically produce some by-products as gene expression results. From this
point of view, in vitro culturing of embryos also provides a very important material for fur-
ther noninvasive embryo evaluation by means of examining biomarkers in the spent embryo
culture medium. Current developed methods concentrate on the measurement of metabolic
compounds secreted from developing embryos. These studies mainly utilize the tools of mod-
ern analytics and proteomics. Some studies suggest that metabolic profiling of embryo cul-
ture media using optical and nonoptical spectroscopies may provide a useful adjunct to the
current embryo assessment strategies and provide insight into the phenotype of embryos
with increasing reproductive potential [29].
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In the sixth chapter, the authors describe their new discovery, the alpha-1 chain of the human
haptoglobin molecule as a quantitative biomarker of embryo viability. In a series of retro-
spective, blind experiments achieved more than 50% success rate. This chapter summarizes
the currently available metabolic and proteomic approaches as the noninvasive molecular
assessment of embryo viability. Recent studies showed that the assessment of the molecular
components of nutrient media is a promising area in searching for the markers of successful
embryo implantation with the subsequent development of a clinical pregnancy and the birth
of a healthy baby to enhance the efficiency of treatment using ART techniques [30]. If the
molecular composition of cultivation media can be used as an additional noninvasive proce-
dure to choose an embryo for selective transfer, it will be very useful to improve human IVF
pregnancy outcome.

3. Improving in vitro culture environment for embryo cleavages

Embryonic quality, cleavage speed, and gene expression have a close relationship with in
vitro culture environment, including culture media, incubator type, and gas concentration
[31, 32]. Thus, since starting embryo in vitro culture, many studies have concentrated on
improving embryo culture condition. For many decades, optimization of culture media for
the support of human and animal embryos has been a focus of considerable interest [33]. So
far, many commercial embryo culture media are available for human embryo culture, and
their effects on embryo culture are varied. The studies comparing these effects of culture
media on embryonic development have reported contradictory conclusion. Many studies did
not find a significant difference or found just a tiny difference between various culture media
[34]. Recently, Mantikou et al. [35] used meta-analysis to evaluate 31 different comparisons
for 20 different culture media and could not find which culture medium leads to the best suc-
cess rates in IVF/ICSL

Also, incubators in the IVF laboratory play a pivotal role in providing a stable and appro-
priate culture environment required for optimizing embryo development and clinical
outcomes. With technological advances, several types of incubators have been applied to
human IVF laboratory. Recently, Swain [32] did a comparative analysis of embryo cul-
tural incubators in human IVF laboratories and reviewed some incubator functions and
key environmental variables controlled and the technology utilized in various units. This
comparison indicates that smaller benchtop/top-load incubators provide faster recovery of
environmental variables, but there is no clear advantage of any particular incubator based
on clinical outcomes.

However, based on last decade’s IVF practical observation, Dr. Bin Wu’s laboratory has
found an interesting phenomenon which showed a favorable response of individual patient’s
embryos to media and incubators. Some patents’ embryos grow very well in one kind of
medium, but it does not grow well in the other medium. The seventh chapter gives a detailed
report on this research result. Thus, in human IVF clinical practice, using two media and
two incubators for embryo culture could significantly improve IVF/ICSI embryo quality and
increase pregnancy rates.
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Abstract

Time-lapse system can provide a culture environment to observe the development of
embryos continuously. There are many morphokinetic markers to help us to find out
the best quality of embryos. We review the studies to clarify the relationship of markers
between implantation potential and embryo chromosome status. Surprisingly, most of
markers are controversial or no significant effect on implantation potential and preg-
nancy rate. We suppose that some uncertain factors may influence embryonic implan-
tation and pregnancy. Here we provide a new method for selecting optimal quality of
embryos by many morphokinetic markers in the time-lapse system. Therefore, we can
expect that the time-lapse system helps us to choose the good quality embryos for sub-
sequent embryos transfer to improve implantation potential, euploid chromosome and
pregnancy rate. Furthermore, studies need to understand the other maternal physical
conditions correlation with embryos implantation.

Keywords: time-lapse, cleavage embryo, morphokinetic markers

1. Introduction

The morphology of embryo is the most widespread method to select the embryo with high
implantation potential in assisted reproductive technology (ART). Conventionally, embryo
development was daily observed after insemination, which could assist the embryologists
to select the optimal embryo to transfer for elevating live birth rate eventually. However, the
daily observation is considered as a disadvantage for embryo development because of the
frequent transfer between incubator and atmospheric environment. Thus, a new and power-
ful tool, time-lapse monitor (TLM), was developed to estimate the morphokinetic markers
of embryos. Currently, TLM can be used to evaluate the embryo growing status from the
time of insemination to blastocyst formation. The sequential assessment of pronuclear, cleav-
age stage, and blastocyst morphology can continuously evaluate the morphology of embryos
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through automatically obtaining images in every 5-20 min. Besides, TLM offers a steady cul-
ture condition due to bypassing the daily observation. Here, we discuss the timing of embryo
cleavage and the following effects of implantation potential in this chapter.

2. Morphokinetic markers

Generally, there are many milestones (Figure 1), including pronucleus appearance, pronu-
cleus breakdown, first division, second division and blastulation, during the period of fertil-
ization to blastocyst formation. The TLM fails to obtain the pictures at every minute since the
capturing period was limited. Although the limitation of the time lapse is obvious, currently,
it is still the most practical manner to evaluate the timing of embryo development rather than
daily observation. Here, we listed the morphokinetic markers and discussed the timing of
different time point during the development of embryos and the effect of clinical outcomes.

(1) The timing of second polar body extrusion (tPB2): the time of the second polar body extru-
sion is 2.9 + 0.1 h after Intra-cytoplasmic sperm injection (ICSI). The range of extrusion time
is around 0.7-10.15 h. If the oocytes from female age >38 years old, the timing of second
polar body extrusion was significantly delayed but no other effects were observed in further
embryo development [1]. The mean time of tPB2 is 3.9 h in euploid and 4.0 h in aneuploid
embryos, respectively. The chromosome integrity of embryos is irrelevant to the timing of
second body extrusion [2].

(2) The timing of pronuclear appearance (tPNa): the time of pronuclear appearanceis 8.4+2.4 h
in the implantation group and 8.2 + 1.9 h in the non-implantation group [3]. In euploid embryos,
the mean time of tPNa is 10.2 h and 10.1 h in aneuploid embryos [2]. Therefore, the timing of pro-
nuclear appearance has no significant effect on implantation potential and chromosome status.

(3) The timing of pronuclear fading (tPNf): longer time taken in pronucleus (PN) breakdown
might be beneficial for live birth. Azzarello et al. [4] claimed that the timing of tPNf was longer
in live birth group (24.9 + 0.6 vs. 23.3 + 0.4 h), and there was no live birth if the timing of PN
breakdown was less than 20 h. The timing of PN breakdown was equal between implanted
and non-implanted embryos [3, 5]. The mean time of tPNf is 24.4 h in euploid embryos and
24.8 h in aneuploid embryos [2]. The timing of pronuclear fading has no significant difference
in embryo implantation and chromosome status but no live birth when tPNf is less than 20 h.

Figure 1. The milestones of embryo development. tPB2: the timing of second polar body extrusion, tPNa: the timing of
pronuclear appearance, tPNf: the timing of pronuclear fading, t2, 3, 4, 5, 6, 7, 8, 9: time from insemination to the 2, 3, 4, 5,
6,7,8,9 cell stages, tM: time from insemination to morula, tSB: time from insemination to starting blastulation, tEB: time
from insemination to expanded blastulation, cc2:t3-t2, cc3:t5-t3, s2:t4-t3, s3:t8-t5.
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(4) Time from insemination to the 2-cell stage (t2): it is still controversial in the period.
Meseguer et al. [6] presented that the t2 of implanted embryos group was shorter than non-
implanted embryos (25.6 + 2.2 vs. 26.7 + 3.8 h). Chamayou et al. [3] showed no significant
difference in implanted and non-implanted embryos (26.9 + 3.2 vs. 27.0 + 4.0 h). Kirkegaard
et al. [5] claimed that t2 was similar in the pregnancy and non-pregnant groups. Curiously,
t2 is shorter when embryo was incubated in single culture medium than sequential culture
medium (27.36 + 4.12 vs. 29.09 + 4.86 h) [7]. The mean time of t2 is no significant between
euploid (28 h) and aneuploid embryos (28.4 h) [2]. The development of the 2-cell stage may be
faster in implanted embryos but no significant in chromosome status.

(5) Time from insemination to the 3, 4, 5 cells (t3, t4, t5): some studies have shown that the
enhanced implantation potential has been observed in shorter t3, t4 and t5. The time periods
of t3, t4 and t5 were significantly shorter in implanted embryos than non-implanted embryos.
The times of t3 (37.4 £ 2.8 h), t4 (38.2 + 3.0 h) and t5 (52.3 + 4.2 h) are significant difference in
implanted embryos compared with the times of t3 (38.4 + 5.2 h), t4 (40.0 + 5.4 h) and t5 (52.6 +
6.8 h) in non-implanted embryos [6]. However, Chamayou et al. [3] and Kirkegaard et al. [5]
demonstrated that there was no difference in embryo implantation and pregnancy rate. The
embryo development is faster in single culture medium than in sequential culture medium (3,
37.75 £ 6.64 vs. 39.53 + 6.15 h; t4, 40.07 + 5.98 vs. 41.45 + 6.07 h; t5, 48.77 + 9.49 vs. 52.22 + 9.34 h)
[7]. The mean time of t3 (37.4 vs. 37.2 h) and t5 (50.4 vs. 50.6 h) is no significant difference
between euploid and aneuploid embryos, but the mean time of t4 (40 h) is significant difference
between the euploid (40 h) and aneuploidy (41.1 h) blastocysts [2]. Consequently, faster embryo
development of t3, 4, 5 is beneficial for implantation, but only t4 might influence the euploid
rate of blastocysts.

(6) Time from insemination to the 6, 7, 8, 9 cells (t6, t7, t8, t9): according to the previous report,
although the time from insemination to the 8 cells exhibited faster in implanted embryos
(54.9 £ 5.2 vs. 58.0 + 7.2 h) [8], the other report showed that there are no statistical difference
between the implanted and nonimplanted embryos at t6 (54.3 + 5.8 vs. 54.5 + 8.2 h), t7 (57.4 +
8.6 vs. 57.6 £9.8 h), t8 (61.0 + 10.8 vs. 60.8 + 11.5 h) and t9 (77 + 8.5 vs. 76 + 11.3 h) [3]. In addi-
tion, Kirkegaard et al. [5] also proved that the pregnant rate was irrelevant to the period. In
euploid embryos, the t6 (53.9 h), t7 (57.8 h), t8 (61.9 h) and t9 (76.1 h) are similar to the time in
aneuploid embryos [2]. Statistically, the t6, t7, t8 and t9 have no significant difference between
the implanted and non-implanted embryos and between the euploid and aneuploid embryos.

(7) Time from insemination to morula (tM): morula is defined as all cells fused together. There
is no difference that the tM is 86 + 9.1 and 84.4 + 11.4 h in implanted and non-implanted
embryos, respectively [3]. The tM of euploid (94.4 h) and aneuploid (95.3 h) are insignificant
[2]. Therefore, statistically, the tM does not involve in the implantation potential and chromo-
some status.

(8) Time from insemination to starting blastulation (tSB): the initiation of blastulation means
the time point of the blastocoel cavity observation. There is no significant difference in the
mean time of tSB in implantation and pregnancy [3, 5]. Therefore, the time from insemina-
tion to starting blastulation does not affect embryo implantation potential and pregnancy
rate. However, the mean time of tSB (103.4 h) in euploid embryos is significant shorter than
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aneuploid embryos (103.4 h, p = 0.007) [2]. Furthermore, the shorter tSB refers to more chance
of euploid embryos for embryo transfer.

(9) Time period from insemination to expanded blastulation (tEB): expanded blastulation
means the diameter of blastocyst had increased by more than 30%, the expanding results in a
thin zona pellucida [9]. There is no statistical significance between implanted embryos and non-
implanted embryos (111.7 vs. 110.5 h) [3]. Kirkegaard et al. [5] also indicated that there is no sig-
nificant difference in pregnancy and non-pregnancy groups (104 h). However, the mean time of
tEB is significant shorter in euploid embryos than that in aneuploid embryos (118.7 vs. 122.1 h)
[2]. In addition, the shorter time of embryos achieved expanded blastulation is more likely to
be euploid embryo. The faster embryos of expanded blastulation have more euploid embryos
but the meant time of tEB has no difference between implantation potential and pregnancy.

(10) Time period between 2-cell and 3-cell stage (t3-t2, cc2): cleavage cycle 2, time of the sec-
ond cycle is also known as the time between 2-cell and 3-cell stage. The mean of cc2is 11.4 h
in implanted embryos and 11.8 h in non-implanted embryos [3]. Meseguer et al. [6] found the
same cc2 (11.8 h) in implanted and non-implanted embryos. The mean of cc2 (11 h) is also no
statistical significance between pregnancy and non-pregnancy group [5]. There is no difference
in the mean of cc2 in euploid and aneuploid embryos (10.5 vs. 10.4 h) [2]. Therefore, cc2 can-
not predict the implantation potential, pregnancy rate and chromosome status.

(11) Time period between 5-cell and 3-cell stages (t5-t3, cc3): it is also defined as cleavage
cycle 3 by Chamayou et al. [3]. They presented that the median of cc3 was significant longer
in implanted embryos than nonimplanted embryos (14.4 and 13.0 h, respectively). As a result,
longer cc3 may be beneficial for embryo development.

(12) Time of synchrony of the second cell cycle (s2, t4-t3): time between 4-cell and 3-cell stages
or 3-cell stage also means s2. The mean of s2 is 2 h in implanted embryos and 1.7 h in non-
implanted embryos [3]. It also has no significant difference between pregnancy and non-
pregnancy groups [5]. However, the mean of s2 is significant smaller in euploid embryos than
aneuploid embryos (2.6 vs. 4.2 h) [2]. Therefore, the mean of s2 might be used for predicting
the chromosome status of embryos.

(13) Time of synchrony of the third cell cycle (s3, t8-t5): S3 also signifies the time between 8-cell
and 5-cell stages. It includes the sum of 5-cell, 6-cell and 7-cell stages. There is no difference in the
mean of s3 between implanted embryos and non-implanted embryos (8.0 vs. 8.1 h) [3]. Kirkegaard
et al. [5] also found no difference between pregnancy and non-pregnancy groups. There are no
data compared with the mean of s3 in aneuploid and non-aneuploid embryos. Hence, the effect
of s3 on implanted potential and pregnancy rate remains no significantly.

3. Special markers in time-lapse system

Some morphokinetic markers are only revealed in the time-lapse system because the continu-
ously and frequently recording system. Traditional observation has difficulty in observing these
transitory phenomena. Following this, we listed these morphokinetic markers and conclude the
effect of embryos.
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Direct cleavage (<5 h from 2 to 3 cells): generally, the time from 2 to 3 cells is around 10-11 h
[2,3, 5, 6]. Rubio et al. [10] found that embryos with direct cleavage (<5 h) have lower implan-
tation rate than embryos with normal cleavage pattern (1.2 vs. 20%). The incidence rate of
direct cleavage is 14%. What is the reason causing direct cleavage is still obscure. Based on
the announcement of Rubio et al. [10], the centrioles introduced by the sperm control the first
mitotic divisions of the oocytes. Therefore, the impairment of sperm neck, the location of
centrioles, during ICSI procedure may alter the timing of first embryos cleavage. Rejection of
direct cleavage embryos for transfer could enhance the implantation rate.

Direct unequal cleavage (DUQC): actually, direct cleavage could occur at any cleavage cycle.
Zhan et al. [11] defined as the abrupt cleavage of one blastomere into three daughter blas-
tomeres or an interval of cell cycles less than 5 h. Therefore, they describe direct unequal
cleavage at first cleavage as DUC-1, at second cleavage as DUC-2, at third cleavage as DUC-3
and embryos exhibiting multiple DUCs as DUC-Plus. They found that the embryos fertilized
with the sperm from epididymis, and testicles have significant higher DUP-1 percentage (13.6
vs. 11.4%). However, the incidence of DUS-1 is 9.1% in embryos fertilized with sperm from
ejaculation. Besides, the embryos with multinucleation blastomere (MNB) have 2-3 times
of incidence compared to non-MNB embryos. They conclude that blastocyst rate, implanta-
tion potential and euploid rate are significantly lower in DUC embryos. Non-DUC embryos
should be the first choice for embryos transfer.

Reverse cleavage: reverse cleavage can be divided into two types. Reverse cleavage type
1 (complete): blastomeres rejoin after completely separating. Reverse cleavage type 2
(incomplete): zygote or blastomere fails to separate (type I, Supplemental Video 1; type 2,
Supplemental Videos 2 are available online at www fertstert.org). It could occur up to three
times in 27.4% of embryos during the first three cleavage cycles [12]. They found GnRH
antagonist protocol and ICSI procedure had higher incidence of reverse cleavage compared
with GnRH agonist protocol and IVF procedure. Embryos fertilizing with poor sperm motil-
ity (<21%) also have higher rate of reverse cleavage. Besides, embryos with reverse cleavage
are associated with poor grade embryos and lower implantation potential. Therefore, reverse
cleavage is a negative factor for embryos selection.

4. Conclusion

The continuously morphokinetic change of embryo development is the main characteristic
of time-lapse system. We can observe many milestones of embryos development and calcu-
late the time intervals to understand the relationship of implantation potential, chromosome
status and pregnancy rate. Unfortunately, all the morphokinetic markers could not predict
implantation potential, chromosome status and pregnancy rate exactly. Most of markers are
controversial or no significant effect. Conventionally, embryos with quicker development
would be recommended for transfer to raise the pregnancy rate. However, after reviewing all
the data, not all markers can support this principle.

The reason of controversial descriptions of the markers is very incomprehensive. We suppose
that some factors might influence embryos implantation and pregnancy. Obviously, maternal
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and physical conditions, such as endometrial receptivity, endometrial polyps, endometrial
or endocervical infection, hydrosalpinx, immune disorder, subclinical hypothyroidism etc.,
can also impede the embryos implantation and the following pregnancy. We also know that
aneuploid embryos show poor implantation rate or result in spontaneous abortion. Although
some markers correlate with higher rate of euploid embryos, it still cannot be used for predict-
ing euploid embryos precisely. If people want to know the chromosome status of embryos,
pre-implantation genetic screening (PGS) is still the first choice.

Therefore, the time-lapse system can help us to evaluate the quality of embryos. We can use
more precise morphokinetic markers to distinguish the embryos quality. The embryos with
good quality have higher rate of implantation potential and normal chromosome. Currently,
PGS is the optimal manner to find out the euploid embryos. However, the good quality of
euploid embryo is not a guarantee of embryo implantation and pregnancy. It is the basic condi-
tion for better embryo implantation. We have to consider many other maternal and physical sit-
uations which greatly affect embryo implantation to promote the implantation and pregnancy
rate. It also needs further studies to clarify the mystery of implantation process.
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Abstract

Embryo incubation and evaluation are critical steps in assisted reproductive technology
(ART). Conventionally, embryo assessment has been done by embryologists through
removing embryos from a conventional incubator during the culture period. Over recent
years, time-lapse systems (TLS) have been established which can take digital images of
embryos at key points and time intervals. This technique allows embryologists to assess
the embryo quality in the steady culture environment. According to TLS studies and
prepared algorithm models, it seems that TLS alone or in combination with conventional
morphology can be considered as a useful diagnostic tool to determine high-quality
embryos and improve embryonic implantation and pregnancy rates. In addition, there
were remarkable differences between embryo developmental time points and intervals
regarding embryo gender, embryo fragmentation, and type of ovarian stimulation pro-
tocol. For confident conclusion, time-lapse imaging should be evaluated in further stud-
ies, and the system should be evaluated for cost/benefit ratio effectiveness in individual
laboratory.

Keywords: embryo cleavage, embryo morphokinetics, embryoscope, time-lapse
imaging

1. Introduction

Assisted reproductive technology (ART) may help infertile couples to realize their dream
to have a child in their family, but pregnancy and live birth rates following in vitro fer-
tilization (IVF) still remain low. It is ideal to identify viable embryos with the highest
implantation potential to raise IVF success rates. In the traditional IVF practice, embryo
assessments are mainly based on the morphologic observation and grade of embryologists
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at each stage of oocyte and embryonic development. Some features including oocyte and
embryo quality, blastomere numbers and regularity, the percentage of fragmentation, and
cytoplasmic granularity have been defined as prognostic indicators of successful preg-
nancy. This traditional embryo assessment method may have some detrimental effects
on embryo growth because frequently opening and closing of incubators often cause to
the change of embryo culture environmental steadiness. In order to reduce the inter- and
intra-observer difference change, the time-lapse imaging (TLI) has been introduced into in
vitro fertilization (IVF) laboratory. The application of time-lapse technology to the clini-
cal IVF laboratory has supported more detailed observations on the embryo development
researches quickly.

The aim of this chapter is to determine whether TLI is useful for selection of “top quality”
embryos for transfer to improve ART outcome rather than conventional morphological eval-
uation. The possible correlation between embryos’ sex, embryo fragmentation, treatment
protocols, different culture media, and embryo morphokinetics will be examined based on
some new researches of TLI facilities. Furthermore, various algorithms and predictive models
designed in ART cycles with TLI will be discussed.

2. Time-lapse monitoring system

The main goal in ART procedure is to improve transferred embryo implantation rate and
pregnancy outcome which is influenced by many factors. A major question is how to observe
embryo growth and development in in vitro culture system. Recently, a new embryo culture
system with time-lapse imaging has started to be used in human IVF laboratory practice. In
this automating embryology, crucial events during embryo cleavage can be monitored with-
out removing embryo from the incubator. This technique application may protect embryos
from environmental variations in temperature, pH, and humidity during embryo culture. On
the other hand, the time-lapse systems (TLS) application may reduce the errors of embryo
assessment which depends on embryologist’'s expertise and capabilities. With continuous
image recording, some key events during embryo development might be recorded more
completely for embryo evaluation. Another problem fronting IVF is multiple pregnancies
which increased maternal and fetal complications. Worldwide, many human IVF centers or
clinics tend to decrease the number of transferred embryo by elective single-embryo trans-
fer (eSET) based on selecting high potential embryo for transfer. Time-lapse photography
can help embryologist choose the most viable embryo and reduce multiple pregnancy rate.
The application of TLI was initially demonstrated by Wong et al. who revealed that primary
cell divisions can be considered as a tool for embryo assessment and prediction of embryo
development [1]. Next, Meseguer et al. reported the association of early cleavage division
timing and intervals with embryo ability for implantation [2]. Time-lapse imaging carries a
noninvasive alternative to the traditional embryo morphologic assessment using develop-
mental kinetics as well as embryo morphology and accurate observation of cellular uncom-
mon events, such as direct cleavage to three cells, blastomere fusion, multinucleation, and
fragment reabsorption [3].
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2.1. Time-lapse morphokinetic parameters and embryo pregnancy potential
2.1.1. Arguments supporting predictive value of TLS

Embryo assessment by TLS combined with conventional morphologic observation may
improve implantation and pregnancy rate. Adamson et al. studied 319 embryo transfer cycles
which were divided to standard morphology alone and TLS and morphologic evaluation (case
group). The results showed that implantation rate was 30.2 versus 19.0%, and clinical preg-
nancy rate was 46.0 versus 32.1%, in case and control groups, respectively (P < 0.05) [4]. In a
historical cohort study, it is indicated that three embryo morphokinetics in the first 48 hours
of culture including short duration of the first cytokinesis, duration of the three-cell stage,
and absence of direct cleavage to three cells are associated with developing embryos to high-
quality blastocysts [5]. Milewski et al. also analyzed developmental data of 1060 embryos and
claimed that embryo morphokinetic parameters are related to reaching blastocyst stage and
implantation capability and can be reflected in embryo quality. The most different morphoki-
netic parameters were median of t9 (the time from insemination to the ninth division), t8_int
(the stage after the third division), and cc4 (the fourth round of cleavage) between the groups
with and without chemical and clinical pregnancy [6]. In a randomized, double-blinded, con-
trolled trial, 930 patients were divided randomly into two groups. A total of 2638 embryos
monitored by TLS in case group and 2427 embryos cultured in standard incubator are con-
sidered as controls. Implantation rate (44.9 versus 37.1%) and ongoing pregnancy rate (51.4
versus 41.7%) were significantly higher in embryos monitored with TLS compared to control
group, respectively. It is also reported that early pregnancy loss was meaningfully reduced in
TL-monitored embryos (16.6%) compared to standard-cultured embryos (25.8%) [7]. A total of
648 embryos, resulting from 60 patients, were prospectively evaluated during culture in TLS.
The embryos are cultured until Day 5 (blastocyst stage). Early cleavage division time (t2, t4,
and t8) and morula (tMor), start of blastulation (tSB), blastocyst (tBL), and expanded blastocyst
(tEBL) were remarkably higher in discarded embryos in comparison to blastocysts. Also, early
embryo kinetic parameters are correlated to the implantation potential, but this correlation
was not observed in late embryo kinetic parameters [8]. Moreover, in a prospective multicenter
cohort study, 1727 embryos were evaluated in 5 IVF centers using TL monitoring in combina-
tion with Early Embryo Viability Assessment (Eeva). The main outcome was the evaluation of
embryologists” skill to choose embryos using Day-3 morphology alone compared to applica-
tion of both morphology and Eeva. The reported specificities for three embryologists who used
morphology or morphology plus Eeva were 59.7 versus 86.3%, 41.9 versus 84.0%, and 79.5
versus 86.6%, respectively. Results showed that using Eeva in combination with Day-3 mor-
phology significantly upgraded experienced embryologists’ capability to recognize embryos
which may extend to the blastocyst stage [9]. In consistence, another study used the aforemen-
tioned methodology with five embryologists and found similar results. The odds ratio by using
only morphology assessment was 1.68 (95% CI=1.29-2.19), while conventional morphology in
combination with Eeva Test resulted in higher odds ratio for predicting blastocyst formation
2.57 (95% CI =1.88-3.51). Therefore, addition of the Eeva Test to traditional embryo evaluation
decreased the inconsistency among embryologists [10]. Furthermore, in a large cohort study,
9530 embryos inseminated by intracytoplasmic sperm injection (ICSI) were cultured in TL

incubator. Cases were evaluated in four subgroups including “regular divisions,” “viable eight
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cells,” “viable blastocyst,” and “implanted embryos.” Significant differences were reported
between “regular divisions” and “viable eight cells” regarding for t2, t3, t5, cc2, cc3, s2, and s3.
The timing of t5, t8, tM, cc3, and s2 was remarkably higher in “viable blastocyst” compared to
the “viable eight-cell” group. Implanted embryos showed a higher rate for time of t8, tM, tB,
and s2 when equated to blastocysts. The results confirmed TLS accuracy for detecting embryo
development and implantation potential [11]. Similarly, in an observational study with large
sample size, 7483 zygotes inseminated by ICSI were cultured in TLS. Seventeen morphokinetic
parameters were evaluated, and a number of significant correlations were found between them
and both blastocyst formation and implantation. The most prognostic parameters for blastocyst
formation included time of morula formation (tM) and t8-t5. These parameters were less pre-
dictive for implantation potential. The parameters with the power of implantation prediction
were time for expansion blastocyst (tEB) and t8-t5 [12].

2.1.2. Arguments against predictive value of TLS

In a randomized controlled trial, Park et al. compared 240 patients in a closed culture time-
lapse system (TLS) with 124 patients in conventional incubator. They reported no significant
differences in the number of four-cell embryos, implantation, and ongoing pregnancy rates.
They also found a significant higher miscarriage rate in the TLS group [13]. These results are
in line with other studies, which showed similar results in good quality embryos, embryo
development, blastocyst rate, implantation, and ongoing pregnancy rates between customary
culture and TLS [14-16]. In the same way, in a two-part study, poor-prognosis patients have
shown no differences in Day-3 embryo quality, implantation, and clinical pregnancy rates
between embryos cultured in EmbryoScope™ and conventional culture, whereas in the sec-
ond portion, embryos developed in the EmbryoScope™ revealed significantly poorer quality
on Day 3 compared to standard-cultured embryos [17]. Likewise, in a recent study, a total of
2092 embryos undergoing IVF cycles were evaluated by conventional morphology assess-
ment or TLS. As results indicated, clinical pregnancy rate with transfer of Day-5 embryos
was three times higher than Day-3 transfer. But clinical pregnancy rate (68 versus 63%) and
implantation rate (51 versus 45%) were comparable between conventional and TLS groups,
respectively [18].

In summary, new indicators based on timings and the appearance of abnormal morphologi-
cal events can only be identified through time-lapse technology. Most of these markers which
are detected during the early developmental embryo stages provide early and effective deci-
sion regarding embryo selection. Furthermore, it appears that kinetic parameters observed by
TLS can predict blastocyst formation with high development ability. However, more studies
including accurate meta-analysis should be performed to aid embryologists select embryos
with high implantation potential.

2.2. Effect of gender status on embryo morphokinetics

There is a hypothesis that embryo developmental stages are different between male and female
embryos and it is showed in animal studies [19, 20]. For human embryos, it is reported that
male embryos grow faster than females [21, 22] but other studies negate this theory [23, 24].
Nowadays, developing of TLS for observing embryo developmental process allows monitoring
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embryos exactly during early divisions. A number of 78 female and 60 male embryos were
observed retrospectively. Embryos were cultured in TLS with 100% implantation and identi-
fied gender status. As results, female embryos presented earlier expansion than males. But the
other key time points and intervals were as the same as blastocyst rate formation [23]. Similarly,
81 live births from successfully treated ART cycles evaluated, respectively. Results indicated
that female status is related to late cleavage (t8), morula (tM), and blastocyst-stage morpho-
kinetic parameters. The authors concluded that some expanded blastocyst-stage morphoki-
netic variables are correlated with female embryo gender [25]. Otherwise, in another study 176
male and 161 female embryos were evaluated, and there were remarkable differences between
embryo developmental time points and intervals regarding gender. The authors designed a
model according to the time of second synchrony and morula formation with four subgroups
to predict the probability of an embryo being female [26]. It seems that further studies with
larger samples are needed to confirm the association between embryo morphokinetics and
gender status.

2.3. Fragmentation impact on embryo morphokinetics

Fragmentation is a common pattern in early embryo development stages. In conventional
morphological embryo assessment, high fragmented embryos are considered inappropri-
ate for transfer or cryopreservation due to low implantation potential [27]. An increase and
decrease in the number and volume of fragments as well as reabsorption and lysis may take
place during the embryo culture period, and these events could not be detected without using
time-lapse system. Application of time-lapse incubator and embryoscope in recent years pro-
vides an opportunity to get more information of embryonic growth at different time points
rather than morphologic evaluation at particular time point. Stensen et al. evaluated 1943
oocytes and 372 embryos using the PolScope instrument and TL imaging, respectively. It is
reported that embryos with <10% fragmentation (low degree) at 42-45 hours after insemina-
tion were originated from oocytes with an early presence of the meiotic spindle, quick first
mitosis, late start of the second mitosis, and a smaller period of the third mitosis. However,
embryos with high fragmentation (>50% fragmentation) were resulted from oocytes with late
appearance of meiotic spindle (36.5 hours after human chorionic gonadotropin (hCG) injec-
tion), delayed start of the first mitosis (29.8 hours after insemination), early initiation of the
second mitosis (36.4 hours after insemination), and a longer interval of the third mitotic cell
cycle [28]. It is reported before that fragmentation during early embryo developmental stages
is related to mitotic errors [27]. In Stensen’s study, it is confirmed that highly fragmented
embryos at the time of the first mitotic cell division could not reabsorb fragmentation and
considered as embryos with the high level of fragmentation during morphological assess-
ment. According to the aforementioned data, a correlation was noticed between fragmenta-
tion and progress of the meiotic and the mitotic cell cycles among in vitro-derived embryos.

2.4. Effect of ovarian stimulation protocol on embryo morphokinetics

The quality of oocytes and embryos is affected by several factors in in vitro cycles. One of these
elements is treatment protocol which is applied for ovarian stimulation in ART cycles and is
dependent to patient’s condition and clinician’s decision. It is confirmed that gonadotropin
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type which is used for ovarian control, increase hormone levels in follicular fluid as well as
apoptosis in cumulus cells [29]. Recently, the effect of different drugs and dosage used in
ovarian stimulation on embryo quality has been evaluating via TLS. Munoz and colleagues
monitored 2817 embryos in oocyte donation cycles by TLS retrospectively. They reported that
embryos derived from cycles stimulated by gonadotropin-releasing hormone (GnRH) antago-
nist + GnRH agonist divided faster than embryos originated from patients who treated with
GnRH agonist + human chorionic gonadotropin (hCG). But the difference was not significant
between groups excluding the first developmental stage [30]. In addition, the other retrospec-
tive study examined 739 embryos by TLS and compared the embryo morphokinetics among
patients who triggered by hCG versus GnRHa using TLS. They found developmental delay
in embryos originated from hCG-triggered cycles compared to embryos derived from cycles
triggered by GnRHa [31]. Conversely, there was no significant difference between three stud-
ied groups by TLS regarding embryo morphokinetics. The patients were treated with only
recombinant Follicle-stimulating hormone (rFSH), only human menopausal gonadotropin
(HMG), and a combination of FSH and HMG. The time points and time intervals in rFSH
group reported close-to-ideal timing with no significant difference [32]. According to limited
mentioned studies, it can be concluded that the type of ovarian stimulation protocol affects
embryo developmental kinetics in different patterns.

2.5. Effect of the type of culture media on embryo morphokinetics

It is proven that culture media components and conditions are important for optimal embryo
development. These days the effect of culture media on embryo morphokinetics is visible accu-
rately by using TL monitoring system. Animal research using TLS confirmed the effect of dif-
ferent culture media with varied components on blastocyst formation [33]. In a cohort study,
532 human embryos were cultured in 2 different media, Global as single-step medium and Sage
Cleavage as sequential medium. Embryos are monitored by TLS regarding two cells (t2), three
cells (t3), four cells (t4), and five cells (t5) as the same as the length of the second cell cycle (cc2)
and the synchrony in the division from two to four cells (s2). There were no significant differences
between embryos regarding mentioned time points between two culture media. The implanta-
tion and pregnancy rates were comparable between groups [34]. The results of a randomized
clinical trial on 1356 embryos were similar to the mentioned study. All zygotes were divided
into two single steps and sequential media randomly and monitored in TLS until Day 5. The
percentages of good quality blastocyst on Day 5 were equivalent between two groups. However,
the number of good quality embryos on Day 3 was significantly higher among embryos cul-
tured in single-step medium. Eleven morphokinetic parameters were evaluated, and only four
parameters (t7, t8, t3c4c—time between the first observation of 3 and 4 completely separated
blastomeres, and t5c7c—time between the first observation of 5 and 7 completely separated blas-
tomeres) differ significantly between embryos cultured in altered media. The authors concluded
that single-step culture medium is as nutrient as sequential media for blastocyst development
[35]. Costa-Borges et al. compared embryo morphokinetics in single culture media with and
without medium renewal on Day 3 of culture. The results revealed no significant differences
in good quality blastocysts, blastocyst formation rate, embryo early and late morphokinetics as
well as clinical pregnancy, take-home baby rate, and perinatal outcomes [36].
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According to the restricted mentioned study, it seems that single-step and sequential media
have equivalent effect on embryo morphokinetics. However, additional researches are needed
for confirmation of this theory.

2.6. Morphokinetic algorithms for prediction of embryo implantation potential

Developing of TLS provides the opportunity to observe continuous embryo development.
Embryologists can select the most viable embryo using a new scoring system based on embryo
morphokinetics. It seems that a globally accepted algorithm is needed to predict embryo
implantation potential. For the first time, Meseguer et al. introduced a hierarchical model
using early embryo morphokinetics. They divided 247 evaluated embryos to 6 subsections,
and 4 of these groups were further subdivided into two subcategories. Based on the findings,
the multivariable model was designed to categorize embryos according to their implantation
potential [37]. Four years later validation of this model was evaluated in a retrospective study
by Freour et al. They calculated the implantation rate matching to each subgroup designed by
Meseguer’s model and analyzed the same data in subgroups according to the day of embryo
transfer. The findings did not show the same sensitivity of Meseguer’s model for prediction
of implantation rate according to morphokinetic subgroups [38]. For creating a time-lapse
deselecting model, 270 embryos transferred on Day 3 with known implantation data (KID)
were analyzed based on both qualitative and quantitative parameters retrospectively. In addi-
tion, 66 KID embryos were evaluated subsequently for validation of the model. Qualitative
deselection parameters were described as poor conventional morphology on Day 3, abnormal
cleavage patterns detected by time-lapse monitoring, and less than eight cells at 68 hours
post-insemination. Quantitative parameters were the time from pronuclear fading (PNF) to
five-cell stage and duration of three-cell stage. In conclusion this deselecting method reported
as a reliable tool for embryo selection [39]. In a retrospective multicentric study, 1664 intra-
cytoplasmic sperm injection (ICSI) cycles were analyzed. Of them 799 were used to generate
an algorithm, and 865 cycles were applied to exam its predictive value in the second study
phase. The timing to two cells (t2), three cells (t3), four cells (t4), and five cells (t5) as well as
the length of the second cell cycle (cc2 = t3-t2) and the synchrony in the division from two to
four cells (s2 = t4-t3) were studied, and both implantation and clinical pregnancy rates were
investigated. Three parameters of t3, cc2, and t5 are related to implantation. According to
these data, embryos were categorized to four subgroups. In the second phase of the study, the
algorithm was authenticated among 1620 transferred embryos. In this phase, embryos were
classified based on the algorithm, and significant differences in implantation rate were found
between the different subgroups. The authors claimed that aforementioned algorithm is a
powerful tool for embryo selection in TLS [40].

Milewski et al. create two predictive models for blastocyst development [41] and the trans-
ferred embryo implantation ability [42]. They evaluated the embryo morphokinetic param-
eters between embryos developed to blastocyst, and embryos did not reach blastocyst stage
[41] as well as between implanted and non-implanted embryos [42]. Based on the findings
and using statistical analysis, two models were generated which presented TLS as a good pre-
dictive instruments for embryo implantation but not as high as the model for blastocyst for-
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mation. Recently, Petersen et al. presented an appropriate algorithm for Day 3 of transferred
embryos which is not dependent on culture conditions and fertilization method. The data was
gathered retrospectively from a record of 3275 KID embryos transferred on Day 3 performed
in 24 clinics. The new algorithm (KIDScore) was developed based on the six TLS parameters
including one morphological and five morphokinetic events. Embryos were allocated to five
categories, which predict the embryos” implantation potential. The algorithm was validated
using a discrete data set of embryos cultured until Day 5 to examination of its ability to pre-
dict blastocyst formation. It is concluded that KIDScore could be considered as a “generally
applicable Day-3 algorithm” which can be useful in “different clinical settings” [43]. Steadily,
the effectiveness of the six embryo selection algorithms (ESAs) [15, 40, 44-47] was observed
among 884 IVF or ICSI cycles. Validity of each ESA for detecting embryo implantation poten-
tial was determined using specificity, sensitivity, positive and negative predictive value (PPV
and NPV), area under the receiver operating characteristic curve (AUC), and likelihood ratio
(LR) regarding implantation rate in each model. Results showed the necessity of development
in predictive algorithms according to the patients” characteristics, treatment protocols, and
environmental factors. They believed that current ESAs may not work properly during appli-
cation in other clinics [48]. Dominguez et al. combined TLS and proteomics to design a new
model for the best embryo selection. They evaluated seven proteins in embryo culture media
and find a correlation between them and embryo morphokinetics. The most relevant param-
eters were interleukin (IL-6) and cc2 among proteins and embryo time points, respectively.
According to this relationship, an algorithm was considered for estimation embryo implanta-
tion rate. Embryos in the existence of IL-6 and 5-12 hours cc2 had remarkable implantation
rate compared to other embryos [3].

Declared data showed that using embryo morphologic variables in combination with key
time events leads to generate cumulative score models. It seems that these predictive algo-
rithms integrate different variables and could not be easily adjusted to provide a globally
accepted model. It is necessary to design in-house models which are specified for the same
patients and conditions.

2.7. Different studies based on time-lapse observation

With the recent progress of TLS, a new opportunity is provided to study embryo develop-
mental process accurately. TL monitoring offers a possibility to have exact observation on
both early and late embryo morphokinetics and their correlation to embryo origin, fertiliza-
tion methods, genetic abnormalities, and observer variability. In this section we review some
of these studies.

To evaluate the influence of embryo origin by means of treatment-related factors on embryo
morphokinetics, a cohort study was established among 1507 embryo from 243 patients. The
results showed that blastocyst-stage embryos are more influenced by patients’ characteristics
than cleavage-stage embryos. Patients” age and dose of FSH have a positive correlation with
delayed blastocyst development. It is also shown that embryos fertilized by ICSI have a sig-
nificant faster first cleavage division than IVF originate embryos [49].
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Minasi et al. examined that morphokinetic parameters of 928 blastocysts underwent preim-
plantation genetic screening (PGS). They reported no significant difference among euploid
and aneuploid embryos regarding time-lapse morphokinetics and concluded that morphoki-
netic parameters can be used in combination with, not instead of, PGS for detecting embryo
ploidy status [50]. Conversely, in a retrospective cohort study, a total of 460 embryos were
cultured in TLS and biopsied on Day 3. Comparative genomic hybridization (CGH) microar-
ray was performed for detecting aneuploidy. The result showed that some kinetic parameters
including tPNF, t2, t5, cc2, and cc3 differ significantly among normal and aneuploid embryos
[51].

Regarding the effect of intercellular communication on embryo development, a study was con-
ducted on 765 good quality four-cell embryos. Four-cell embryos were investigated for inter-
cellular contact point (ICCP) on Day 2 after insemination. The results showed that embryos
with less than six ICCPs at the termination of four-cell stage have a decreased implantation
potential when compared to those reaching six ICCPs by the end of four-cell stage (5 versus
38.5%). They concluded that discarding of embryos with poor morphology, abnormal cleav-
age, and fewer than six ICCPs at the four-cell stage results in a meaningful improvement in
implantation rate [52].

To define the impact of fertilization methods on embryo morphokinetic, Bodri et al. evalu-
ated 500 expanded blastocysts incubated in TLS retrospectively. The result indicated that IVF-
fertilized embryos have a significant delay in early embryo developmental stages (pronucleus
fading to t4) compared to embryos inseminated by ICSI, whereas IVF-fertilized embryos
developed faster during blastocyst expansion stage. They reported a 1.5-hour time difference
between standard IVF embryo and ICSI-fertilized embryo [53]. However, a definite conclu-
sion needs further assessment with more studied cases.

For the first time, Sundvall et al. evaluate inter- and intra-observer inconsistency of time-
lapse explanations. Three observers performed self-directed interpretations on time-lapse
recordings on 158 fertilized embryos. Totally, the correlation was high for all of the examined
parameters. Results showed close and strong interobserver agreement. The highest correla-
tion was found for the timing of pronucleus breakdown, the completion of blastocyst hatch-
ing, and the appearance and disappearance of the first nucleus after the first division. There
was also a perfect agreement for all cleavage stages. Two binary parameters including mul-
tinucleation and evenness of blastomeres at two-cell stage presented reasonable agreement.
Intra-observer variability evaluation demonstrated comparable results for most parameters.
The authors indicated that embryo morphokinetic factors can be used certainly for embryo
viability prediction, even the recording interpret by a trainee operator [54].

2.8. Conclusion

Embryo selection criteria based on the current morphological evaluation do not associate with
a high implantation or pregnancy rate. During the recent years, different studies based on a
TLS have delivered new knowledge on embryo development proposing embryologists the
chance to improve embryo evaluation and selection. Analysis of human embryo morphokinet-
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ics provides an improvement of implantation potential prediction at both early and late cleav-
age stages as well as prognosis potential to reach the blastocyst stage. Furthermore, TLS plays
a key role in progress of SET policy to minimize multiple pregnancy and related complication.
Moreover, embryo time-lapse monitoring reduces inter- or intra-observer variability. “Tele-
embryology” may be considered as another advantage of TLS that allows monitoring embryos
remotely via the Internet from any location. In addition TL monitoring collects large amount of
data including recorded and stored images and videos which can be analyzed retrospectively.
However, several studies presented positive outcomes and clinical validity of TLS; there are
some limitations regarding this instrument. Some arguments remain regarding embryo expo-
sure to light during image acquisition (every 5-15 min). It is a preference to plan guidelines on
image capturing in terms of light wavelength, duration of lightening, and frequency of imaging.
Likewise, there are restrictions in embryo rotation which make difficulties in the visual obser-
vation especially in the presence of cytoplasmic fragmentation or overlapping blastomeres. On
the other hand, an important limitation in morphokinetic assessment is that the human embryo
morphology is not a good figure of the chromosomal status. It is well known that embryos with
good morphology may have aneuploidy, whereas suboptimal embryos may be euploid [21, 55].
Therefore, TLS should be applied in conjunction with PGS for detecting genetic abnormalities.
Moreover, anumber of confounding factors are recommended to effect timing of morphokinetic
parameters including, oxygen tension, ovarian stimulation protocol, fertilization methods, type
of culture media, smoking, and advanced age which should be considered in TLS researches.

Recently, some algorithms which are designed according to embryo morphokinetics sug-
gested predicting embryo implantation and pregnancy potential. It states that the time points
in these models are overlapped and the algorithms lose their predictive value when externally
applied. Future properly designed study is needed to plan a common classification for key
time points and time intervals that are accepted worldwide.

In conclusion, implantation rate should be considered as the first outcome and take-home
baby rate as the final outcome to evaluating success of this new technology. Some researchers
believed that embryo selection via TLS should remain an experimental policy due to lack of
evidence-based medicine to sufficiently assess the safety and effectiveness of this equipment.
However, it is important to know that TLS is a powerful noninvasive technology for the study
of embryo development which offers a wide-range document of morphological and dynamic
parameters about each embryo. The system should be evaluated for cost/benefit ratio effec-
tiveness in individual laboratory.
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Abstract

Automated or semiautomated time-lapse analysis of early stage embryo images during
the cleavage stage can give insight into the timing of mitosis, regularity of both divi-
sion timing and pattern, as well as cell lineage. Simultaneous monitoring of molecular
processes enables the study of connections between genetic expression and cell physiol-
ogy and development. The study of live embryos poses not only new requirements on
the hardware and embryo-holding equipment but also indirectly on analytical software
and data analysis as four-dimensional video sequencing of embryos easily creates high
quantities of data. The ability to continuously film and automatically analyze growing
embryos gives new insights into temporal embryo development by studying morpho-
kinetics as well as morphology. Until recently, this was not possible unless by a tedious
manual process. In recent years, several methods have been developed that enable this
dynamic monitoring of live embryos. Here we describe three methods with variations
in hardware and software analysis and give examples of the outcomes. Together, these
methods open a window to new information in developmental embryology, as embryo
division pattern and lineage are studied in vivo.

Keywords: embryo cleavage, time-lapse analysis, morphokinetics, embryo profiling,
phylogenetics, cell lineage

1. Introduction

Despite 30 years of practice, the success rate for implantation of embryos into the uterus in
in vitro fertilization (IVF) is still only around 30% [1, 2]. Consequently, when transferring
embryos from in vitro culture and implanting them, it is critical that only the best embryos
are selected. This will not only optimize the chance of live birth but also reduce the need for
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multiple embryo transfer, with the subsequent risk of twin pregnancy and the neonatal com-
plications and associated maternal pregnancy-related health problems. Though cultivation
methods have improved, embryo selection is still largely based on manual evaluation of mor-
phological criteria, and much research has been done in identifying morphological features
correlated with embryo health. Other methods such as genetic screening and metabolic pro-
files of culture media exist, but have not yet proven to increase pregnancy rates [3-9]. There is
an ongoing discussion concerning the relevance of embryo morphology in quality assessment
[10], but it is likely that it will continue to play a large part in IVF embryo evaluation also in the
future. Traditionally, embryo quality assessment has been performed by manual inspection
using light microscopy at intermittent time points during embryo development. Novel tech-
nical solutions have recently made it possible to monitor embryos continuously using time-
lapse imaging, opening new possibilities for embryo evaluation based on dynamic properties.

It has been shown that the timing of key occurrences within the embryo can vary greatly
between embryos that have similar morphological appearance at the end of the recording
period and that embryo morphology can change in a matter of hours [11-14], emphasizing
the fact that dynamic monitoring is preferred over intermittent monitoring of embryos. An
important endpoint for embryo studies is the timing of embryo cleavage, which has been
shown to correlate to embryo viability and implantation potential [15-18]. For research pur-
poses, tracking of cell lineage and cell positioning within the early embryo provides impor-
tant information to understand pluripotency. Embryos are also a good model for the study
of developmental biology and three-dimensional cellular interaction. The ability to continu-
ously film and analyze growing embryos gives new insights into temporal embryo devel-
opment by studying morphokinetics as well as morphology. Until recently, this was only
possible by a tedious manual process. Although currently some human IVF laboratories have
started to use time-lapse technology to monitor embryo cleavage and growth, further descrip-
tion of the technology and its potential is needed. The focus of this chapter is on the methods
used to study living early embryos over time and the possibilities they render as new tools for
embryological research and clinical application.

2. The role of live imaging in embryology

Conventional microscopy suffers from several drawbacks, such as requiring sample fixing
and only providing static information in an intermittent manner. The complete understand-
ing of cell division and development requires a dynamic perspective on an individual cell
level as most information on cell response to environment, dynamic gene expression and
timing would be missed in a static analysis. In recent years, the imaging technologies have
provided new tools in microscopy, sample handling, and hardware and software for live
imaging of individual cells. There are several examples of single cell [19-22] and single mol-
ecule monitoring in living cells, using both marker-based and marker-free approaches.

Fluorescent tags enable the tracing of specific proteins and measurement of their characteristics
to study gene expression, protein localization, and function and protein-protein interaction. By
using several markers simultaneously, it is possible to track several proteins or gene expressions
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at once. With time-lapse microscopy, intracellular events can be linked to external factors such
as cell-cell interaction and ultimate cell fate. These methods give us remarkable new insights
into the dynamics of gene expression, cellular interactions, and heterogeneous processes. In flu-
orescence imaging, a laser is used to excite the fluorophores at a particular wavelength. Full field
epifluorescence can then be used to measure the light as the fluorescent tags emit light while
returning to their unexcited molecular state [23]. In confocal imaging, a pinhole in combination
with focused laser light is introduced to effectively reduce background fluorescence and allows
optical sectioning of the sample by mechanical scanning. Varying the pinhole will effectively
vary the thickness of the sample being imaged, the image resolution, and the acquisition time.

For some applications, the use of fluorescent tags is not feasible. By continuously filming
embryo material some important information on cell outline, position, shape, and texture can
be extracted from the time-lapse sequences without the use of fluorescent markers. By match-
ing and tracking, this information can be combined to a timing profile of the dividing embryo,
detecting temporal location of division and tracking cell lineage over time. Using computer
vision in combination with a noninvasive imaging method makes it possible to continuously
study embryo growth with minimal sample interference. Fluorescence imaging allows the
noninvasive measurement of gene expression and intracellular characteristics, while marker-
free light microscopy allows the tracking of cellular size, shape, and behavior over time in
response to molecular changes. This combination gives us the possibility to directly monitor
cellular responses and changes in gene expression in response to the environment. The result
is a cellular model that can bridge the molecular scale to the cellular, mapping the actual con-
nections between the chemical and the biological world.

3. Noninvasive techniques for embryo imaging

Currently, a set of biotechniques has been successfully applied to mouse and human embryo
imaging. This technique includes the addition of a fluorescent marker and marker-free meth-
ods. For research purposes, the addition of fluorescent proteins can be considered a noninva-
sive method, if the protocol used does not significantly disturb embryo growth. For clinical
applications in human embryology, no markers of any kind can be used. In this section, we
will refer to fluorescent marker methods as noninvasive, and specify the “truly” noninvasive
method as “marker free.”

3.1. Fluorescence imaging

Adding fluorescent proteins (FP) is a standard way to selectively study specific intracellular
targets [24]. The most common fluorescent tag is the green fluorescent protein (GFP) [25],
derived from the jellyfish Aequorea Victoria [26]. The FP is introduced by transfection or micro-
injection of a plasmid DNA expressing vector, carrying the genetic code for the protein. By
tagging a biologically functional protein of interest with the FP, a specific pathway can be
tracked. The use of FPs enables a straightforward way to locate the protein within the cell, but
this can have drawbacks. Phototoxicity may occur at short enough wavelengths and at high
laser excitation intensities [27]. Also, a transient expression of FP may result in higher-than-
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normal levels of the functional protein accompanying it, which may have unforeseen effects
on the dynamic behavior of the entire system. Alternatively, the FP can be integrated into the
genome using targeted genome editing technologies like CRISPR-Cas9 (M3), in which case
the number of plasmid copies per cell will no longer affect the protein concentration. Control
experiments are necessary to establish the effect of the FP study method, which may differ for
each host system or experimental environment.

FP can also be used to study the dynamics around the FP binding site by fluorescence recov-
ery after photobleaching (FRAP) [28]. In FRAP, a fluorophore is covalently attached to the
molecule of interest. The fluorophore is intentionally photobleached using incident laser light.
The diffusion of the molecules can now be quantified by studying the gradual brightening of
the photobleached spot, as fresh fluorophores migrate into this area. Three closely related
techniques are the fluorescence loss in photobleaching (FLIP), fluorescence decay after pho-
toactivation (FDAP), and fluorescence correlation spectroscopy (FCS) [29]. Fluorescence reso-
nance energy transfer (FRET) (sometimes also called Forster resonance energy transfer) can
be used to study protein-protein interactions [30]. In this case, a donor fluorophore is placed
in an excited state by incident laser light, and the energy held in the excited molecular state is
transferred to an acceptor fluorophore which must be in close proximity (typically less than
ten nanometers). When two molecules under study are labelled with the donor and acceptor
fluorophores, respectively, the detected light from the acceptor fluorophore indicates that the
two molecules are in close proximity.

A number of studies have used fluorescent markers using various imaging modalities to
study protein movement within the embryo [31-34] and using embryonic stem cells [35, 36].

3.2. Marker-free microscopy

Currently, IVF centers or clinics are using two main techniques for embryo imaging: Hoffman
modulation contrast imaging (HMC) (sometimes referred to as white light) [37, 38] and dark-
field imaging (DF) [39]. For research purposes, CARS [40] and light sheet microscopy [41] are
also becoming increasingly common. HMC was standard before time-lapse imaging of IVF
embryos came in use and is still used in manual microscopy set ups. Consequently, images
from time-lapse sequencing resemble the microscopy images to which embryologists are
accustomed, an advantage when annotating images and comparing manual and computa-
tional approaches. HMC is best suited for imaging internal cell detail. On the other hand,
Darkfield gives better detail to edge structures such as cell membranes, and more accurately
to detect and track cell outlines.

Darkfield imaging is an imaging method that excludes any unscattered light, causing the sam-
ples to appear brighter on a darker background and enhancing the contrast of the imaged and
unstained sample [42]. It is a simple yet effective method to noninvasively enhance sample
contrast but has the disadvantage of low light levels available for collection. To compensate,
the sample must be strongly illuminated and the heavy light exposure can cause sample dam-
age. However, the low light level also means the image is almost entirely free from optical
artifacts. Darkfield microscopy is most useful for studying boundary structures with a high



Methods for Spatio-Temporal Analysis of Embryo Cleavage In Vitro
http://dx.doi.org/10.5772/intechopen.69650

difference in refractive index and imaging cell membranes is, for instance, more effective than
internal cell structures. It is best suited for thin samples with high differences in refractive
index (such as for sharp edges) and for thick samples, artifacts may occur.

HMC Imaging was invented by Hoffman in 1975 [43]. Today, it is a common technique for
noninvasive contrast enhancement of biological samples. Its advantages include good con-
trast, low light exposure, excellent resolution, and a short depth of field, with the opportunity
of focal sectioning at a resolution controllable by the numerical aperture of the objective. The
ability to section is also influenced by the sample homogeneity. The disadvantages include
strong optical artifacts and image appearance unsuitable for computerized image processing.
HMC is commonly been used for embryology studies and has been included in a number of
commercial products.

4. Challenges in live embryo imaging

Although advances have been achieved in techniques for live single-cell imaging in recent
years, several challenges still exist for wider implementation. An experimental design for
long-term imaging and analysis must ensure not only high-quality imaging but also long-
term support for sample vitality and appropriate computational methods for the analysis.
Observing embryo in vitro requires an incubator environment to provide optimal living con-
ditions or the sample during the imaging period. Temperature changes can affect the function
of physiological processes as well as reaction kinetics and the challenge will increase with the
length of the study sequence. One solution is the installation of an incubation flow chamber
on the microscope, reducing the amount of gas and liquid to sustain the sample to a small
volume, but suffering from drawbacks such as the risk of introducing condensation on the
incubator chamber surfaces. Another approach is to integrate the microscopy optics in an
incubator chamber, posing demands on the microscope optics and electronics to function in a
humid, temperate atmosphere. A limited number of commercial solutions exist, which com-
bine incubation capabilities with imaging hardware. With any of these solutions, the embryo
medium and container must not introduce imaging artifacts such as light reflecting surfaces,
auto-fluorescence, or excessive medium volumes in the light path. Another challenge is the
loading and retrieval of cells from the mounting chamber, a process that may cause loss of cell
identification. For IVF, several combinations of incubators and microscopes exists [44], either
as integrated solutions or in the form of a microscope designed for use inside an incubator. So
far, no difference has yet been seen in growth and implantation rates of embryos grown in the
standard intermittent incubator system and a time-lapse incubator system [45-47]. One study
found a higher rate of miscarriage for the time-lapse group, indicating there are reasons for
caution. However, the same study noted no effect on pregnancy rates or embryo health prior
to implantation [48].

In nonhuman IVF, phase contrast microscopy is commonly utilized instead of HMC. Phase
contrast microscopy is similar to HMC in that it gives high level of image detail at the expense
of image artifacts in the form of halos around sample objects. The varying appearance of
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embryos of different species will affect the decision of which optical system to use. Some
species have dark, dense-appearing embryos (e.g., pig), while others are more translucent
(e.g., mouse). As a consequence the optimal optical system for a given embryo species vary,
and any appropriate analytical software must be chosen accordingly. Single-cell studies using
darkfield imaging is limited by the hardware to the 4-6 cell stage. Using focal sectioning
in HMG, it is possible to image the entire embryo from zygote to blastocyst stage, but any
automated analysis becomes increasingly difficult with increasing cell number as the out-of-
focus image details cannot be removed, despite the sectioning. In humans, the compaction at
the 9-16-cell stage involves a reduction in visibility of cell boundaries and may represent a
feasible stage for automated detection beyond the 8-cell stage. The cavitation and blastocyst
formation stages also offer opportunities for automated analysis of images, covering expan-
sion and collapse events.

In fluorescence time-lapse imaging of nonhuman mammalian embryos, the life time of the
fluorophores is limited, an effect referred to as photobleaching [27]. Bleaching can be limited by
reducing exposure, but ultimately sets a limit to the duration of the imaging sequence. The
most severe cause of concern is the toxic effects caused by the exposure to intense laser light
for a prolonged period of time. This phototoxicity can be limited by minimizing laser exposure
using mechanical fast shutters or switching LEDs, but any shutters will quickly reach the end
of their life span in a continuous time-lapse imaging set up. Switching at 1 Hz, a shutter will
open and close a million times in about 12 days. In all cases, an efficient microscopy control
software is necessary.

There is a trade-off between information gathered and potentially harmful sample exposure,
and the frequency of image capture must be carefully chosen depending on the study end-
point and the expected frequency of the dynamics under study. In the case of simultaneous
monitoring of multiple samples, two solutions exist. In scanning, either the imaging hardware
or sample is moved and repositioned at each image capture. In this case there is a trade-off
(limited by the moving mechanics) between samples imaged and images captured per sam-
ple. In full-field, the image captured includes all samples simultaneously. In this case, there is
instead a trade-off between the number of samples imaged and the image resolution available
to each sample.

For two-dimensional imaging, full-field techniques are the most efficient as they capture the
entire field of view in one single exposure. However, the stability of the system becomes criti-
cal as the time-lapse sequence length increases. Focal drift remains a problem and an autofocus
mechanism or a method for user input to correct may be needed.

Even with moderate capture frequency, the amount of data from time-lapse studies can
quickly build up to terabytes or more, especially if data is recorded simultaneously in mul-
tiple dimensions and imaging modalities. Consequently, both data storage, efficient access to
data for analysis and the post-acquisition analysis itself must be considered. A small amount of
video data may be analyzed manually, but this method quickly becomes cumbersome and
time-consuming and automatic or semiautomatic methods are necessary. Manual evaluation
of images is also prone to errors and inter-observer variability [49, 50]. It is often beneficial if
the intended analysis can be considered already at the image capture stage so that acquisition,
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image quality, and hardware set up can be optimized upfront. Several open source software
applications exist for the analysis of video sequences. Unfortunately, they are generally not
suited for more advanced analysis of multidimensional data, which is often the case in embryo
studies, where three-dimensional scanning or focal sectioning is used to capture data in mul-
tiple dimensions. Specialized solutions tailored to the data are also often both faster and more
accurate than a general purpose application. The development of analytical tools hinges on
access to verification data, for example, in the form of annotated image data for ground truth.
With the increasing amount of generated image data, the availability of such training data has
become a significant bottleneck. The solution, increased sharing and open access to data and
annotations, requires standardized methods for data management, format, and metadata stor-
age. To this end, open-source bioimage database systems such as OMERO [51] are an impor-
tant step.

The optimal choice of analysis differs widely with the experimental set up and the aim of the
study. Often, an initial analytical step is the identification of cell outlines in images. There are
several ways to detect and track cell outlines in embryo imaging, both segmentation-based
(requiring an identification of embryonic cell outlines), segmentation-free [52-55], or a com-
bination of these [56]. Usually, a correctly performed segmentation [54, 57-59] provides the
most detailed information on cell position, shape, and outline, but is computationally also the
more challenging.

No single set of experimental conditions for long-term imaging can be used universally. Each
biological question and model requires its own specific combination of hardware and soft-
ware tools and must often be customized. Solutions to these challenges will enable important
discoveries in embryology in the future. Kang et al. [60] and Turksen [61] provide useful sum-
maries of protocols for fluorescent labelling and the imaging and tracking of stem cell, respec-
tively. The following three sections exemplify successful time-lapse imaging methodologies
for both human and nonhuman embryos with solutions to the experimental challenges using
three very different approaches.

5. Method 1: three-dimensional mouse embryo morphology using
fluorescent markers

To understand compaction, cell lineage, cell rearrangement and dynamic behavior of embry-
onic cells during the cleavage phase, and dynamic imaging is necessary. This project studied
the role of filopodia formation in compaction, apical constriction, pluripotent cell internaliza-
tion, and cell positioning prior to embryo compaction, which is believed to be important for
pluripotent development of embryonic cells. In addition, intracellular processes are moni-
tored using a variety of targeted fluorescently tagged proteins and transcription factors.

With fluorescence microscopy, we can selectively excite and visualize fluorescent proteins
as a marker in living tissue. The discovery of genetically encoded fluorescent proteins (FPs)
permits the quantitative analysis of most cellular proteins including monitoring of their dis-
tribution and dynamics [62]. Fluorescence imaging is a technique that perfectly addresses
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problems in embryonic development, because of the need to study embryos in vivo. In con-
focal microscopy, in contrast to widefield fluorescence imaging, the detector pinhole blocks
fluorescence from areas that lie out of focus [63]. This allows confocal imaging to reduce
some of the scattering effects elicited by widefield fluorescence microscopy. However, scan-
ning a single section implies the excitation and, therefore, damaging off-focus areas above
and below the focal plane. In addition, the pinhole will also exclude scattered signal photons
emitted from the focal plane as they travel away from the specimen. Therefore, widefield and
confocal imaging are methods best suited for thin samples of less than ~40 um. To study the
events occurring deeper in the mouse embryo, which is about 100 um in diameter (70 m of cel-
lular portion plus the zona pellucida), requires the use of two-photon excitation fluorescence
microscopy.

Two-photon excitation (2PE) fluorescence microscopy is a way to limit phototoxicity in the
sample and to extend the imaging time and depth at high resolution and contrast [64]. In 2PE,
two photons of half the excitation energy are needed to place the FP in the excited state. A
focused laser is used in 2PE to generate higher intensity localized in the area of the focal plane,
which results in excitation limited to a very small focal volume (typically of ~0.1 um?). A com-
bination of confocal and two-photon excitation (2PE) fluorescence microscopy can be used to
follow and characterize different morphogenetic changes in developing embryos such as cell
division, polarity, filopodia formation and dynamics, compaction, and blastocyst cavitation
(Figure 1). For this aim, specific fluorescently tagged proteins or peptides are used to label
nuclear, cytoplasmic, or membrane constituents and optimized confocal and 2PE fluorescence
imaging methods [29, 31, 65]. These imaging conditions allow the scan of a single embryo at
intervals down to less than 60 s and reconstruction of 3D embryo morphology using Imaris
(Bitplane AG) or ZEN (Zeiss) software. For long-term imaging sessions positioning software
(Zeiss Zen) is used to image 20-30 embryos cultured next to each other (Figure 1). Thanks to the
high-sensitive detectors of confocal and 2PE fluorescence microscopes, it is possible to perform
long-term imaging sessions lasting more than 24 h, without this affecting the health and integ-
rity of the mouse embryos. Thus it is possible to follow in an overnight imaging session cell
dynamics in 20-30 embryos. Images are captured at intervals of 40 min from eight-cell stage to
blastocyst (an interval of about 36 h). Capturing fluorescent imaging together with brightfield
optics makes it possible to monitor simultaneously cell and molecular dynamics (Figure 1D).

For the simultaneous subcellular study of proteins at different stages of development, it is
possible to study the dynamics of subcellular markers from zygote to blastocyst stage. For this
purpose, DNA constructs in the pCS2+ expression vector [66] and synthesized capped RNA
(using the Ambion mMessage mMachine SP6 transcription kit) are used. Capped marker-
GFP RNA is injected into one-cell stage embryos. For nulcei, H2B-RFP is commonly used as
marker, whereas memb-mCherry, Ecad-RFP, Ecad-GFP, or Ezrin-RFP can be used for mem-
brane monitoring (Figure 1) [32, 34, 65]. Figure 1C shows an example of using the nuclear
marker H2B-GFP and the membrane marker Ecad-GFP. Polarity events can be studied using
Ezrin-GFP. Ezrin is expressed homogeneously in all cells before it becomes polarized during
embryonic compaction [67] (Figure 1B). Hence, colocalization with Ezrin-GFP is an excellent
way to study the dynamics and distribution of any protein of interest during compaction and
cell polarity.
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Figure 1. (A) Injection of nuclear (H2B-RFP) and cytoplasmic or membrane markers (marker-GFP) RNA at one cell
stage, showing morphogenetic changes during mouse embryo development. (B) Cell polarity events (arrowheads) are
observed at eight-cell stage visualized with the protein Ezrin-GFP. (C) Monitoring cytokinesis and timing of cell division
using the membrane marker Ecad-GFP and nuclear marker H2B-RFP; Chromatin condensation is highlighted by dotted
arrowheads, and cell division by plain arrowheads. (D) Cavitation (arrowhead) during blastocyst formation is observed
with bright field optics combined with fluorescence imaging of membrane and nuclear markers (Ecad-GFP and H2B-
RFP). Scale bar, 10 um.

6. Method 2: cell lineage studies of human embryos using machine
learning

This method focuses on automated monitoring of human embryonic cells in dark field time-
lapse microscopy images of embryos with the goal to develop methods to segment, detect,
localize the embryonic cells at each time step, and perform cell lineage analysis on a complete
sequence. The result is a helpful tool for embryologists and IVF clinicians to understand the
development of human embryo and more accurately select viable embryos.

In contrast to other cells (e.g., stem cells and embryonic cells of other species), automated
analysis of nonstained human embryonic cells is challenged by complex development pat-
terns such as compact growth and overlapping cells. These challenges are further complicated
by the limitations of the single plane imaging limitations imposed by the dark field imaging
mode, causing intensity variance and loss of depth information.

An important and first step in automated analysis is being able to efficiently and reliably seg-
ment the embryo from background noise. To this end, a framework to segment the developing
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embryo by estimating the contour around the embryo was developed by defining segmenta-
tion as an energy minimization problem and solving it via graph cuts [68]. Second, cells are
spatially localized and divisions subsequently detected. For localization purposes, cells are
modeled as ellipses fitted to the segmented outlines for each time step (Figure 2).

Predicting the number of cells is a fundamental task in cell biology analysis, and an indirect
way to temporally locate embryo cleavage events. In the context of human embryonic cells,
cell number is of prime importance as current embryo viability biomarkers require accurate
cells counts. The prediction of cell numbers can either be performed directly from the micros-
copy images [69] or by detecting (localizing) cells [70, 71]. Both approaches can also be used
in combination. In this method, a framework that combines both approaches in a conditional
random field (CRF) [72] is used. The result is a model of the cell division ancestry by record-
ing cell associations between adjacent frames, resulting in a complete lineage tree for the
time-lapse sequence. Cell lineage analysis is vital in understanding dynamics of developing
embryos and is a fundamental step in cell biology analysis. The cell lineage tree and seg-
mented shapes can now be studied for various attributes of the growing embryo such as tim-
ing of cell cleavage, abnormal division patterns, and cell symmetry (Figure 3).

Figure 2. Example of (a) dark field microscopy image of a two-cell stage human embryo; (b) cell localization with fitted
ellipses; (c) three to four cell division association for lineage tree construction.
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Figure 3. Proposed system for automated monitoring of early stage human embryo development.
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7. Method 3: human embryo profiling using video image processing

HMC imaging is superior when it comes to image detail of human embryos. However, optical
artifacts introduced by the optical modulation causes edge structures to appear with mul-
tiple gradients. Objects in focus commonly appear clearly, but at the same time, superim-
posed light from out-of-focus objects will often introduce “shadows” in the image. The result
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Figure 4. (a) Illustration of computational pipeline of the captured image series of an embryo. The optimal focal plane
from the image stack was selected. A region of interest (ROI) was selected within each individual image, and one value
of the variance in image intensity was computed for each ROI This process was repeated for each capture in the image
series, resulting in a function v(t) describing the variance as a function of time. v(t) was then further analyzed for
the occurrence of detectable key events, profiling the embryo development. Finally, the profiles for embryos forming
blastocysts and for those not forming blastocysts were compared. (b) Image intensity variance of an embryo during
the course of 280 frame captures, normalized to the first image in the series. Divisions during the cleavage stage are
detectable as sudden increases in image variance, due to the number of increased edges in the image, as blastomeres
undergo mitosis. At the onset of compaction, individual blastomere membranes are no longer distinguishable, and
the variance drops and remains at a low level during the morula stage. The variance increases once more as blastocoel
expansion sets may fluctuate strongly during the blastocyst stage, if the embryo displays several cycles of collapse and
re-expansion. The growth of the embryo has been considered in five stages. (A) Initial divisions from fertilization to
onset of compaction, (B) onset to completion of compaction, (C) morula, (D) cavitation, (E) blastocyst. The mean and
change in variance has been calculated for each section. Dashed trend lines have been added for illustrative purpose [75].
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Figure 5. Profile of three representative embryos showing decreasing quality (a—c). Variance was calculated from the
image intensity at a circular region encompassing the center of the embryo. A few example images are shown at points
where characteristic changes are visible in the variance profile. For a good quality embryo (a) mitotic divisions are visible
as successive increases in image variance, and the morula stage as a period of lowered variance; (b) illustrates a clearly
expressed pronuclear breakdown, but experiences fragmentation during the cleavage stage, even though a blastocyst
iseventually formed. In (c), the pronuclear breakdown is also apparent, but the embryo develops early fragments, never
reaching a blastocyst stage [75].

is an image where it is inherently difficult to segment cell outlines, but with a high degree
of detail in internal cell structures, despite the fact that the technique is completely marker
free. Attempting to segment such an image is possible, but since subsequent analysis is often
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Figure 6. Detection of zygote and pronucleus in human embryo. (a) Original image. (b) Edge detection. (c) Five most
significant circular structures selected. (d) 10 most significant circular structures selected. (e) Overlap of circular
structures selected from the same image rotated 6 60°. (f) Outline of pronucleus indicated, overlap of three calculations
at separate angles. (g) Outline of pronucleus selected. (h) Outline of zygote selected [74].
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dependent on the resulting segmented outline, it is easy to introduce cumulative errors. This
method focuses on the detection of developmentally relevant events in the embryo such as
compaction, blastocoel formation, nuclei localization, cell cleavage, and embryo fragmenta-
tion without the need for complete segmentation.

Raw images are spatially filtered to embryo location and a set of image features are extracted
from the embryo interior [73, 74]. As the embryo grows, characteristics of the image will
change also the image features, making it possible to profile embryo development without the
complete image data [75]. One example is shown in Figure 4, where the gray-level variance of
the image of the embryo interior is used to plot a development sequence of the embryo in two
dimensions. The gray-level variance is a measure of the contrast in the image and will increase
for each cell division, as each division introduces a new cell, and thus a new set of darker cell
membrane into the image, contributing to a rise in image variance. As a consequence, each cell
division can be detected as a sudden steep gradient in the variance profile. The compaction is
detected as a massive loss of variance as the cell membranes becomes less apparent, followed
by a new increase in variance as the embryo forms a blastocoel. The ideal development of an
embryo follows a predictable pattern over time, where events such as cleavage can be more
easily and automatically detected than using images directly (Figure 4) and abnormal devel-
opment will differ clearly (Figure 5).

Simultaneously to feature detection, segmentation of intracellular structures such as nuclei
and pronuclei is possible due to the high level of image detail (Figure 6). The segmentation is
constricted in shape and size, ensuring the located structures are of the predefined biological
shape. A slight disturbance is introduced in the form of a rotation and serves to effectively
average out the located structures and preventing the detection of false positives [74]. The
result is a framework where the entire development from zygote to blastocyst can be profiled
and combined with the visibility of relevant intracellular compartments such as nuclei, with-
out the need for any fluorescent markers.

8. Conclusion

It has been shown that embryos can grow outside the womb for longer than 14 days, a limi-
tation set by legal requirements [76]. This period of early embryo development has yet been
little studied, due to technical constraints. New combinations of software analysis, imaging,
and incubator technologies will soon make it possible to study embryo development from a
whole new set of perspectives.

Using specific FP-tagged protein markers for the nucleus and plasma membrane it is possible
to follow the dynamics of important morphogenetic changes during mammalian embryo
development, including cell division, cell polarity, and cavitation during blastocyst forma-
tion. The quantitative analysis of these developmental hallmarks pave the way for the design
of functional and phenotypical studies such as silencing (knocking down), overexpressing, or
blocking using inhibitors of selected genes of interest. These method combinations can lead to
the crucial understanding of developmental function and disease.
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Methods for automated or semiautomated label-free analysis of embryos in vivo make it pos-
sible to study embryo development over longer times than previously possible—opening up
a new set of insights into especially early human development, where ethical considerations
are important for the choice of study method. By time-lapse sequence studies of routinely
growing embryos in IVF, the research data can be gathered in a clinical context, and methods
can simultaneously contribute to better IVF embryo monitoring.

In conclusion, these noninvasive methods open a window to increase the understanding of
general developmental embryology as well as specific medical questions such as embryo divi-
sion patterns, lineage, and the reasons behind the low human fertility rates.
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Abstract

Preimplantation embryo development follows a series of critical events. Remarkable
epigenetic modifications and reprogramming of gene expression occur to activate the
embryonic genome. In the early stages of preimplantation embryo development, maternal
mRNAs direct embryonic development. Throughout early embryonic development,
a differential methylation pattern is maintained although some show stage-specific
changes. Recent studies have shown that differential demethylation process results in
differential parental gene expression in the early developing embryos that may have an
impact on the correct development. In the recent years, noncoding RNAs, long noncoding
RNAs (IncRNA) and short of mRNAs and therefore their role in preimplantation devel-
opment has gained significance.

Keywords: gene expression, methylation, miRNA

1. Introduction

Preimplantation embryo development follows a series of critical events. These events start
at gametogenesis, formation of mature gametes, and lasts until parturition. Male and female
gametes are derived from primordial germ cells (PGCs) by the processes of spermatogenesis
and oogenesis, respectively. PGCs have unique properties of gene expression, epigenetics,
morphology and behaviour. Once the PGCs undergo mitosis, spermatogenesis and oogenesis
progress differently. In spermatogenesis, spermatogonia undergo mitosis starting at puberty
until death and each primary spermatocyte produces four spermatids at the end of meiosis.
In oogenesis, PGCs differentiate into oogonia, they enter meiosis and arrest until puberty.
Unlike meiosis II in spermatogenesis, secondary oocyte does not complete meiosis II until
fertilisation. With completion of meiosis II, each oogonia produce a single viable oocyte [1].
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At fertilisation, the oocyte completes meiosis and the fertilised oocyte is called the zygote.
Oocyte and sperm nuclei fuse resulting in syngamy (Figure 1). The zygote undergoes a
series of cleavage divisions, forming two-cell, four-cell, eight-cell morula and blastocyst
stages [2] (Figure 1). During cleavage stage divisions, programming of maternal and paternal
chromosomes takes place to create the embryonic genome (embryonic genome activation,
EGA) and to start the preimplantation embryo development. If the EGA fails, the development
does not continue because of the inability of the embryo to have cellular functions [3]. This
activation is initiated by the degradation of maternal nucleic acids, specific RNAs stored in
oocytes, proteins and other macromolecules [4]. Upon EGA, which starts at the two-cell stage
in mouse and four- to eight-cell stage in human [5], remarkable reprogramming of expres-
sion occurs in the preimplantation embryo. These reprogramming events are controlled by
DNA methylation, histone acetylation, transcription, translation and miRNA regulation [6].
Therefore, the development of preimplantation embryos includes continuous molecular, cel-
lular and morphological events. These events would eventually form a multilineage embryo
that has a capability to implant and continue the foetal development.

In this chapter, different factors affecting gene expression during preimplantation embryo
development will be discussed. Epigenetic factors, focusing on methylation profiles, of gam-
etes and preimplantation embryos will be reviewed. The effects of noncoding RNAs on gene
expression will be thoroughly evaluated.

Cleavage divisions

Sperrm
: ]
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2™ polar body Dvate Fusion of 2-cell d-cdl B-cell Morula Blastocyst
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Figure 1. Schematic diagram outlining the main stages of preimplantation embryo development. Fertilisation followed
by syngamy, cleavage divisions results in two, three, four, and so on cell embryos which eventually form the morula
and the blastocyst.

2. Gene expression and epigenetics

For a normal developing embryo, the expression of both maternal and paternal genes is
required. An intense epigenetic change occurs upon fertilisation to establish pluripotency [7].
Although there are a number of post-translational modifications within chromatin including
acetylation, ubiquitination, SUMOylation and phosphorylation; methylation of histone lysine
and arginine residues is the main focus in preimplantation embryos.

Methylation and chromatin modification not only play crucial roles in determining the
transcriptional state but also are capable of determining the transcriptional repression
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[8-10]. The mechanism leading to the changes in methylation is not well established, but it
has been suggested that the reprogramming takes place by either passive or active demeth-
ylation. Indirect pathways of demethylation are associated with DNA repair [11-14]. Two
main stages, PGCs and preimplantation embryos, are important in the regulation by
methylation.

2.1. Epigenetic modification of the zygote and the preimplantation embryos

In mammals (human, bovine, rat, pig and mouse), the zygote undergoes genome-wide
demethylation [15-17] with the exception of imprinted genes [18]. The male pronucleus of
the zygote undergoes selective demethylation due to the loss of DNA replication leading to
asymmetric methylated sister chromatids [15, 16, 19, 20]. These events start following the
sperm decondensation in humans and in mouse with some variations [17, 21, 22]. The female
pronucleus of the zygote remains highly methylated at this stage [17, 21, 22]. Demethylation
of the maternal genome starts with the first cleavage divisions [19, 23, 24]. By the morula
stage' the mouse preimplantation embryos become undermethylated. Polarisation and com-
paction of individual blastomeres start at around eight-cell stage of the developing embryo.
Many factors are involved in these processes including E-cadherin (CDH1), partitioning
defective homologue 3 (PARD3), PARD6B and protein kinase C zeta [25-27].

The blastocyst stage embryo has a fluid-filled cavity and two cell populations consisting
of inner cell mass (ICM) and trophectoderm (TE). All the blastomeres are believed to be
totipotent in cleavage embryos until four- to eight-cell stage since these cells form both the
ICM and TE lineage [28]. ICM develops into epiblast, whereas TE forms the extraembry-
onic tissues such as placenta. ICM is composed of pluripotent cells that have the capacity
to develop into any cell type of the foetus. Transcriptional and epigenetic events strictly
regulate these differentiation events. A number of transcriptional factors play a crucial role
in blastocyst formation. These include caudal type homeobox 2 (CDX2) for TE specification,
octamer 3/4 (OCT4) and NANOG for the establishment of ICM pluripotency [29-31]. CDX2
is extensively expressed in eight- and 16-cell stage and it is expressed only in TE cells of the
blastocyst [32]. Although OCT4 and NANOG are also expressed broadly at eight- and 16-cell
stage embryos, they are only expressed in ICM in blastocysts [32]. A number of transcription
factors are required for blastocyst formation. Embryos lacking CDX2 expression cannot form
blastocoel cavity but they have the ability to implant [30]. Lack of OCT4 or NANOG expres-
sion causes failure of ICM and the development of these embryos is arrested at the blastocyst
stage [31, 32]. TEAD4 is another transcription factor that has a role in blastocyst transition in
which the lack of TEAD4 nuclear localisation impairs TE-specific transcriptional programme
in inner blastomeres [33]. Furthermore, the aberrant expression of TCFAP2C transcription
factor also leads to embryonic arrest during morula to blastocyst transition [34] and KIf5
mouse-mutant embryos arrest at the blastocyst stage [35].

The remethylation process starts shortly after implantation [16, 22, 23, 36]. This de novo
methylation occurs asymmetrically, such that ICM is hypermethylated possibly due to the
Dnmt3b methylase [37], whereas TE remains hypomethylated due to the active demethyl-
ation by enzyme catalysis and passive demethylation [11, 14, 22]. Alteration of the methyla-
tion profiles in embryos has been shown to cause alterations of ICM and TE differentiation.
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Variations of the H3 arginine 26 residue (H3R26me) were shown to lead to changes of TE and
ICM differentiation of a blastomere [38].

X-chromosome inactivation is an epigenetic phenomenon in which the activity of X chromo-
somes is strictly regulated to equalise X-chromosome expression and gene dosage between
males and females and relative to autosome chromosomes [39]. For correct development,
X-chromosome dosage compensation is crucial. The inactivation of X chromosome occurs in
at least two phases: initiation and maintenance. X-inactivation mouse model systems have
shown that the inactivation of X chromosome takes place during early embryogenesis of the
female embryo by undergoing transcriptional silencing of genes along the X chromosome
[40]. In human preimplantation embryos, it has been shown that the reduced expression of
X chromosomes in females ensures the dosage compensation [41]. LncRNA XIST expres-
sion activates the X-chromosome inactivation by engaging proteins functioning in chromatin
remodelling [3, 42]. With the advanced technologies, including single-cell RNA sequencing,
it has emerged that IncRNAs XACT and XIST are expressed on the active X chromosome
in the early human preimplantation embryos [43]. Furthermore, the expression of these
two RNAs has never been shown to overlap. Introducing XACT into heterologous systems
caused the accumulation of Xist RNA in cis and therefore it may be involved in the control
of XIST association to chromosome in cis and may temper its ability of silencing. It is also
possible that XACT functions in balancing the X-chromosome inactivation at the early stages
of preimplantation embryo development [43, 44]. Recently, the dosage compensation was
shown to be driven by a CAG promoter of a new Xist allele (Xist(CAG)) [45]. Furthermore,
Xist(CAG) upregulation in preimplantation embryos showed variation depending on the
parental origin and the paternal expression was suggested to be preferentially inactivated
with the paternal Xist(CAG) transmission [45].

2.2. Epigenetic modification of the gametes

In germ cells, methylation is maintained in a sex-specific manner. Methylation in PGCs dimin-
ishes as they migrate to the gonads. Studies suggest that in females, remethylation occurs
after birth when the oocytes are in the process of development. When demethylation is com-
pleted, the PGCs either enter mitosis in males or arrest at meiosis in females [46].

Reprogramming of the methylation in the embryo is necessary for parent-specific expression
of genes [14]. Gene expression varies during preimplantation embryo development due to
these reprogramming events and appropriate gene expression determines the survival of the
embryo [6]. Recently, short noncoding RNAs, microRNAs (miRNAs) and long noncoding
RNAs (IncRNA) have gained importance in their potential function to affect numerous path-
ways by targeting multiple genes [47, 48].

3. Gene expression and small noncoding RNAs: microRNAs

MiRNAs are a large family of short noncoding RNAs between 17 and 25 nucleotides (nt)
in length [49]. MiRNAs were first identified in Caenorhabditis elegans over two decades ago
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[50] and since then many have been identified in multiple organisms, such as worms, flies,
fish, frogs, mammals and plants, by molecular cloning and bioinformatics [51]. Most miRNA
sequences are conserved among a wide range of mammalians [52], though there are some
that differ from each other only by a single nucleotide [53]. The conserved miRNA sequences
among different species can be distinguished by the nomenclature such that when only the
first three letters differ this indicates the same sequence in different species, that is, hsa-
miR-145 in Homo sapiens and mmu-miR-145 in Mus musculus [54].

MiRNAs have been shown to be of great importance in a wide variety of biological processes
involving cell cycle regulation, apoptosis, cell differentiation, imprinting, homeostasis and
development, including limb development [55], morphogenesis of lung epithelial [56],
embryonic angiogenesis [57], formation of hair follicle and proliferation of T-cell [58, 59].
They play key roles in regulating transcriptional and post-transcriptional gene silencing in
many organisms by targeting mRNAs for translational inhibition, cleavage, degradation or
destabilisation [53, 60-64]. Each miRNA has multiple mRNA targets that may regulate up
to 30% protein-coding genes and shape protein production from hundreds to thousands of
genes [65-67]. MiRNAs recognise their targets through base pairing of the complementary
sequence of their seed sequence (2-8 nt of miRNAs) within the open reading frame (ORF) and
3'untranslated region (UTR) of target mRNA [68]. Although the targets of miRNAs are not
fully known, bioinformatics studies show a range of possible target genes [69]. The functional
activities and the predicted/observed targets of miRNAs can be identified using miRNA
databases. These databases can be accessed using the following URL: (http://www.targetscan.
org/, http://www.microrna.org/microrna/home.do and http://mirdb.org/miRDB/).

3.1. MiRNA biogenesis

MiRNA biogenesis involves multiple important steps. MiRNAs are first transcribed from
genomic DNA into primary miRNA (pri-miRNA), which contains a stem-loop structure, by
RNA polymerase II. These pri-miRNAs are then processed by Drosha, which is a 30-160 kDa
protein with one dsRNA-binding and two catalytic domains [70]. In the presence of DGCRS,
both strands of the hairpin are cut generating a pre-miRNA product of approximately 70 nt
in size [71]. These pre-miRNAs are carried from the nucleus into the cytoplasm by Exportin-5
(Exp5), which is a nucleocytoplasmic transporter in karyopherin family that has binding
sites for pre-miRNAs in the presence of RAs-related nuclear protein (Ran) and guanosine
triphosphate (GTP) [72, 73]. These miRNAs are further cleaved by cytoplasmic RNase
endonuclease, Dicer, making 21-22 nt double-stranded structure. Although one of the strands
is usually degraded, both strands of the pre-miRNA may be associated with Argonaute
(Ago)-protein-containing complex and they are mediated by RISC/miRNP (RNA-induced
silencing complex/mi-ribonucleoprotein) to form single-stranded mature miRNAs. MiRNAs
associated with RISC mainly target mRNAs and they either inhibit their translation or cause
degradation of mRNA that results in reduced protein synthesis [70, 74].

Studies showed that processing of miRNAs by Dicer was vital and any defects, such as deletion
of Dicer in the developing animals, caused aberrations [75, 76]. Lack of Dicer in Drosophila
germ line stem cells postponed the G1/S phase transition [77], suggesting that miRNAs may
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be vital for stem cells to bypass this checkpoint. Reduced and disorganised spindles, incor-
rect chromosome alignment and defects in gastrulation were observed with the Dicer-mutant
oocytes in mouse and in C. elegans, respectively [50, 78]. Injection of miR-430 in zebrafish and
C. elegans partially repaired the gastrulation, retinal development and somatogenesis [78].
Dicer deletion in zebrafish, mouse and hippocampal initiated problems in the nervous sys-
tem and led to the inability of forming mature miRNAs that resulted in variations of brain
morphogenesis and differentiation of neurons [79, 80]. Although the axis formation and early
differentiation of maternal-zygotic Dicer-mutant zebrafish and mouse embryos were normal,
they still triggered defects in somitogenesis, morphogenesis that affected the brain formation,
gastrulation, heart development and apoptosis in limb mesoderm, respectively [78, 81-83].
Apoptosis was enhanced in the developing limb mesoderm of Dicer null mouse [84]. Dicer
deficiency mainly led to embryo death in mouse around embryonic day 7.5 [50, 78, 85] and in
zebrafish [86] that may indicate the importance of miRNA-mediated gene silencing at mater-
nal to zygotic transition.

Complete loss of Dicerl in somatic cells of mouse reproductive tract not only showed reduced
expression of miRNAs but also caused the female mice to become infertile with compromised
oocyte and embryo integrity [50, 87]. Dicer-deficient male mice were shown to have poor prolif-
eration of spermatogonia. Loss of Dicer1 in the germ line of male mice (homozygote Dicer1) led
to decreased fertility due to abnormal spermatogenesis. The number of germ cells was reduced
with abnormal spermatids, abnormal phenotype of spermatocytes with condensed nucleus,
abnormal sperm motility and mutant testes with Sertoli tubules [88]. Studies suggest that the
transfer of maternal cytoplasmic Dicer disguised the early abnormal phenotypes [78, 89].

Knock-out of Ago2 in mouse embryonic fibroblasts and haematopoietic cells caused decreased
levels of mature miRNAs [61, 90, 91]. Ago2-deficient oocytes were observed to develop the
mature oocytes with abnormal spindles and chromosomes were not able to unite properly
with reduced expression levels of miRNAs (more than 80%). Loss of Ago2 function leads to
embryo death around embryonic day 9.5 in mouse [92].

3.2. Expression of miRNAs in preimplantation embryos

The expression of miRNAs in preimplantation embryos has been mainly studied by knock-
out experiments, by cloning experiments and by identifying individual miRNAs by microar-
ray analysis and real-time polymerase chain reaction [93]. The expression studies have been
carried out using animal models and tissues, cultured cells; that is, cancer cells and human
embryonic stem cells; and mouse/bovine/human gametes and embryos. Human embryonic
stem cells, which are derived from the inner cell mass of an embryo at the blastocyst stage
and are characterised by their ability of self-renewal and multipotency, are the key in gene
expression research since the access of human embryos is difficult and these cells are one of
the closest representations of human embryos. Studying miRNA expression in stem cells not
only gives insight into potential miRNAs expressed in human embryos but also may show the
important role of miRNAs in the stem cell functioning [94].

MiRNA expression has been observed as early as oogenesis and spermatogenesis in mouse,
bovine and human [95, 96]. Differences in the miRNA expression have been observed between
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immature and mature oocytes that may represent the natural turnover and indicate that
each embryonic stage is defined by a specific miRNA. Similar miRNA expression profiles in
mature mouse oocytes and early developing embryos indicate that at these stages the zygote
has maternally inherited miRNAs [50]. Similar to oocyte, sperm carries a range of miRNAs.
Approximately 20% of these miRNAs are located in the nuclear or perinuclear part of the
sperm indicating that these miRNAs are transferred to the zygote at the time of fertilisation
[97]. It was suggested that the sperm-borne miRNAs may down-regulate the maternal tran-
scripts in mammals. However, when this hypothesis was tested using microarray analysis, it
was shown that none of these miRNAs in the sperm have significant importance since all of
them were already present in the oocytes (meiosis II) [98].

Multiple miRNAs were involved in the formation of germ cell layers. MiR-290, which was
expressed at different levels during preimplantation embryo development of mouse embryos,
had a negative effect on the germ cell and mesoderm differentiation in the mouse ES cells via
targeting Nodal inhibitors [99]. In zebrafish, however, miR-290 cluster played an important
role in regulating the mesoderm induction [100]. Therefore, it is not clear if miR-290 has an
inhibitory effect on the mesoderm differentiation. Other miRNAs have been shown to have an
effect in mesoderm differentiation in zebrafish, such as miR-15 and miR-16 [100], which were
also expressed in mouse preimplantation embryos [50].

Mainly, the same miRNAs are expressed during the cleavage divisions of the embryo in
mouse and bovine. However, their expression levels often vary during these stages. In murine
embryos, the level of miRNA expression is reduced by as much as 60% between one- and two-
cell stages. At the end of four-cell stage, mouse embryos have approximately twice as much
miRNA compared to the two-cell stage embryo. This implies that the maternally inherited
miRNAs degrade at this stage and the EGA starts between the one-cell and four-cell stages
[50]. Even though the synthesis and degradation of miRNAs coexists during the preimplan-
tation embryo development in mice, the overall miRNA expression increased towards the
blastocyst stage [101].

More than 700 miRNAs have been identified in humans [87, 95, 96, 102]. The level of expres-
sion for the majority of these miRNAs stayed the same between the oocyte and the blastocyst
stage [87]. More than 50% of the miRNAs expressed in human oocytes and blastocysts were
shown to be involved in tumourigenesis, that is, let-7 family, miR-19a, miR-21 and miR-34
[103-109].

4. Gene expression and long noncoding RNAs

In the last few years, in addition to short noncoding RNAs, the IncRNA have gained impor-
tance in their roles to affect gene expression. The mammalian genomes consist of long inter-
genic noncoding RNAs (lincRNAs) that have been suggested to take a role in the regulation
of pluripotency during preimplantation embryo development [110]. Human pluripotency
transcripts 2, 3 and 5 (HPAT2, HPAT3 and HPAT5) were reported to adjust the pluripotency
and ICM formation in preimplantation embryos. Furthermore, HPAT5 was shown to interact
with let-7 family of miRNAs [110].
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Implantation of embryos involves complex mechanisms and many different genetic and
physiological factors are involved during the process. Developing preimplantation embryo
must have a good coordinated interaction with the maternal uterine endometrium. LncRNAs
were shown to be differentially expressed in endometrial tissues obtained from pigs with
pregnancy and non-pregnancy with two IncRNAs, TCONS_01729386 and TCONS_01325501,
with potential roles in implantation [111].

5. Gene expression and assisted reproductive technologies

In Western world, approximately 1% of children are born with assisted reproductive technol-
ogy (ART) treatments. The infertile couples have the best possibility to conceive a child with
these treatments. Although these techniques have been considered to be safe in terms of foetal
and post-natal development [112, 113], there is an increased risk for morbidities, especially
imprinting disorders [114]. Furthermore, the global gene expression profiles vary due to in
vitro culture of zygotes [115, 116] and in vitro fertilisation processes [117]. Following in vitro
culture, apoptotic and morphogenetic pathways have shown to be altered [118].

Intra-cytoplasmic sperm injection (ICSI), one of the widely used ART techniques, provides
infertile couples with sperm motility problems a great chance to have a baby. ICSI is a unique
process in which the sperm is injected into the ooplasm [119]. However, ICSI bypasses a
number of physiological processes that would normally take place. These embryos derived
from ICSI were shown to be cleaved at a slower rate. Furthermore, a reduced number of
embryos become hatched with a fewer number of cells and the calcium oscillations are shorter
with different patterns [120]. Mice embryos generated by ICSI were shown to be obese and
have anomalies of the organs [121].

6. Conclusion

Normal development of preimplantation embryos involves complex mechanisms. For a normal
developing embryo, the expression of both maternal and paternal genes is required. Several
factors are involved in the regulation of parental genes in preimplantation embryos. Epigenetic
modifications are one of the most important factors that are involved in the regulation of gene
expression during preimplantation embryos. Extensive research studies have been performed
throughout the years to establish the methylation profiles of the mammalian gametes and
embryos. In the more recent years, the importance of noncoding RNAs in the regulation of
genes has become clear. A handful of studies have been performed to analyse the expression of
microRNAs, which have been shown to regulate mRNAs that encode up to 30% human pro-
tein-coding genes. The expression of miRNAs has been observed in mouse, bovine and human
gametes and embryos. Furthermore, in the last couple of years, expression of long noncoding
RNAs and their roles in embryonic development and implantation have been investigated.
The extensive research studies have provided crucial understanding of the development of
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preimplantation embryos and the regulation of gene expression, and with the advancing tech-
nologies more molecular studies will help to comprehend the mechanisms better.
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Abstract

Infertility in recent years is a growing public health issue throughout the developed
world. Assisted reproductive techniques, especially in vitro fertilization, have the poten-
tial to partially overcome the low natural reproductive ratio. Nowadays, single embryo
transfer gains grounds in clinical practice, urging the development of more reliable
methods for selecting the best embryo. In the traditional clinical practice, embryos are
selected for transfer based on morphological evaluation. In vitro culturing of embryos
also provides a very important material for further non-invasive evaluation by means of
examining a biomarker in the spent culture medium (SEC). Current measure methods
concentrate on the metabolomic activity of the developing embryos none compounds.
These studies are mainly utilizing the tools of modern analytics and proteomics. In a
paper published by Montské et al. in 2015, the alpha-1 chain of the human haptoglobin
molecule was described as a quantitative biomarker of embryo viability. In a series of
retrospective, blind experiments achieved more than 50% success rate. This chapter sum-
marizes the currently available metabolomic and proteomic approaches as the non-inva-
sive molecular assessment of embryo viability.

Keywords: in vitro fertilization, embryo viability, non-invasive analysis, proteomics,
mass spectrometry, haptoglobin alpha-1 chain

1. Introduction

Nowadays, infertility is a major public health issue affecting couples in the developed world.
With the widespread use of assisted reproductive techniques (ARTs), especially in vitro fertiliza-
tion (IVF), there are more and more pregnancies conceived. Currently, approximately 3-4% of

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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all deliveries are IVF pregnancy and this number continues increasing. Availability of ART is a
very relevant topic. The cultural and legal conditions, insurance/public funding systems and
structure of data collection can influence not only the amount of treatment cycles per inhabitant
but also success rates. The Assisted Reproductive Technology National Summary Report of the
USA showed a total of 142.000 IVF cycles in 2007 [1], while the most current results in 2014 was
208.604 cycles [2]. The type of ART cycle applied (non-donor or donor egg cycle) is highly var-
ied based on the woman’s age. The women younger than 35 years of age often used their own
eggs (non-donor) in the majority of cases and just about 4% used donor eggs. However, 38% of
women aged 43-44 and 73% of women older than 44 needed to use donor eggs [2]. Similar to
the USA, the numbers of ART cycles in Europe show a growing tendency. In 2007, the reported
number [3] of treatment cycles was 493.134, while the latest available report describes 640.144
cycles in 2012 [4]. Among the 452.578 fresh cycles reported in 2012, the fraction of IVF and intra-
cytoplasmic sperm injection (ICSI) was 139.978 (31%) and 312.600 (69%), respectively [4]. Despite
evolving microsurgical technologies —such as ICSI and some new embryo culturing materials —
the rate of successful delivery is far below expectations. In the European IVF monitoring report
published in 2016 [4], this rate was 27.8-33.8% depending on the technique of the cycles.

Successful implantation is a complex and bilateral process that requires the selection of a viable
embryo and the effective interaction with a receptive endometrium. It is highly unlikely, how-
ever, that for the low delivery rate following IVF only maternal reasons would be responsible. In
Europe, the total proportion of single embryo transfers (SETs) was 30%. Double embryo transfers
occurred in 55% of the cycles, triple embryo transfers were reported in 13% and four or more
embryos were transferred in 1% of the cycles. The highest proportions of SETs in 2012 were found
in Sweden (76.3%), Finland (75.0%), Norway (60.8%), Belgium (51.1%), Iceland (49.4%), the Czech
Republic (47.4%), Austria (46.5%) and Denmark (46.4%) [4]. Nowadays, SET gains grounds in
clinical practice. The adoption of an elective SET policy is spreading, urging the development of a
reliable method for selecting the most viable embryo, that is, the embryo with the best implanta-
tion potential. In the traditional clinical practice of ART, embryos are selected for transfer based
on non-invasive morphological evaluation. Several new morphological parameters such as the
cleavage rate, blastomere shape and symmetry, and the presence of an adequate trophectoderm
layer (TL) or an inner cell mass (ICM) are considered as indicators of implantation potency.

2. Embryo morphology

The most obvious approach for the viability assessment of in vitro fertilized embryos is the
visual inspection using microscopy. The main reason is the use of any invasive technique such
as genetic screening following on-cell embryo biopsy may raise a series of ethical questions.
One must not forget that any impact, which affects the embryo during the first days of devel-
opment, might have undesired late consequences. The choice of morphological parameter
depends partly on the time spent after fertilization.

On the first day of development, the morphology of the two pronuclei (the interphase zygotic
nuclei) can be graded at 1-cell stage zygotes. Zygote has two pronuclei as the female from
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the oocyte and the male one from the spermium. Until the end of the interphase of the first
embryonic cell cycle, the two pronuclei remain separated. Though on the first day of in vitro
embryonic development, nucleoli screening is reported to be predictive of pregnancy rate,
there are still some disagreements about the usefulness of this morphological marker [5].

The time point of the breakdown of the pronuclear membranes or the time of the first cleav-
age following fertilization is considered as an indicator of reproductive potential of embryos.
Fancsovits et al. reported the relationship of the time point of the pronuclear breakdown with
clinical pregnancy and implantation rates. The earliest pronuclear breakdown was at 18 hours
after fertilization and the latest time was 31 hours post-insemination. Transferring embryos
with the early pronuclear breakdown resulted in a significantly higher clinical pregnancy rate
(48.3 vs. 27.3%) and the implantation rates (26.5 vs. 15.1%) [6].

On the second and other later days, the blastomere size, cleavage rate, and pattern of the
developing embryo may be evaluated. The best quality embryos supposed to have developed
to the four to five blastomere stage on day 2 and have seven or more blastomeres on the third
day [5]. Along the number of blastomers, the symmetry of the cleavage is also considered
as an indicator of embryo quality. The embryos with symmetric cleavage patterns have a
tendency for significantly higher implantation than asymmetric blastomeric shape. Thus, the
acceptable cleavage pattern can also be a predictor of implantation outcome [7].

Another important morphological parameter is the grade of fragmentation at the early embry-
onic development. Cytoplasmic fragments can be found in any human embryo irrespective
whether they were fertilized in vitro or in vivo. The amounts of fragments vary highly, ranging
from a few small fragments to a notably high extent of fragmentation involving even blasto-
mere number loss in early cleavage stage embryos. The degree of fragmentation is widely
used as an indicator of embryo quality and a predictor of implantation potential. Extensive
fragmentation is commonly associated with reduced blastocyst formation and implantation
potential. If the degree of fragmentation is below 15%, it seems no effect on blastocyst forma-
tion, but more that 15% fragmentation will quickly declines blastocyst formation [8].

The morphological scoring of embryos on 5 and 6 days is also possible by the populations of
inner cells (inner cell mass precursors) and outer cells (trophoblast precursors) segregating
at about 16-cell stage [9]. An appropriate quality blastocyst has a blastocoel, a trophectoderm
layer (TE) and an inner cell mass (ICM). Therefore, the examination of the cell number or the
area covered by these cells might be an important factor correlating with embryo viability [5].

It can be seen even on these highlighted examples that there are several options to study the
morphology of in vitro fertilized embryos and to use these observations to predict implantation
potential. It is advised not to select a single parameter, the combination of more than one serves
as a better option. The full history of embryo development combining grading of zygotes, cleav-
age stages and if possible, blastocysts is required to maximize the reliability [5]. Morphological
evaluation is an inexpensive method which can be easily implemented in the clinical environ-
ment. The biggest drawback of morphological evaluation is that it is a highly subjective method.
Therefore, there was a need to form a consensus on these parameters, namely which morpho-
logical markers need to be used, what is the weighing of these parameters in the final score, and
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a scale on which all individual parameters are graded. An international consensus was created
in 2011 by the Alpha Scientists in Reproductive Medicine and the European Society of Human
Reproduction and Embryology (ESHRE) Special Interest Group of Embryology, based on sev-
eral morphology markers in different stages of development. The result of this agreement is
known as the Istanbul Consensus scoring system. It was expected that standardization of labo-
ratory practice related to embryo morphology assessment will result in more effective com-
parisons of treatment outcomes worldwide. The document set by the Alpha Scientists group
intended to refer as a global standardized consensus for the accurate description of embryo
development [10]. The scoring system is composed of several morphological aspects and also
considers time spent after fertilization. Nowadays, the guideline sets here serve as the accepted
methodology of viability assessment of in vitro fertilized embryos.

3. Analysis of the embryo culture medium

Because of ethical reasons, a huge effort is made to find ways of non-invasive viability assess-
ment. The most obvious approach is to study the metabolomic activity of the embryo through
the analysis of secreted compounds or by studying the alterations made by the embryo within
the culture medium. Due to the importance of the surrounding environment of the embryo
and the goal of single embryo transfer concept, and the maintenance of acceptable pregnancy
rates, selecting the most optimal culture medium is a crucial point.

First human embryos were cultured in simple salt solutions or in more complex media originally
designed for tissue culturing. These early media consisted of physiological salt solutions with
added glucose, pyruvate and lactate, and was also supplemented with the patient’s serum. Later,
it was also revealed that the addition of amino acids to the culture medium increases reproduc-
tive potential. Research papers described in both animal and human models that the introduc-
tion of amino acids has a positive effect on embryo development and increases viability [11].

Using the experiences published in the literature, several clinics started to develop ‘in-house’
embryo culturing media, but this way the standardization of culturing circumstances is not
an easy task [11]. Therefore, shortly, commercially produced media specifically designed for
use in clinical IVF applications was developed satisfying the growing needs. These media are
aseptically produced in a specialized factory under standardized conditions, regulations and
quality control, and therefore an attractive alternative of ‘in-house” embryo culturing media.
Nowadays, two types of media exist: sequential culture systems and monoculture systems.
Monoculture systems use a single medium composition to support zygote development to the
blastocyst stage. The limitation of monoculture systems is that they do not adapt to the alter-
ing biochemical needs of the embryo during its development. A medium composition suit-
able for early cleavage state embryos might not be optimal for the blastocyst stage embryos.
Therefore, the majority of IVF clinics use sequential culture systems. It has been determined
that conditions that support blastocyst development might inhibit the development of early
cleavage stage embryos. If the practice of the clinic covers blastocyst transfer, the sequential
medium is the best choice [11].
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A very important additive of any type of embryo culturing medium is human serum albumin,
which is the most abundant soluble protein constituent of blood described with several physi-
ological roles. In culture medium, albumin serves as pH buffer, an osmotic regulator, mem-
brane stabilizator, a surfactant and a scavenger of metals or toxic substances. Earlier, albumin
supplementation was done using human or maternal serum but it has now shifted towards
the use of purified albumin products, mainly because of the risk of transferring infectious
diseases. With the use of purified albumin products this risk can be eliminated. However, the
batch-to-batch stability of different lots of albumin products is sometimes questionable. The
use of recombinant albumin might solve all the issues discussed above, but their use is not as
widespread as the use of purified albumin products [12].

When dealing with purified albumin products, one must consider that these products are
not a 100% pure. In Dyrlund et al.’s recent study [13], 110 proteins other than albumin were
identified in commercially available unconditioned culture media supplemented with puri-
fied human serum albumin products. Probably it is not an issue in clinical practice since these
products have been proven themselves for decades. However, if we use the culture medium
as a material for research purpose, it is a very important question.

The measurement of the spent culture medium (SEC) may be served as an exceptional non-
invasive alternative in the search of markers of embryo viability. In SEC, the interesting com-
pounds can be divided into two major groups. One consists of compounds present in the
unconditioned medium and these compounds may be quantitatively altered by the devel-
oping embryo (e.g. nutrients or peptide/protein compounds) [14]. The other group contains
embryo-related molecules (e.g. proteins and metabolic end products) secreted by the embryo
into the surrounding medium. In order to analyse the secretome of the developing embryo,
especially the proteome, it has to be cleared which identified protein originates from the
embryo and which was present (or altered in concentration) in the unconditioned medium.

4. Metabolomic studies

The current goal of IVF is to reduce the number of transferred embryos in a single cycle, prefer-
ably to only one. Therefore, there is an increasing need for new markers of viability. Numerous
factors have been identified as suitable markers of implantation potential, started by the mea-
surement of glucose uptake rate or the determination of pyruvate concentration in the culture
medium. Papers reporting such applications in mouse and human models [15, 16] described
that blastocysts implanted and developed properly after transferring to the uterus had a sig-
nificantly higher rate of glucose consumption in vitro than those that failed to implant. During
the in vitro development of human embryos, pyruvate and glucose uptakes were found to be
significantly higher by embryos forming normal blastocysts than embryos failing to develop
properly. In the first group, an average 22.1 pmol per embryo per hour glucose uptake was
recorded, while in the latter group this was only 10.2 pmol per embryo per hour. Comparison
of glucose uptakes with morphological embryo grading revealed that the highest glucose
uptake was seen in blastocysts of highest grade. Among blastocysts of the same grade from the
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same patient, there was a notable spread of glucose uptake, indicating that glucose consump-
tion during in vitro development may report additional information on embryo viability. It is
also described that the measurement of glucose in the medium is more important than that of
pyruvate since pyruvate uptakes were similar irrespective of blastocyst grade.

Another option is the examination of amino acid turnover during the early embryonic devel-
opment by analysing quantitative changes in the amino acid profile of the medium. Amino
acids have numerous biological functions during the early period of embryo development.
Houghton et al. [17] quantitatively analysed amino acid turnover using high-performance
liquid chromatography of individual human embryos. Quantitatively different patterns of
amino acid utilization were found between embryos that went on to form a blastocyst and
those that failed to develop to blastocyst stage. In the group of normally developing embryos,
an increased consumption of leucine from the culture medium was determined. It was also
found that the profiles of alanine, arginine, glutamine, methionine, and asparagine predicted
developmental potential significantly. Brison et al. [18] revealed alterations in the amino acid
concentration of the medium of human zygotes cultured to the 2-cell stage. The turnover of
three amino acids, that is, asparagine, glycine, and leucine, was found to be significantly asso-
ciated with clinical pregnancy and live birth.

Not only selected metabolomic compounds can be examined, but also the analysis of the total
metabolome is possible. This area of metabolomic experiments examines the overall metabolic
content of the surrounding medium, rather than measuring known nutrients or metabolites.
Using analytical techniques such as Raman or near-infrared (NIR) spectroscopy, it is possible
to obtain the whole spectral profile of the culture medium surrounding the embryo. It has
to be highlighted that it is not possible to identify specific components, it is only possible to
detect specific changes to the obtained spectrum. The potential advantage of this approach
is an overall analysis for the culture environment [19]. The concept is that after performing
spectroscopy at multiple wavelengths in the medium samples of embryos with different
implantation outcome, spectral alterations are searched for. These differences are calculated
into viability scores or indexes using mathematical algorithms. The observed alterations in
the spectra are due to differences in the amount of chemical groups which is a consequence
of the metabolic activity of the embryo. The methodology cannot identify the compounds
responsible for the spectral differences but indirectly reports information on the metabolomic
activity of the developing embryo. For example, if spectral signatures from the near-infrared
show differences through the 750-950-nm spectral region, it reports a change in the relative
amounts of -OH, -CH and -NH groups [20]. Both Raman and NIR spectroscopic analyses
of spent culture media of embryos with known implantation potential demonstrated signifi-
cantly higher viability indices for embryos representing transfers resulting in clinical preg-
nancy. When embryos with similar morphology were examined using infrared spectroscopy,
viability scores varied remarkably indicating that the analysis of the total metabolome also
reports additional information on embryo viability [19]. When calculated viability scores
were compared with live birth rates, it was found that embryos having viability scores <0.45
resulted in 19.4% live birth rate, while embryos having viability scores >0.578 resulted in 46.9%
live birth rate. This is a very important observation because it clearly indicates that non-inva-
sive metabolomic analysis of the medium of in vitro fertilized embryos has its place in the
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process of viability assessment. Probably a new and additional method cannot replace the
existing methodology. However, it can add some new information by identifying markers of
low implantation potential unnoticed by the morphological evaluation.

5. Proteomic studies

It is hypothesized that secretory compounds found in the culture medium might provide a
characteristic molecular fingerprint. This pattern informs us about embryo growth, devel-
opmental competences, and implantation potential. With the emerging of sensitive and spe-
cific new analytical techniques, it is possible to carry out a comprehensive analyses of the
surrounding environment of pre-implantation embryos [21]. These molecular profiles are
supposed to utilize with high accuracy the differentiation of viable and non-viable embryos
[22]. The identification of new biomarkers of the embryonic secretome can result in signifi-
cant improvements in the efficiency of IVF cycles, increasing pregnancy rate per transfer and
decreasing the costs of the procedure. There is also a more subjective aspect of more reliable
viability assessment: the reduction of the patient’s emotional stress [23]. Biological functions
are often regulated or carried out by proteins, therefore to understand how a cell or in this
case a small population of cells function can be crucial. The analysis of the proteome reports
us how the embryo responds to external and also internal conditions. The analysis of the
embryonic protein production into the surrounding medium provides a new, molecular per-
spective of the biochemical pathways activated during the early embryonic development [21].

The proteomic analysis of the embryonic secretome covers the use of the latest analytical
tools, very often mass spectrometry (MS) or liquid chromatography-coupled mass spectrome-
try (LC-MS). MS is probably the most promising technique to study the embryonic secretome.
The standard proteomic approach involves separation of intact proteins using 2D gel electro-
phoresis followed by immediate MS analysis or more likely by digestion and the analysis of
the resulting peptide profile. The LC-MS analysis of tryptic digests of control and conditioned
embryo culture media, characterization of embryo-related peptides and proteins is now also
possible. More recent advances like involving nano-ultra-high pressure chromatography
(nano-UPLC) and label-free quantification with mass spectrometry allows the use of mini-
mal amounts of sample and the efficient identification of numerous peptides and proteins in
a single analytical run [24]. Matrix-assisted laser-desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF) and surface-enhanced laser-desorption ionization-time-of-flight
mass spectrometry (SELDI-TOF) are also used to detect different proteins in embryo culture
media. SELDI-TOF is a highly sensitive and more importantly a high-throughput method for
proteomic analysis, especially for proteins having low molecular weight [21].

Candidates of markers of viability secreted by the embryo cover a broad range of molecules.
Sher et al. [25] used the soluble human leukocyte antigen G (sSHLA-G) as a predictor of implanta-
tion and pregnancy rate. sHLA-G was quantified using an immunoassay and two groups were
made according to the quantitative results. Embryos producing sHLA-G above the geometric
mean were considered as sHLA-G+ while the ones producing the antigen below the geometric
mean were considered as sHLA-G-. In the previous group, significantly higher pregnancy and
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implantation rates were observed. In the sHLA-G+ group, the pregnancy and implantation
rates were 75 and 44%, compared to 23 and 14% of the sHLA-G- group, respectively.

The role of apolipoprotein Al was also described in Ref. [26] after identification by gel elec-
trophoresis followed by MALDI-TOF MS. Quantification was also performed by ELISA and
by quantitative reverse transcriptase polymerase chain reaction of mRNA of apolipoprotein
Al. It was found that the level of apolipoprotein Al correlates with blastocyst grade, but it
does not correlate with implantation and pregnancy rates. Contradictory to those findings,
Nyalwidhe et al. [22] used MS, Western-blot, and ELISA to identify 14 differentially regulated
peptides that were then used to generate genetic algorithms being able to identify embryo
transfer cycles resulting in pregnancy and cycles with failed implantation. These genetic algo-
rithms were able to recognize with 71-84% accuracy embryo transfer cycles, which resulted
in pregnancy. Several of the 14 peptides were identified as fragments of apolipoprotein A-1,
showing reduced expression in media samples representing transfer cycles resulting in viable
pregnancies. McReynolds et al. reported an interesting approach based on proteomic analysis
[27]. Potential biomarker candidates were selected using an Linear Trap Quadropole-Fourier
Transform (LTQ-FT) ultra hybrid mass spectrometer operated in tandem mass spectromet-
ric (MS/MS) mode. Using this proteomic platform, we identified lipocalin-1 to be associated
with chromosome aneuploidy. The concentration of lipocalin-1 was determined using a com-
mercially available lipocalin-1 ELISA kit. A clear discrimination of euploid and aneuploid
embryos may be determined based on change of lipocalin-1 concentration in micro-drops of
culture media. The lipocalin-1 concentration from aneuploid blastocysts showed more signifi-
cant increase than euploid blastocysts. Pooled micro-drops of euploid embryos contained 3—4
ng/ml of lipocalin-1, while aneuploid embryos contained this compound in a concentration of
67 ng/ml. When analysing individual micro-drops of euploid and aneuploid embryos in the
spent culture media samples, the results were 4-5 vs. 5-6 ng/ml of lipocalin-1, respectively.

These examples clearly indicate that the non-invasive proteomic analysis of spent culture
medium samples has a great potential to determine embryo developmental potency. Thus,
this method can be integrated to the existing viability assessing concepts.

6. Viability assessment using quantitative determination of the
haptoglobin alpha-1 chain

By LC-MS analysis of spent culture medium samples incubated for 3 days, four different
polypeptides were detected and the mass spectra revealed that the monoisotopic masses of
the four molecules were 4787.4, 4464.6, 4622.4, and 9186.5 Da, respectively. These numbers
showed quantitative difference between the viable (successful pregnancy) and the non-viable
(no pregnancy) embryo groups [28]. As the result of various proteomic and statistical consid-
erations, the number of biomarker candidates was reduced to a 9186.5 Da polypeptide. The
respective mass spectrum is depicted in Figure 1.

Only this compound differed significantly in quantity between the viable and non-viable
embryo groups (p =0.005). Proteomic identification was carried out after digestion of the respec-
tive chromatographic fraction. By database search using MS data and manual investigation of
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Figure 1. Mass spectrum of the haptoglobin alpha-1 fragment. The horizontal axis represents the measured mass to
charge ratio values, displayed as m/z. Absolute peak intensity is shown on the vertical axis. The most intensive peak at
m/z 1149.6 corresponds to the [M+8H]8+ ion of the molecule. The peaks at m/z 1021.9 and m/z 1313.7 represent the [M +
9H]9+ and [M + 7H]7+ molecular ions, respectively.

sequence annotations of entries, the protein was identified as the alpha-1 chain of human hap-
toglobin. The alpha-1 form of this subunit has a monoisotopic mass of 9186.4 Da. All enzymatic
fragments identified by tandem mass spectrometry correspond to this region of the haptoglobin
precursor protein.

In a set of blind and retrospective experiments including 161 haptoglobin alpha-1 chain
measurements, 62 samples were found to be biochemically non-viable and 99 samples were
biochemically viable. The biochemically non-viable 62 embryos did not result in any suc-
cessful baby delivery, while in the biochemically viable group showed 55% pregnancy rate
(Figure 2). This result revealed a significant difference between viable and non-viable embryo
groups (p < 0.001) on the basis of the amount of the alpha-1 chain. Moreover, we have found
a significant correlation (p < 0.001) between the amount of the peptide fragment and the preg-
nancy outcome.

The probable source of human haptoglobin in the unconditioned medium is the protein con-
tamination of various purified albumin products. The sources of the haptoglobin alpha-1
chain in the culture medium are due to the reduction of the disulphide bonds connecting the
chains of the matured haptoglobin molecule. The explanation for the increased amount of
alpha-1 chain in the samples of non-viable embryos might be the fact that abnormally devel-
oping or damaged embryos often show the characteristics of apoptosis in a larger extent than
normal embryos. Apoptosis later might be followed by secondary necrosis accompanied by
increased membrane permeability. We hypothesize that these processes might result in the
release of enzymes or other chemical factors from the cells of abnormally developing embryos
altering the chemical environment in the medium.
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Figure 2. Results of the blinded analysis of embryo culture medium after 3 days of incubation (1 = 161). In the group
assessed as biochemically non-viable, no pregnancy was found. Embryos assessed as biochemically viable, showed an
55% pregnancy rate.

7. Apoptosis during early embryonic development

Programmed cell death (PCD)—also called apoptosis—is a well-known biological phenom-
enon. It is characterized by cell membrane blebbing, chromatin condensation and DNA frag-
mentation, involving several membrane receptors and the activation of signal transduction
pathways. Classic signs of apoptosis are cell shrinkage, nuclear condensation, and the forma-
tion of vesicles called “apoptotic bodies’. The most significant biochemical event associated
with apoptosis is DNA fragmentation producing a specific gel electrophoresis picture called
the DNA ladder. Apoptosis in vivo occurs in every multicellular organism and is an essential
biological process [29].

Normal apoptosis in early embryos is crucial for proper development. In blastocysts, for exam-
ple, both the inner cell mass and the trophectoderm layer undergo apoptosis [29]. Apoptosis
during the normal development of the pre-implantation embryos has several functions. It is
hypothesized that the cell number in the inner mass of the blastocyst follows an equilibrium
and apoptosis helps to maintain cellular homeostasis. The other possible reason for PCD dur-
ing early development is the elimination of cells with an abnormally altered genetic constitu-
tion or cells having other abnormalities or inadequate developmental potential. For example,
within the inner cell mass, the appearance of aneuploid cells is well known. The markers of
apoptosis are also considered as additional features for oocyte and embryo quality assess-
ment. Arrested embryos tend to have a high grade of apoptosis [30].
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Apoptotic cells should be normally phagocytosed, however, if it is not possible they may
undergo secondary necrosis, which differs from apoptosis by an increase in membrane
permeability and excretion of cytosolic structures. These events are observed in a variety
of different cell types [31]. The apoptotic program provides two alternative ways of cell
elimination. Early surface signals can allow scavenger phagocytes to recognize apoptotic
cells and remove them with a ‘silent” elimination process. Secondary necrosis occurs in the
absence of scavenger cells leading to a final autolytic disintegration. These cells exhibit spe-
cific apoptotic signs and also necrotic features, for example, the degradation of the cyto-
plasmic membrane. Secondary necrosis might also occur in vivo accompanying several
pathological cases when functioning scavenger cells are not available [32]. In vitro apoptosis
tends to proceed in a similar way involving the activation of hydrolytic enzymes and a
damage of the cytoplasmic membrane, resulting in cell disruption. This process occurs if
the removal of the apoptotic cells or apoptotic bodies fails. The events described in the
process of primary necrosis are operating during secondary necrosis, too. The mechanism
of cell death involves proteolysis due to the activity of proteinases causing an additional
release of cytosolic compounds [33]. Studies on animal models indicate that in vitro cultur-
ing increases PCD and that the composition of the medium can affect the incidence of the
process. The reason is that the culture medium lacks some crucial maternal ‘survival’ factors
[31]. We hypothesize that during the in vitro culturing an increased PCD is observed, result-
ing in secondary necrosis because of the absence of scavenging cells in the artificial in vitro
environment. The described phenomenon of haptoglobin cleavage might be a result of fac-
tors released from the embryonic cells due to secondary necrosis and increased membrane
permeability.

8. Concluding remarks

Our detailed study showed that the alpha-1 chain of the human haptoglobin molecule may
be used as a biomarker to distinguish the in vitro culture embryo implantation ability, which
yet has not been proven earlier by others to be an indicator of embryo viability. The embryos
diagnosed as biochemically non-viable did not lead to pregnancy at all. However, the embryos
that were classified as biochemically viable showed a 55% pregnancy rate, while the control
only showed the 30% pregnancy rate without the measurement of the haptoglobin alpha-1
fragment. The authors think that non-invasive metabolomic and proteomic approaches might
have a place in the process of routine IVF but cannot substitute the process of morphological
assessment. An ideal practice of IVF might contain a step ruling out the morphologically worst
embryos followed by a laboratory measurement of the haptoglobin alpha-1 chain of media of
the remaining ones. The main disadvantage of this technique is the application of mass spec-
trometry in the routine process of IVF, which requires an expensive laboratory background and
is usually not available in the reproductive units. The developing field of lab-on-a-chip concept
in combination with already existing point-of-care medical instruments can be a possible end
point [34].
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Abstract

Culture media and incubators have played a key role in embryo quality. Here, we
observed individual patient’s embryos to have different response for media and incuba-
tors. Patient’s 1850 zygotes were divided into two groups randomly and were cultured
in Global and in P1 medium. The cleavage rate and embryo quality were recorded. The
result showed that the cleavage, top quality embryos on Day 2 and Day 3 were not
statistically different between media. However, 45% patient’s embryos grew very well
in both Global and P1. 22% patient’s embryos grew well only in Global but poor qual-
ity in P1, while 21% grew well in the Global but poorly in the P1. Only 12% patient
embryos did not grow well in both. The pregnant rate was only 40% in P1 or 42.5% in
Global (P>0.05). However, when two media were used simultaneously, the pregnant
rate increased to 70.1%. Also, two incubators showed significant higher pregnant rate
than in single incubator (73.2% vs. 60%, P<0.05). In conclusion, the favorable response
of individual patient’s embryos to media and incubators suggests that using two media
and two incubators for embryo culture could significantly improve embryo quality and
pregnant rates.

Keywords: medium, incubator, IVF, pregnancy, outcome

1. Introduction

Assisted reproductive technology (ART) including in vitro fertilization (IVF) and intracy-
toplasmic sperm injection (ICSI) has now widely been used for the treatment of infertil-
ity. The successful application of this technology to human ART is mainly due to embryo
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culture environment innovation including culture media and incubators. So far, different
culture systems have been successfully used for in vitro production of human and animal
embryos.

Since the first rabbit embryo culture was described in 1912 [1, 2], mouse zygote could be cultured
to form blastocyst stage embryos in a complex culture medium [3]. In 1985, an embryo culture
medium called human tubal fluid medium (HTF) was first described as designed specifically
for human IVF [4]. Since the development of HTF, many modifications and advancements have
been made in the recipes for human embryo culture medium.

For many decades, optimization of culture media for the support of human and animal
embryos has been a focus of considerable interest [5]. As the further understanding of both the
physiological changes in oviduct and uterus and the different metabolic needs of cleavage and
blastocyst stage embryos, the many novel embryo culture media are continually developed.
Currently, several types of media are available in the market representing different strategies
and generally fall into one of the three types: (1) simple salt solutions with added energy sub-
strates, such as KSOM, P1, etc., [6, 7]; (2) complex tissue culture media, such as Ham’s F-10 [8];
and (3) sequential media, such as G1/G2, and developed G5 serious media [9]. More recently,
sequential culture media have been produced to take into account the changing metabolic
needs of the embryo from the cleavage to the blastocyst stage [10, 11]. So far, many commercial
embryo culture media are available for human embryo culture and their effect for embryo
culture is various [12]. At present, when we search with key words “human embryo culture
medium comparison” in google.com, the 53,600 results will occur at 0.6 s. The studies compar-
ing these medium effects on embryonic development have reported contradictory conclusion.
Many studies did not find a significant difference or just tiny difference between various cul-
ture media [13, 14]. Recently, Mantikou et al. [15] used meta-analysis to evaluate 31 different
comparisons for 20 different culture media and did not find what culture medium leads to the
best success rates in IVF/ICSL

We think that significant differences of various media for embryo culture may be difficult
to be demonstrated because every commercial company for human embryo culture media
must continuously improve the quality of its available culture media. Thus, most of the cur-
rent commercial culture media may produce satisfied results for human embryo culture.
Therefore, the choice of the best culture medium in each laboratory has been attributed to
embryologist interesting and specific work conditions.

Also, incubators in the IVF laboratory play a pivotal role in providing a stable and appro-
priate culture environment required for optimizing embryo development and clinical
outcomes. With technological advances, several types of incubators have been applied to
human IVF laboratory. Recently, Swain [16] did a comparative analysis of embryo cul-
tural incubators in human IVF laboratories and reviewed some incubator functions and
key environmental variables controlled and the technology utilized in various units. This
comparison indicates that smaller bench top/top load incubators provide faster recovery of
environmental variables, but there is no clear advantage of any particular incubator based
on clinical outcomes.
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Based on the last decade practice of our IVF center, there was no any difference on embryo cul-
ture between Cook Minc incubator and front-door big-box incubator. However, we observed
that the same patient’s sibling embryos for splitting into two medium cultures often have
different development results under the condition of different incubators. Our question is
whether patient’s embryos have a favorable selection for culture medium or incubator condi-
tion? The objective of this study is to determine whether specific differences of patient embryos
in response to culture media and incubator are important in the human embryo culture system.

2. Materials and methods

2.1. Culture media

This study mainly used two media for embryo culture: P1 medium is from Irvine Scientific,
Inc, CA, and Life-Global medium is from Life Global, LLC, Canada. Two kinds of media
added 10% serum substitute supplement (SSS) (Irvine Scientific, Inc, CA) for embryo culture.

2.2. Culture incubators

Forma water-jacketed CO, incubator is from Thermal Forma Scientific, Inc, and this incuba-
tor is just connected to medical grade CO, gas tank and is adjusted to 5% CO, for embryo
culture. Cook Benchtop Incubator was connected to the certified premixed tri-gas tank which
contained 5% O,, 6% CO,, and 89% N (Figure 1). Although two incubators connected with dif-
ferent CO2 concentration, their pH tests showed the range from 7.21 to 7.38 and no significant
difference was observed between two medium in two types of incubators.

Embryo Culture Incubator

Mixed triple-gas (6% CO,,
5% 0, and 89% N2)

5% CO, Forma Incubator

Figure 1. Embryo culture incubators. Two kinds of incubators are shown as big-box incubator (left) and Cook Bench
Minc incubator (right).
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3. Experiment design

This was a prospective randomized study of infertility couples undergoing assisted reproduc-
tive procedures during 2012-2013 at the Arizona Center for Reproductive Endocrinology and
Infertility. During this period, all patients (age 25-43) were treated by our standard stimula-
tion protocol (LA/HMG, HCG 10,000 IU/ml) before oocyte retrieval. The retrieval oocytes
were cultured in P1 medium (Irvine Scientific, Inc) with 3% human serum albumin (HSA,
InVitoCare, Frederick, MD) for 4-6 h at 37°C with 5% CO, incubator. Then, oocytes were
routinely inseminated in 100 pl of P1 medium microdrops for in vitro fertilization or con-
ducted by intracytoplasmic sperm injection depending on husband sperm quality (approxi-
mately 35% of cycles required ICSI). Fertilization was assessed on the following day, 18-20
h after insemination or ICSI. If two distinct pronuclei (2PN) were observed, the fertilization
was confirmed. The zygotes per patient were randomly divided into two groups and cultured
in either P1 medium or Life-Global medium in petri dishes with each drop of 50 ul culture
medium for another 2 days (see experimental design, Figure 2).

Each embryo was cultured in an individual microdrop. The status of embryo cleavage and
quality were assessed after a further 24 and 48 h of in vitro culture. The embryonic grade was
evaluated according to the number and size equality of blastomeres, presence or absence of
granularity, and the relative proportion of anucleate fragments by at least two experienced
embryologists by 100X magnification on an inverted microscope. Based on our standard
criteria, good-quality or top-quality embryos (Grade 5) were defined as regular, spherical
blastomeres with less 10% extracellular fragmentations and had 6-10 blastomeres on day 3.
Embryos with Grade 1-4 were defined as low quality. On the day of embryo transfer (ET), one

Embryo Culture Method

One patient's 2PN Zygoles @000
D @ DD

CO, incubater 0O, incubator

Figure 2. Embryo culture method. A patient sibling fertilized zygotes were randomly divided into two media and two
incubators for culture.
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to four embryos were selected for abdominal ultrasound-guided transfer to uterus according
to patient age and embryo quality. The transferred embryos from each medium or incubator
were recorded. The most of, most of the best quality embryos for transfer were selected from
two media and two incubators. The remaining embryos, if any, were left in the culture dish to
undergo cryopreservation. Clinical pregnancy was diagnosed by the presence of a gestational
sac by ultrasound echographic screening approximately 5-6 weeks after the embryo replace-
ment procedure.

Statistical analysis was performed using student ¢-test. Significant statistical difference was
considered as P<0.05.

4. Results

4.1. New discovery

In 2008-2009, we often observed that the patient’s embryos had a different response to each
medium. Some patient’s embryos favored to grow in the global medium, while some patient’s
embryos preferred to live in the P1 medium and some embryos grew very well in both global
medium and P1 medium, which means that embryos have a favorable selectivity to medium
(Figure 3).

The same day embryos for two patients

Global

Good Poor

Patient 1

Good

Patient 2

Figure 3. The patient’s embryo response to two media. On the same day, two patients’ embryos were placed in the two
medium culture. Patient 1 embryos grew very well in the P1 medium (left), but they had a lot of fragmentation in global
medium (right). However, the 10 embryos of patient 2 grew very well in both media.
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4.2. Experimental verification

In order to verify our former observation, two different commercially available media (P1
and Life-Global media) were used in this study. A total of 1850 normal fertilized 2PN zygotes
from 220 consecutive patient cycles were studied. The cleavage rate and top-quality embryos
on day 2 and day 3 were compared. Results indicated the same zygote cleavage rate for two
media, and global medium seemed to yield slightly higher top-quality embryos on day 2 and
day 3, but it was not statistically different between two media (P>0.05, Table 1 and Figure 4).
When patient’s sibling embryos were cultured in two different incubators, their cleavage
and the top embryo of day 2 and day 3 also did not show any significant difference (P>0.05,
Figure 5).

However, when the patient sibling embryos were cultured in two media, some patient
embryos developed very well in the P1 medium, while some patient embryos grew well in
global medium. Here, we gave four patient samples to show the responses of patient embryos
to two culture media (Figures 6-9).

Patient A was 38 years old. Five oocytes were retrieved on September 30, 2013, and four
zygotes were individually cultured in P1 and global medium in Forma incubator and Cook
Minc incubator, respectively. On day 3, all embryos showed a good quality under the various
conditions

Patient B was 23 years old. Thirteen oocytes were retrieved on October 4, 2013, and four
zygotes were individually cultured in P1 and global medium in Forma incubator and Cook
Minc incubator, respectively. On day 3, all embryos showed a low quality and slow growing
under the various conditions.

Patient C was 33 years old. Fourteen oocytes were retrieved on September 30, 2013, and 11
zygotes were cultured in P1 and global microdrop medium (one embryo in each drop) in

Embryo Medium Incubator
grade Global P1 Forma Minc
Embryos/ % Embryos/ % Embryos/ % Embryos/ %
total total total total
Cleavage  907/930 97.5* 808/920 98.7% 992/1025 96.8° 807/825 97.8
Day 2 633/845 74.9° 624/836 74.6° 730/988 73.9° 598/800 74.8°
top-quality
embryos
Day 3 564/857 65.8 477/768 62.1° 573/902 63.3° 478/726 65.8°
top-quality
embryos

*No significant difference between two medium groups (P>0.05).

Some patient embryos were not observed on day 2 and were observed on day 3. Day 2 top-quality embryo shows 2-6
cells/Grade 5 and day 3 top-quality embryo shows 5-8 cells/Grade 5.

Table 1. Effect of culture media and incubators on zygote development.
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Global and P1 medium comparison

Global = P1 medium

Day 2 top day 3 top

embryo embryo
Global i 74.9 65.8
P1 medium 38, 74.6 62.1

Figure 4. Patient embryos cultured in two medium did not show any significant difference on cleavage, day 2 and day
3 high-quality embryos.

Forma and Minc incubator comparison

Forma incubator Minc Incubator

Figure 5. Patient embryos cultured in two different incubators did not show any significant difference on cleavage, day
2 and day 3 high-quality embryos.

Forma incubator and Cook Minc incubator, respectively. On day 3, only three good-quality
embryos were obtained in the global medium in the Cook Minc incubator. Other eight embryos
showed low quality under other three kinds of condition.
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Patient A (38 yrs old, S eocytes on 10372013)

Four embryos in P1 and Global media in two incubators

CQ; incubator

Figure 6. The four embryos of a 38-year-old woman showed very well growing in two media and two incubators. Day 3
embryos were displayed under the same microscope view.

Patient B (23 yrs old, 13 secytes on 10/772013)
Day 3 embryos in P1 and Global media in two incubators

——
Fl
COy incubakor

Figure 7. The four embryos of a 23-year-old woman showed very poor growing in two media and two incubators. Day
3 embryos were displayed under the same microscope view.

Patient D was 41 years old. Five oocytes were retrieved on October 4, 2013, and five zygotes
were individually cultured in P1 and global medium in Forma incubator and Cook Minc incu-
bator, respectively. On day 3, only one embryo in P1 medium with Forma incubator showed
poor quality and other four embryos had good quality.
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Patient C (33 yrs old, 14 oocytes on 103/2013)
11 embryos in P1 and Global media in two incubators

P1 medium

Global medium

Figure 8. The eight embryos of a 33-year-old woman showed very poor growing with P1 medium in two incubators and
global medium in big-box incubator. However, three good-quality embryos were obtained in the global medium with
Minc incubator.

Patient D (41 yrs old, 5 oocytes on 10-7-2013)

Five embryos in P1 and Global media in two incubators

Global medium

CO2 incubator Minc incubator (5% O,)

P1 medium

Figure 9. The four embryos of a 41-year-old woman showed very good growing with global medium in two incubators
and Pl medium in the Cook Minc incubator. Only one embryo was of poor quality in the P1 medium with big-box
incubator.
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These results showed that the different patient’s embryos had different responses to media. In
order to compare large number of data, 1875 embryos of 174 patients were divided into four
groups. The first group contains 45% (78/174) patient’s embryos growing very well in either
global medium or P1 medium. The second group contains 22% (38/174) patient’s embryos
growing well only in global medium with poor quality in P1 medium. The third group con-
tains 21% (37/174) growing well in the P1 medium but poorly in the global medium and the
fourth group contains 12% (21/174) not good growing in both P1 and global media (Table 2).
In order to clearly show the data of table, a bar graph was drawn (Figure 10). We may very
clearly see some patient embryos growing very well in global medium or P1 medium, which
showed patient embryo selectivity.

Embryo quality in Patients/total Global medium P1 medium
di tients (%

mediam patients (%) Embryo number Top quality Embryo number Top quality
mean *SD mean *SD

Good in global 78/174 (45%) 391/448 87.6+16.3° 359/425 84.5+16.2°

and P1

Good in global but  38/174 (22%) 153/190 80.7+22.8° 67/205 32.8+19.1°

poor in P1

Good in P1 but 37/174 (21%) 51/185 27.7+20.6* 137/200 68.3+22.5°

poor in global

Poor in global 21/174 (12%) 30/105 28.8+17.7° 26/120 21.9+20.9

and P1

Note: The same superscript in each row indicates no significant difference (P>0.05), and different superscript in each row
indicates significant difference (P<0.05).

Table 2. Patient sibling embryos in response to different culture media.

patient/total patients u Global

q | I

b Pl | o ghoksal, prese ih) Y e woew an ggiobal

Figure 10. Growing distribution of patients” embryos in two media for culture. The first bar in each group represents
percentage of patient’s embryos in each group. P1 indicates P1 medium and G indicates global medium. The data
indicate percentage.
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Pregnancy rate in two media and
two incubators

g0
70
gﬁb
‘Eﬁu
& 40 -
%su-
& 20-
10 -
0 -

Globel Mlnc Forma
Media and Incubators

Figure 11. The statistics of patient pregnant rates in two media and two incubators.

The statistics of the pregnant rate showed 40% (10/25) in P1 medium and 42.5% (9/21) in
global medium (P>0.05). However, when two media were used simultaneously for patient
embryo culture, the pregnant rate significantly increased to 70.1% (122/174). At the same time,
when two media were cultured in two incubators, it had a significant higher pregnant rate
than in single incubator (73.2% vs. 60%, P<0.05, Figure 11).

5. Discussion

In the last near four decades, assisted reproductive technologies have been widely applied to
the treatment for infertile couples to realize their dream to have baby in their family. However,
the current successful rate is still kept in low level about 40%. Thus, vast efforts have been
undertaken to improve IVF pregnancy rate by continuously improving and modifying in
vitro culture medium system and innovating in embryo selection techniques such as time-
lapse, preimplantation embryo diagnosis and screening (PGD/PGS). So far, numerous studies
have been reported on different culture medium formulations and their effects on embryo
cleavage and blastocyst formation [12]. Although current commercial culture medium com-
position varies widely, all of them may support human embryo in vitro culture growing very
well. Thus, the selection of embryo culture medium depends on laboratory embryologist’s
favor and custom.
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However, we are reporting a new observation which showed patient’s embryo-specific differ-
ences in response to culture media in clinical IVF-ET. Our results indicated that some patient’s
embryos favored to grow in the global medium, while some patient’s embryos preferred to
live in the P1 medium and some embryos grow very well in both the global medium and
P1 medium; some patient’s embryos did not grow well in both P1 and global media, which
means that different patient embryos have a favorable selectivity to culture medium. The aim
of embryo culture after in vitro fertilization is to obtain good-quality embryos for transfer
into women uterus. Because of patient’s embryo selectivity, when all embryos of a patient
are placed in a single medium culture, it is possible that all embryos are either very good or
very poor. If embryos show poor quality in the single medium, this patient may be a failure
in this IVF cycle. However, when embryos are cultured in two media, some embryos may be
poor quality in a medium, but some embryo may be good quality in another medium. Thus,
this patient still has good-quality embryos for transfer in order to make sure an increase in
pregnancy opportunity.

Our statistic results showed that 45% patient’'s embryos grow very well in either global
medium or P1 medium. Thus, the embryos from these 45% patients always grow very well
no matter what media were used in either P1 or global medium. They are also easy to obtain
successful pregnancy group. In addition, the embryos of about 12% patients could not grow
well in both P1 and global media. These patients of this group are very difficult to get preg-
nancy because they cannot get any good-quality embryos for transfer using any medium.
This may be due to patient oocyte quality or sperm quality. The embryos of remaining about
43% patients displayed a real medium selection. That means that 22% patient’s embryos were
growing very well only in P1 medium but poor quality in global medium, while the embryos
of 21% patients grew well in the global medium but poorly in the P1 medium. Thus, we
may obtain high-quality embryos from this 43% patient group by the selection of two culture
media. In this way, the best estimation of IVF successful rate may reach to 45 + 43 = 88% of
patients under the current IVF technology. In our statistics based on various ages of transfer
embryo women, the pregnant rate of each group in two media and two types of incubators
are listed in Table 3. However, this very high pregnancy rate resulted in 20.7% twin and
3.74% triplet baby birth, which showed that two medium cultures really increased transfer
embryo implantation opportunity. In clinical practice, the number of transfer embryos should
be reduced significantly accordingly.

Patient age Transfer embryo no. and range Pregnant no. and rate (%)
<28 1.98 (1-2) 20/23 (86.96%)

28-34 2.64 (1-3) 50/67 (74.63%)

35-27 2.94 (2-4) 24/33 (72.72%)

38-40 3.12(1-4) 21/32 (65.63%)

>40 3.81 (2-4) 9/21 (42.86%)

Table 3. The result of pregnancy with two media and two types of incubators for embryo culture and mixed embryo
transfer.
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Transferring embryos from two media may significantly improve human IVF pregnancy rate.
Wirleitner et al. [17] ever reported an interesting observation in which the transfer of two
embryos where one embryo was cultured in either medium resulted in a significantly high
rate of twin pregnancies. Our research showed that two medium cultures might obtain 71%
pregnancy rate. However, if single medium was used for culture, it may just produce about
may produce about 40% pregnant rates. Using two media in one incubator for culture may
increase to 60% pregnancy rate. When two media plus two incubators were used, the preg-
nancy might increase to 73%. Thus, the application of two media and two types of incubators
may significantly improve human IVEF/ICSI clinical pregnancy.

6. Conclusions

Patient-specific variability in response to commercially available media appears to play
a significant role in clinic IVF practice, and the application of two media and two types of
incubators for each patient embryo culture enables to ensure every patient to have sufficient
high-quality embryos for transfer. The favorable response of individual patient’s embryos to
media and incubators suggests that in IVF clinic practice, using two media and two incuba-
tors for embryo culture could significantly improve IVF/ICSI pregnant rates.
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