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Abstract

Over the years, the utilization of in vitro fertilization (IVF) in bovine embryo production has increased
globally to accelerate the selection of cows with high genetic values. The selection of embryos with high
implantation potential is a critical factor in establishing pregnancy. Time-lapse monitoring (TLM) has
emerged as a new technique that allows frequent and non-invasive imaging of developing embryos.
TLM is considered to have several advantages over the conventional morphological evaluation of
embryos, which has been widely used in bovine embryo production. Establishing a novel embryo
selection algorithm specifically for bovine IVF embryos is a critical challenge, but information on the
association between morphokinetic data obtained using TLM and the implantation potential of embryos
is still limited. This review outlines the potential application of TLM technology to improve the fertility
of bovine IVF embryos, focusing on the results of human and bovine TLM studies that can be applied
to select bovine embryos with high implantation potential. First, the progress of the TLM technology in
bovine embryo production is summarized. The association between kinetic and morphological
parameters and the developmental and implantation potential of human and bovine embryos is outlined.
Finally, the benefits of evaluating blastocyst collapse and re-expansion as indicators of bovine embryo
viability and the possible application of TLM to detect chromosomal abnormalities and determine

embryo sex will be discussed.
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Introduction

Over the past century, significant innovations in reproductive technology have revolutionized dairy
and beef cattle production, thereby increasing the profitability of farms [1]. Embryo transfer has become
an essential technique in bovine breeding, not only to improve the reproductive efficiency but also to
accelerate genetic evolution by increasing the number of cattle with high genetic values [2, 3]. Genomic
selection of superior cows has been further accelerated by the combination of embryo transfer and in
vitro fertilization (IVF) [2, 4-6]. Globally, IVF embryo production has increased significantly over the
years, with similar numbers of embryos produced in vivo and in vitro since 2014 [4]. In contrast, the
pregnancy rate after the transfer of IVF embryos has been shown to be lower than that of in vivo-
produced embryos [7-9]. The selection of embryos with high implantation potential is a critical factor
for the establishment of pregnancy [10, 11]. Traditionally, IVF embryos have been selected based on
their morphology, developmental rate, and overall appearance at the end of culture [12]. This selection
method is widely considered inadequate and subjective because of the possibility of overlooking critical
events that are detrimental to embryo survival and the variability between and within observers [13-15].
The frequent evaluation of embryo development is believed to improve implantation rates, but is
invasive owing to the frequent handling and exposure to changes in temperature and gas concentration
[16, 17]; therefore, developing non-invasive and accurate methods for determining embryo quality is
essential.

Time-lapse monitoring (TLM) has emerged as a new technique that allows frequent and non-invasive
imaging of developing embryos. It is considered to have several advantages over conventional
morphological evaluation of embryos, which has been widely used in bovine embryo production.
Continuous observation of embryo development with TLM allows accurate quantification of cellular
dynamics and cell cycle length. Several human and bovine studies have suggested that a detailed analysis
of the timing and pattern of the first post-fertilization cleavage may allow the selection of embryos with
a high implantation potential [11, 18-22]. Furthermore, it has been postulated that TLM can predict the

ploidy status of embryos because aneuploid embryos can present morphokinetic differences compared
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to normal embryos during their development due to aberrant chromosome complement [23, 24]. Since
aneuploidy is one of the critical causes of implantation failure and miscarriage [25-27], non-invasive
determination of ploidy status using TLM would be beneficial. Clinical studies using human IVF
embryos have shown that the evaluation of morphokinetics during the early cleavage stages improves
pregnancy outcomes [28-32]. Therefore, applying TLM to the selection of bovine IVF embryos may
also improve the pregnancy rate after embryo transfer.

Because of these advantages, human laboratories of assisted reproductive technology (ART) have
rapidly and globally introduced TLM technology. As a result, considerable morphokinetic data has been
collected, and embryo selection algorithms have been gradually established in human ART [33-36],
although their application to improve pregnancy outcomes remains uncertain [33, 37-39]. Despite
several TLM studies of bovine embryos, information on the association between morphokinetic data
obtained using TLM and implantation potential is still limited; therefore, TLM has not yet been applied
commercially in bovine embryo production. Few studies have reviewed the findings obtained from time-
lapse observations of bovine IVF embryos to improve fertility and production efficiency in cows.
Therefore, this review outlines the potential applications of TLM technology to improve the fertility of
bovine IVF embryos. This article focuses on the findings of human and bovine TLM studies that can be
applied to select bovine embryos with high implantation potential. First, the progress of the TLM
technology in bovine embryo production is summarized. Second, the association of kinetic parameters,
such as the timing of cleavage, and morphological parameters, mainly focusing on abnormal cleavage
obtained using time-lapse observation during the early cleavage stage, with the developmental and
implantation potential of human and bovine embryos are outlined. This review describes the benefits of
evaluating blastocyst collapse and re-expansion as indicators of viability of bovine embryos. Finally,
the possible application of TLM to the detection of chromosomal abnormalities and embryo sexing is

discussed.

Progress of TLM technology in bovine embryo production
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The milestones for the progress of TLM in bovine embryo assessment are summarized in Table 1.
Time-lapse embryo observations began with studies using animal embryos produced in vivo. In 1929,
Lewis and Gregory first applied cinematographic monitoring to the development of rabbit embryos
collected from the oviduct, from the one-cell to the hatching stage [40]. In the early 1980s, bovine
morulae collected from uterine horns were cultured in flat capillary tubes for five days to continuously
monitor blastocyst formation and hatching [41, 42]. These studies revealed that bovine embryos actively
hatch by escaping through a slit of the zona pellucida. The TLM of IVF embryos was first performed in
1994 using bovine embryos that matured and fertilized in vitro [43]. Embryo culture was performed
using a 4-well dish covered by an in vitro culture chamber and placed on an inverted microscope stage.
The development of 130 embryos from the one-cell to the blastocyst stage was monitored for eight days
using time-lapse cinematography, during which the timing of cleavage, duration of each cell cycle, and
time to the morula/blastocyst stage were investigated. Grisart et al. (1994) revealed that the faster the
embryos are cleaved in the early stages, the higher the ability to develop to the morula-blastocyst stage.
In addition, the developmental arrest (‘lag-phase’) occurred at four to eight-cell stages, which is likely
to be related to the developmental competence of embryos. In 1997, the first human TLM study using
in vitro-produced embryos following intracytoplasmic sperm injection demonstrated the precise timing
of fertilization, indicated by polar body extrusion and pronuclear formation [44]. In the late 1990s and
the 2000s, several studies determined the developmental kinetics of bovine IVF embryos using a
cinematographic chamber placed on an inverted microscope [45-51]. These studies provided the basis
for time-lapse analysis of bovine IVF embryos by demonstrating that the timing of cleavage and cell
cycle length during the early cleavage stage indicates the developmental potential of embryos.
Commercial equipment for TLM, in which microscopes and cameras are built inside an incubator,
became available and was introduced to many human ART laboratories worldwide around 2008 [34,
36]. This has led to several studies on the relationship between morphokinetics and the developmental
or implantation potential of in vitro-produced embryos, mostly using human embryos. In 2010, Somfai

et al. [19] performed the first bovine TLM study using a commercial time-lapse imaging system and
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demonstrated that the duration of the cell cycle and cleavage pattern during the early cleavage stage
indicate the developmental ability to reach the blastocyst stage. In the same year, Sugimura et al. [52]
developed a well-of-the-well system that allowed tracking and time-lapse observation of individual
bovine embryos throughout the culture period. These studies provide an essential foundation for the
progress of TLM in bovine IVF embryos. Subsequently, several studies have validated the association
of morphokinetic and morphological parameters of bovine IVF embryos with developmental ability and
implantation potential after transfer [11, 53-58]. However, this information is limited compared to that

of humans, and commercial and practical applications have not yet been achieved.

Embryo selection by quantitative parameters

Recent information on human embryo selection algorithms has been summarized in several
systematic reviews [33, 34, 36, 59]. Several human studies have indicated that blastocyst formation can
be predicted by several quantitative parameters, such as the duration of the second cleavage [28, 32, 60],
the duration of the second synchronization (time between 3-cells to the 4-cells stage) [31, 32, 61], the
time to 2-cell [61, 62], and the time to 5-cells [60, 61]. Similarly, in bovine IVF embryos, it has been
shown that the duration of the first, second, and third cell cycles of viable embryos that developed to the
compact morula or blastocyst stage were shorter than those of non-viable embryos [19, 48, 63].
Furthermore, embryos that developed slowly during early cleavage showed increased expression of
apoptosis- and cellular stress-related genes around the time of genome activation (112 h post-
fertilization) compared to fast-developing embryos [63]. These human and bovine findings indicate that
quantitative parameters obtained by kinetic analysis with TLM can predict embryo transfer outcomes.
Mesenguer et al. (2011) proposed the first embryo selection algorithm as a predictor of implantation
after transfer of embryos produced by intracytoplasmic sperm injection [30]. This study presented an
optimal range of morphokinetic parameters and showed that embryos that develop too early or too late
have a low implantation rate. Subsequently, several studies have reported that implantation potential can

be predicted by the duration of the second cleavage [30, 60, 64-66] and times to 5-cells [30, 60, 65, 66],
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blastulation [60], and expanded blastocysts [67]. In general, early cleaving embryos may have a higher
implantation potential [33, 59]. The association between morphokinetic parameters and implantation
ability has been demonstrated in bovine [IVF embryos and is consistent with human studies [11, 68]. A
logistic regression analysis revealed that morphokinetic parameters, such as the timing of the first
cleavage (within 27 h post-fertilization), cell number at the end of the first cleavage (2-cell), and cell
number at the beginning of the lag phase (6 tol6-cell), are indicative of successful pregnancy outcomes
after embryo transfer [68]. In these studies, the authors concluded that combining several quantitative

and qualitative parameters could successfully predict pregnancy (Table 1).

Embryo selection by qualitative parameters

Accumulating evidence suggests that abnormalities in qualitative parameters during the early
cleavage stage, such as abnormal cleavage, fragment formation, unequal cleavage, and multinucleation,
are useful for de-selecting human and bovine embryos because of their association with poor growth
and implantation potential [11, 19, 21, 22, 33, 34, 36, 53, 69, 70]. The most common abnormal cleavage
events are reverse cleavage (RC), blastomere fusion post-cleavage [65], and direct cleavage (DC),
cleavage of one blastomere into more than three daughter cells (Fig. 1) [21]. Although the mechanisms
underlying abnormal cleavage are not fully understood, it has been hypothesized that the causes include
sperm quality or DNA damage, chromosomal abnormalities, multipolar spindles, and aberrant
centrosomes [19, 22, 24, 71]. The prevalence of RC has been reported to be 0.4%—27.4% [22, 69, 72,
73] in humans and 7.6—17.2% in cattle [53, 57]. For DC, the reported prevalence in different studies
varies from 4.4-26.1% in humans [30, 69, 73-76] and 14.1-28.7% in cattle [19, 53, 57]. Human studies
have shown that abnormal cleavage is associated with reduced blastocyst development, implantation
potential, or live birth rate [21, 22, 69, 73-77]. Similarly, our previous study using bovine IVF embryos
demonstrated that at eight days post-insemination, embryos presenting RC or DC had a lower proportion
of blastocysts with good morphology than normally cleaved embryos, although the overall blastocyst

rate was only reduced in the RC groups [53]. On the other hand, some abnormally cleaved embryos
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developed into blastocysts of the same quality as normally cleaved embryos (Fig. 2), indicating that
conventional morphological embryo selection may result in the transfer of embryos experiencing
abnormal cleavage. Morphokinetic evaluation revealed that bovine IVF embryos that presented RC and
DC developed more slowly than normally cleaved embryos with prolonged time to first cleavage, onset
of lag-phase, morula formation, blastulation, and hatching. The prolonged time to first cleavage in DC
embryos was consistent with another bovine TLM study [19]. A recent bovine metabolome analysis
revealed differences in several metabolic pathways between normal and DC embryos, mainly involving
pyruvic acid, and an increased level of pyruvate acid in DC embryos, possibly indicating a disturbance

in the switch from lipid to glucose metabolism [57].

Blastocyst collapse and hatching

Continuous morphological observation of embryos using TLM enabled dynamic investigation of
blastocyst collapse, re-expansion, and hatching (Fig. 3). Hatching, a protrusion of blastocysts from the
zona pellucida with continuous expansion of the blastocoele, is an essential process for successful
implantation. Spontaneous and transient collapse and re-expansion are frequently repeated before
hatching, although these processes are not a prerequisite for hatching [70]. Blastocyst collapse occurs
due to the loosening of cellular connections in the trophectoderm, causing an efflux of blastocoel fluid
and embryo contraction. Subsequently, the gradual accumulation of fluid in the blastocoel via the
sodium pump causes the re-expansion of embryos [78, 79]. A previous study using mouse embryos
suggested that weak contractions play an essential role in hatching, whereas strong collapse has an
inhibitory effect [80]. Human studies have revealed that collapsed blastocysts have a lower implantation
rate compared to non-collapsed blastocysts [78, 81]. The mechanisms underlying the detrimental effect
of embryo collapse on implantation are primarily unknown but are presumably related to mechanical
pressure, damage to the gap junctions in the trophectoderm, or excessive energy consumption for re-
expansion, which may negatively affect subsequent embryonic development [82]. Our previous study

using bovine [VF embryos demonstrated that RC embryos presented an increased number of blastocyst
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collapses or re-expansions and lower hatchability than normally cleaved embryos [53] (Table 1). In
contrast, the hatching rate was reduced in DC embryos compared to embryos with normal cleavage,
without an increase in the number of collapses before hatching. Therefore, although reduced hatchability
in embryos presenting abnormal cleavage suggests impaired implantation ability, different mechanisms
may be involved in reducing hatchability in RC and DC embryos. Although the mechanism of impaired
hatchability in embryos with abnormal cleavage has not yet been fully elucidated, it is hypothesized that
the reduced embryo viability caused by poor oocyte or sperm quality or unsuitable culture conditions
may be involved. Therefore, it is recommended to prioritize the transfer of embryos that do not show

strong blastocyst collapse to increase the implantation rate in bovine embryo transfer.

Prediction of embryo chromosome status using TLM

Both quantitative and qualitative evaluations of embryos during the early developmental stage may
be applicable to detect aneuploidy. A recent systematic review in humans reported that the times to 8-
cells, 9-cells, blastulation, and expanded blastocyst were prolonged in aneuploid embryos, indicating
that these morphokinetic variables have prognostic potential [24]. Similarly, a bovine IVF study
revealed that slowly cleaving embryos had an increased proportion of chromosomal abnormalities
compared with rapidly cleaving embryos [11]. Therefore, morphokinetic evaluation can be applied to
select bovine embryos with high implantation potential.

Fragmentation, abnormal cleavage, contraction, and multinucleation have been postulated as
qualitative parameters for screening embryo ploidy status. A human meta-analysis showed that RC is
associated with euploidy, whereas DC is not associated with chromosomal abnormality [24]. However,
the authors cautioned that further validation is needed because RC is frequently associated with
compromised embryo quality and inferior implantation rates [24]. Bovine studies have demonstrated
that RC and DC embryos have an increased proportion of blastomeres with abnormal chromosomes, as
determined by karyotyping [19, 53]. Therefore, the association between abnormal cleavage and embryo

ploidy requires further elucidation in large-scale studies. Human studies have shown that embryos
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presenting abnormal cleavage, which presumably have abnormal chromosomes, were able to develop
into euploid blastocysts [73, 74], suggesting that abnormal cleavage may have a potential role in the
process of “self-correction” to avoid an aberrant chromosomal complement. This is supported by human
and bovine studies revealing that abnormal cleavages are associated with partial compaction, in which
embryos exclude several blastomeres at the morula stage [55, 70, 74, 83]. These excluded blastomeres
showed significantly higher abnormal chromosome content than the corresponding embryos.
Furthermore, the incidence of RC and DC was higher in embryos with partial compaction than in fully
compacted embryos, indicating the possible role of partial compaction in rescuing chromosomal
aberrations associated with abnormal cleavage [55, 74, 83].

Recent bovine studies have demonstrated that live-cell imaging using confocal laser microscopy
enables long-term and noninvasive observation of embryo chromosomal dynamics, including
chromosomal segregation, which is thought to be a critical indicator of embryo viability [84, 85]. The
authors reported that abnormal chromosome segregation was associated with delayed first cleavage and
reduced developmental potential, with a much lower blastocyst formation rate than in normal embryos.
Furthermore, the dynamics of pronuclei in bovine embryos, which have been considered difficult to
observe owing to the lipid-rich dark cytoplasm, could be observed using live-cell imaging, and multiple
pronuclei were correlated with DC [84]. More practically, analysis of pronuclear number and dynamics
has also been achieved by combining lipid removal from embryos by centrifugation with time-lapse
observation [56]. These novel techniques can potentially provide new predictive tools for implantation

of bovine IVF embryos.

Possible application of TLM for embryo sexing

In dairy and beef cattle breeding, pre-selection of calf sex has significant economic advantages and
a major impact on management strategies. Sex-sorted semen has been used for in vifro embryo
production to control the sex of offspring, significantly improve breeding programs, and shorten

generation intervals. /n vitro production of female embryos using X-sorted semen has been shown to
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reduce the cost of producing female offspring in dairy cows [5]. Despite these advantages, many studies
have reported that using sex-selected semen in IVF reduces embryonic viability and pregnancy rates [54,
86-93]. Our recent TLM study that determined the developmental kinetics of bovine IVF embryos
revealed that embryos fertilized with X-sorted semen developed slower than embryos fertilized with
unsorted semen [54]. Furthermore, the incidence of RC during the early cleavage stage increased in
embryos produced with X-sorted semen, whereas the incidence of DC did not differ between the groups.
These findings indicate that slower growth and high prevalence of abnormal cleavage are likely to
contribute to the low viability and implantation potential of embryos produced with sex-sorted semen.
Therefore, TLM may improve the implantation potential of IVF embryos derived from sex-sorted semen
by de-selecting the embryos that exhibit abnormal developmental kinetics.

Several bovine and human studies have attempted to determine the association of time-lapse
parameters with embryo sex, with contradictory results. In early bovine studies without TLM, some
have reported that early developing embryos were more prone to be male, suggesting that male embryos
are likely to develop faster than female embryos [94, 95]. In contrast, other studies failed to find any
effect of embryo sex on the timing of bovine embryo cleavage [96-98]. Consequently, although
morphokinetic evaluations using TLM have been applied to verify the developmental differences in
bovine male and female embryos, the effect of embryo sex on cleavage timing remains controversial.
Holm et al. (1998) and Sugimura et al. (2012) failed to find any relationship between developmental
kinetics and bovine embryo sex [11, 45]. On the other hand, Peippo et al. (2001) reported that bovine
embryo sex is related to time-lapse parameters during the early cleavage stage, which are affected by
glucose concentration in the culture medium [47]. When glucose was supplemented into the culture
media, male embryos cleaved faster than female embryos, whereas in the absence of glucose, female
embryos cleaved faster than male embryos [47]. This is supported by early bovine and human studies
suggesting distinct metabolic demands and utilization efficiencies between male and female embryos
[99, 100]. These findings suggest that one reason for the discrepancy in the association of morphokinetic

parameters with embryo sex between studies may be variations in culture conditions among laboratories.
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Therefore, further large-scale studies are necessary to determine the possible application of TLM for

pre-selection of embryos of the required sex.

Future perspectives

This review outlines the application of TLM technology as a novel method for selecting embryos to
achieve improved pregnancy outcomes in bovine IVF embryo transfer. TLM enables the prediction of
the growth and developmental potential of the bovine embryo through morphokinetic parameters, such
as the timing of cleavage and morphological dynamics, to detect abnormal cleavage patterns or
blastocyst collapse. Furthermore, the possible utilization of TLM to detect chromosomal status or
embryo sex would be of practical value in breeding and management strategies. However, very few
trials have attempted to transfer TLM embryos into cattle to assess implantation ability, and the
usefulness of time-lapse analysis of bovine embryos has rarely been validated. Only one large-scale
study has determined the pregnancy rate after the transfer of embryos, which were continuously
monitored using time-lapse cinematography [11]. The developmental kinetics of embryos vary greatly
among laboratories and culture conditions; therefore, the establishment of bovine embryo selection
criteria that can be applied in various culture systems is a critical issue to be resolved for the commercial
utilization of TLM for bovine embryo production. Another issue for the practical application of TLM in
bovine embryos is the enormous amount of time required to analyze the images. Quantitative and
qualitative parameters during the early cleavage stage or contraction and re-expansion of embryos
during the blastocyst stage are likely to contribute to the implantation ability of embryos; therefore, an
intensive analysis focusing on several critical points may solve this issue. Alternatively, automatic image
analysis using artificial intelligence (Al) is an attractive new technology. The usefulness of embryo
analysis platforms based on automated algorithms, such as EEVA™, is under investigation in human
ART laboratories [28, 101]. The use of machine learning for embryo selection requires solving problems,
such as database quality improvement and the difficulty of making clinical decisions during the learning

phase. However, the potential application of Al technology as a predictive tool is a promising approach
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for the commercial application of TLM for bovine IVF embryos, where large-scale embryo production
is desired. It is evident that the global agricultural industry will benefit from incorporating novel
technologies into its management practices to achieve sustainability of livestock production worldwide.
The application of TLM in bovine embryo production to improve the pregnancy outcomes of IVF
embryos is a key innovation for supporting a growing world population. Therefore, establishing an
embryo selection algorithm based on quantitative and qualitative parameters obtained using TLM for

embryos, specifically for bovine IVF embryos, is a critical challenge.
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Table 1. Milestones for the progress of time-lapse monitoring (TLM) of bovine embryos.
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Figure legends

Fig. 1. Morphological classification of embryos at the first cleavage. (A) The cleavage of one
blastomere into two blastomeres of the same size, without fragmentation (normal cleavage). (B) The
blastomere fusion post cleavage (reverse cleavage). (C) The cleavage of one blastomere into more
than three daughter cells (direct cleavage). Numbers in the upper-left corner represent time (h: min)
after fertilization (the beginning of incubation with sperm = 0:00). Scale bars = 50 um. Modified from

Magata et al. (2019) [53].

Fig. 2. Photomicrographs of representative blastocysts with good morphology at 8 days post in vitro
fertilization. Blastocyst presented (A) normal cleavage and (B) reverse cleavage during the first
cleavage. Notably, some abnormally cleaving embryos developed into blastocysts of the same quality

as normally cleaving embryos. Scale bars = 50 pum.

Fig. 3. Photomicrograph of representative blastocyst (A) before collapse and blastocyst presenting (B)
collapse, (C) re-expansion, and (D) hatching. Numbers in the upper-left corner represent time (h: min)

after fertilization (the beginning of incubation with sperm = 0:00). Scale bars = 50 pm.

Fig. 4. Time-lapse monitoring of bovine embryos has revealed quantitative and qualitative parameters

that may be associated with successful blastocyst formation and pregnancy. hpi, hours post-

insemination; RC, reverse cleavage; DC, direct cleavage.
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Fig. 1. Morphological classification of embryos at the first cleavage. (A) The cleavage of one blastomere into two
blastomeres of the same size, without fragmentation (normal cleavage). (B) The blastomere fusion post cleavage
(reverse cleavage). (C) The cleavage of one blastomere into more than three daughter cells (direct cleavage). Numbers
in the upper-left corner represent time (h: min) after fertilization (the beginning of incubation with sperm = 0:00). Scale

bars = 50pm. Modified from Magata et al. (2019) [53].



Fig. 2. Photomicrographs of representative blastocysts with good morphology at 8 days post in vitro fertilization. Blastocyst
presented (A) normal cleavage and (B) reverse cleavage during the first cleavage. Notably, some abnormally cleaving embryos

developed into blastocysts of the same quality as normally cleaving embryos. Scale bars = 50 pm.



Fig. 3. Photomicrograph of representative blastocyst (A) before collapse and blastocyst presenting (B)
collapse, (C) re-expansion, and (D) hatching. Numbers in the upper-left corner represent time (h: min) after

fertilization (the beginning of incubation with sperm = 0:00). Scale bars = 50 um.
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Fig. 4. Time-lapse monitoring of bovine embryos has revealed quantitative and qualitative parameters that may
be associated with successful blastocyst formation and pregnancy. hpi, hours post-insemination; RC, reverse

cleavage; DC, direct cleavage.
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