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Abstract Assisted reproductive technology (ART) has
yielded vast amounts of information and knowledge on
human embryonic development in vitro; however, still
images provide limited data on dynamic changes in the
developing embryos. Using our high-resolution time-lapse
cinematography (hR-TLC) system, we were able to
describe normal human embryonic development continu-
ously from the fertilization process to the hatched blasto-
cyst stage in detail. Our hR-TLC observation also showed
the embryonic abnormality of a third polar body (PB)-like
substance likely containing a small pronucleus being
extruded and resulting in single-pronucleus (1PN) forma-
tion, while our molecular biological investigations sug-
gested the possibility that some 1PN embryos could be
diploid, carrying both maternal and paternal genomes.
Furthermore, in some embryos the extruded third PB-like
substance was eventually re-absorbed into the ooplasm
resulting in the formation of an uneven-sized, two-PN
zygote. In addition, other hR-TLC observations showed
that cytokinetic failure was correlated with equal-sized,
multi-nucleated blastomeres that were also observed in the
embryo showing early initiation of compaction. Assess-
ment combining our hR-TLC with molecular biological
techniques enables a better understanding of embryonic
development and potential improvements in ART
outcomes.
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Introduction

Assisted reproductive technology (ART) allows us to
observe and monitor human embryonic development
in vitro and to evaluate embryo quality before transfer,
with several ART-based assessments of the developmental
potential of human embryos previously reported [1-4]. The
most common method of assessment during ART is mor-
phology-based analysis of specific embryonic characteris-
tics, which can be scored at various stages (pronuclear,
cleavage, and blastocyst) [5, 6]. However, this quality
control approach needs improvement with implantation
rates of good quality embryos limited to 30-40 % per
embryo transfer (ET) [7]. Indeed, based on the standard
morphological assessment, ET with early cleavage-stage
embryos has a better chance of achieving pregnancy than
ET with blastocysts [8, 9]. On the other hand, embryos at
the blastocyst stage are less likely to be aneuploid, and
reported implantation rates are higher when blastocysts
have been transferred [10]. Therefore, many facilities
offering ART extend in vitro culture of embryos up to the
blastocyst stage and then transfer blastocysts on day 5 after
oocyte retrieval. However, these prolonged cultures can
cause adverse effects in the gamete and embryos, such as
epigenetic changes in the gametes [11, 12], and the addi-
tional procedures substantially increase both the workload
of embryologists and associated laboratory costs.

In 1997, Payne et al. [13] developed time-lapse video
cinematography to overcome the limitations of intermittent
observation using still images by providing continuous
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Fig. 1 High-resolution time-lapse cinematography (hR-TLC). An
inverted microscope (IX-71; Olympus, Tokyo, Japan) with
Nomarski differential interference contrast optics (Olympus) was
equipped with a CCD digital camera (Roper Scientific Photomet-
rics, USA) connected to a computer, and the images were
displayed via Metamorph (Universal Imaging Co., USA). In this
system, the optimal culture conditions (temperature 37 + 0.2 °C,
pH 7.37 &+ 0.05) were maintained by continuously monitoring and

imaging, in which various cellular events could be distin-
guished in real time and monitored during the observation
period. However, this initial system had a limited obser-
vation period of 17-20 h. Based on the original report of
Payne et al. [13], we developed a new in vitro culture
system for high-resolution time-lapse cinematography (hR-
TLC) by which clear images of embryonic development
could be obtained for a long period of time (up to 5 days)
by maintaining optimal culture conditions on the stage of
an inverted microscope (Fig. 1) [14, 15]. Using this system,
we have demonstrated various novel phenomena during
embryonic development in human embryos from the fer-
tilization process to the hatched blastocyst stage without
any damage to the embryos [16-20].

Based on our hR-TLC imaging to date, we have deter-
mined the precise timing of second polar body (PB)
extrusion and pronuclei (PN) formation, as well as the time
course from emergence until disappearance of the PN.
Although many key events in the early stages of embryonic
development have been identified by still imaging or short-
term TLC, our hR-TLC results demonstrated that daily
checking of embryos would miss key changes in the
developing embryo, such as changes in fragmentation
patterns, that might prevent the best-quality embryo being
selected for transfer [21-23].

Here, we present data on the abnormal phenomena
observed in real time during embryonic development using
hR-TLC, including the dynamic formation of zygotes with
uneven-sized PN, the formation of multinucleated blas-
tomeres (MNBs) at the cleavage stage of embryos, and the
association between MNBs and compaction.
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adjusting the flow of CO,, the air temperature in the large
chamber, and the thermoplate temperature on the microscope stage.
Digital images of cultured embryos were acquired continuously for
2-5 days with frame exposure time of 50 ms. In total, 2,000-8,000
images were taken during the observation period. The time interval
of image storage was 10 s during fertilization and 2 min thereafter
until the end of the observation

Normal fertilization and following embryonic
development in vitro

Donated oocytes from conventional in vitro fertilization (c-
IVF) were randomly selected for hR-TLC. An oocyte was
inseminated with the male sperm, and then transferred into
a pre-equilibrated microdrop of fertilization medium in the
hR-TLC chamber to observe the site of sperm penetration
into the zona pellucida (ZP). Once the sperm had entered
the ZP, we focused the microscope on the sperm and time-
lapse images were acquired at 10-s intervals. After the
sperm reached the surface of the oocyte membrane, hR-
TLC observation was then performed at 2-min intervals for
approximately 40 h after the sperm attached to the
oolemma. After a further 40 min, the equatorial segment of
the sperm head initiated incorporation into the oocyte
membrane (Fig. 2). Then, the mid-piece of the sperm head
sank underneath the oocyte membrane and the whole
sperm head disappeared. The second (2nd) PB was extru-
ded shortly after sperm fusion, within 30 min. Concur-
rently with or shortly (<30 min) after extrusion of the 2nd
PB, a protrusion of the oocyte membrane, which is called
the ‘fertilization cone’, appeared and persisted for
approximately 2 h. This formation of the fertilization cone
in a human oocyte after c-IVF was observed for the first
time by using hR-TLC [16].

In oocytes obtained for intra-cytoplasmic sperm injec-
tion (ICSI), the cumulus cells were chemically removed by
using recombinant human hyaluronidase at 2—4 h after
oocyte retrieval. Surprisingly, a fertilization cone also
formed at the site of the sperm injection, once the sperm
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Fig. 2 Time-lapse series representing normal embryonic develop-
ment. A single sperm entered in zona pellucida (a, an arrow). Forty
hours after the sperm attached to the oolemma (b). The equatorial
segment of the sperm head initiated to be incorporated into the oocyte
membrane, and approximately 1 h after the observation commenced,
the mid-piece of the sperm head sank underneath the oocyte
membrane followed by its disappearance (c). The second polar body
was extruded shortly after sperm fusion (d). Concurrently with or
shortly after extrusion of the second polar body, a protrusion of the
oocyte membrane, which is called the fertilization cone, appeared and
persisted for 2 h (e). The flare appeared in the ooplasm 30 min after

the disappearance of the fertilization cone (f). Approximately 1 h
after the appearance of the flare, male and female PN were formed
and appeared in the embryo (g). A translucent zone (halo) was
observed in the peripheral ooplasm (h—j). Two PN became apparent
and enlarged with the addition of two nucleolar precursor bodies (j,
k). The embryo underwent syngamy, and the halo disappeared (1).
The first cleavage started at approximately 23 h after the start of
imaging and was completed within 30 min (m, n). Just after
completion of the first cleavage, nuclei were observed in the
blastomeres (0). Thereafter, the second cleavage started, and it was
completed by 41 h on the second day of observation (p—t)
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was located in the peripheral ooplasm, and although the
biological function of the fertilization cone in human
oocytes is still unknown, this feature suggests a role for the
cone in the interaction between sperm and oocyte mem-
brane. At this point in c-IVF and ICSI oocytes, cytoplasmic
flare (which describes a radial movement of the cytoplas-
mic granules from the sperm head located to the peripheral
region) corresponding to the movement of sperm aster
movement, appeared in the ooplasm 30 min after disap-
pearance of the fertilization cone. In c-IVF oocytes,
approximately 6.1 h after insemination, male PN appeared
and approximately 10 min later, female PN appeared and
abutted. As two PN moved toward the center of the
embryo, a translucent zone (halo) was observed in the
peripheral ooplasm. The two PN disappeared (syngamy)
followed by disappearance of the halo, and the first
cleavage started approximately 23 h after insemination.
Nuclei were observed in the blastomeres immediately after
completion of the first cleavage, and 6.5 h later, the second
cleavage started.

Aberrant behavior of female PN (fPN)
during the pronuclear stage

Single PN zygote

ART procedures routinely define the occurrence of normal
fertilization by the appearance of two PN and whether the
2nd PB has been extruded. In clinical settings, we often
encounter abnormal zygotes with a single pronucleus
(1PN), generally described as aneuploidy [24-29]. These
abnormal embryos are excluded from embryo transfer,
especially when normally fertilized embryos are available.
Although the majority of 1PN zygotes are incapable of
further development, a small number develop to the blas-
tocyst stage. Moreover, they successfully progress to a live
birth in cases where no other embryos exist of better
quality [30-32] and despite the low pregnancy rate. Nev-
ertheless, because of the uncertainty of their genetic nor-
mality, transferring such embryos is controversial among
ART laboratories.

The etiology of zygotes forming with 1PN remains
unknown; however, several plausible mechanisms have
been proposed after IVF or ICSI as follows—(1)
parthenogenetic activation [24, 26, 33, 34], (2) asyn-
chronous formation of male PN (mPN) and fPN [24, 34,
35], and (3) early fusion of both PN prior to syngamy [36].
In addition, we observed additional PB-like substance
extruded into the perivitelline space after the 2nd PB
extrusion, forming zygotes carrying a single PN (manu-
script in preparation). This is quite an aberrant phe-
nomenon, and there is no information supporting the
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possible mechanisms underlying such a phenotype. Based
on our observations, we hypothesize that half of the gen-
ome in such zygotes is incorrectly extruded, leading to
formation of the third PB-like substance and an embryo
carrying only 1PN. This finding was established based on
highly accurate analysis of hR-TLC whereby both mPN
and fPN were analyzed in the same microscopic field.
Therefore, we established a molecular biological approach
for distinguishing the PN origin.

The paternal genome carries both 5-methylcytosine
(5mC) and 5-hydroxymethylcytosine (ShmC), while the
maternal genome has 5SmC only, and animal studies have
demonstrated that the 5SmC in the paternal genome is
specifically converted to ShmC during the pronuclear stage
[37-39]. Based on these phenomena, we can distinguish
mPN from fPN using immunohistochemistry in human
abnormal zygotes. In our observation, approximately 50 %
of 1PN zygotes had both SmC and 5hmC in a single PN
[40]. The data suggest that 1PN zygotes derived from ICSI
could result from PN fusion, although the possible role of
androgenesis remains. Furthermore, it was reported that only
13.1 % of 1PN zygotes derived from c-IVF showed hap-
loidy [41], and such zygotes are likely to contain both
paternal and maternal genome, and to be diploid. Therefore,
we need to reconsider our assessments of 1PN embryos.

Zygote carrying uneven-sized two PN (2PN)

Some 2PN embryos have uneven-sized PN, which have
been reported to correlate with ooplasmic immaturity,
chromosomal abnormalities, and poor development [42-
44]. However, the developmental potential, normality of
the embryos, and the mechanisms determining PN size
disparity are still unknown.

To investigate the relationship between embryo quality
and the formation of uneven-sized PN, we measured the
PN diameters 30 min before syngamy. When the difference
in PN diameters within a zygote was >10 pm, we cate-
gorized the embryos as zygotes carrying uneven-sized
2PN.

Surprisingly, using hR-TLC observation of the oocytes
after an ICSI procedure, we also observed a third PB-like
substance extruded next to the 2nd PB, as shown in the
IPN zygotes, and approximately one hour later, PN-like
material formed within the third PB-like substance. After a
single PN emerged in the ooplasm, PN-like material was
absorbed into the ooplasm and migrated to abut the
emerged PN (Figs. 3, 4). The mean diameter of PN derived
from the third PB-like substance was significantly shorter
than that of the emerged PN (17.5 £3.2 vs 299 £+
2.8 pum). Although there is no direct evidence, it seems that
the third PB-like substance includes the fPN based on the
following observations—(1) in normal embryos, the mean



Reprod Med Biol (2016) 15:145-154

149

Fig. 3 Sequential images of uneven-sized PN formation in human
embryos. An intracytoplasmic sperm injection (ICSI) procedure was
successfully performed on a matured oocyte (a). The oocyte started to
extrude a 2nd PB (b). Coincidentally with the 2nd PB extrusion (c),
another PB-like substance started to extrude beside the 1st and 2nd PB

(d—f). After the male PN was formed, female PN-like material formed
(g), stayed in the perivitelline space for 6.14 h (median time) (g), and
was then absorbed into the cytoplasm (h, i). Then, a small female PN
formed at the point of absorption (j) and migrated toward the male PN
(k—n). Finally, the embryo showed 2PN of different sizes (o)

Fig. 4 Magnified images of the extrusion and absorption of a female
pronuclear-like body. Female PN-like material was formed in the
extruded PB-like substance (a) and was then absorbed into the

fPN diameter was slightly less than that of mPN
(26.4 £+ 2.0 vs 28.0 £ 2.1 um) and the size of re-entered
PN was smaller than that of the other, (2) the third PB-like
substance was extruded close to a 2nd PB, which is remi-
niscent of delivery from female genomes rather than that
from male and female genomes, and (3) in normal devel-
opment, PBs include female genomes not male, and only
female genomes could be extruded from the oocyte.
Interestingly, the timings of fPN and mPN formation
were almost synchronous (3.4 + 0.8 vs 3.3 £ 0.9 h) in

ooplasm (b—d). Blue 1st PB, yellow 2nd PB, pink PB-like substance,
red circle female PN-like material

equivalent-sized 2PN zygotes. However, in zygotes with
uneven-sized 2PN, the timing of fPN formation was
delayed compared to mPN formation (6.2 + 0.5 vs
4.2 £ 0.1 h). Both PN abutted and disappeared syn-
chronously. In addition, these zygotes did not cleave nor-
mally and they formed MNBs or showed fragmentation.
Our hR-TLC analyses thus demonstrated for the first time
the formation of uneven-2PN zygotes and implied that
even if a zygote had 2PN, uneven-sized PN could lead to
abnormalities in mitosis or further development. Therefore,
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these zygotes should be given special consideration before
transfer or cryopreservation.

In association with the formation of uneven-2PN
zygotes, we alternatively hypothesize that the fPN was
extruded and that a common underlying mechanisms could
drive formation of both a 1PN zygote carrying the third
PB-like substance and an uneven-2PN zygote. We also
demonstrated the existence of 1PN zygotes containing a
diploid genome, which would be discarded only if mor-
phological assessment was conducted. This finding should
lead to the efficient use of 1PN zygotes containing a diploid
genome in clinical practice.

Formation of multinucleated blastomeres

In morphological assessments of day-2 or -3 embryos, we
evaluated blastomere size and the fragmentation rate based
on the modified Veeck criteria [45]. At that time, we often
observed MNBs, and although there are many reports of
abnormalities in embryos with MNBs, the developmental
potential and normality of these embryos are still contro-
versial. Indeed, we experienced a live healthy baby born
from a 2-cell stage of embryo carrying MNBs. By hR-TLC,
we have now identified the process underlying the forma-
tion of human embryos with MNBs.

Of 335 donated embryos, 272 embryos cleaved and were
analyzed at the 2- to 8-cell stages by hR-TLC. We
observed MNBs in 26.8 % (73/272) of day-2 and -3
embryos, and classified them into two groups—embryos

Fig. 5 Cytokinetic failure and MNB formation. A single nucleus was
observed in the upper blastomere (a). Approximately 22 h into the
time-lapse recording (b), the blastomere started to cleave (c),
gradually formed the cleavage furrow (d, e), but then failed to cleave
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with multiple small nuclei (46.6 %, 34/73), and those with
two equal-sized nuclei (43.8 %, 32/73). In the first group of
embryos, the mean diameter of multiple unequal-sized
nuclei was significantly less (13.4 £ 5 pum) than that of the
two equal-sized nuclei in embryos (24.2 £ 1.9 um). Of the
first group of MNB embryos, 51.9 % (14/27) developed
into good quality blastocysts (3BB or greater according to
the Gardner grading system [46]), compared to only 25 %
(8/32) of the second group, which also showed interrupted
cytokinesis after the cleavage furrow was formed. In the
second group of embryos, the cleavage furrow disappeared
and MNBs with two equal-sized nuclei were formed. The
remaining seven embryos also presented cytokinetic fail-
ure. Our TLC analysis thus revealed two separate mecha-
nisms for the formation of two types of MNBs—multiple
small nuclei appearing during the first cleavage (nuclear
fragmentation) and two equal-sized nuclei resulting from
incomplete cleavage (cytokinetic failure with karyokinesis)
(Fig. 5).

Initiation of early compaction

After several cellular divisions in the initial stages of
development, an embryo undergoes a process called com-
paction, which is the first morphologically evident differ-
entiation event in mammalian embryos. Compaction in
turn has an important influence on the subsequent processes
of blastocyst formation, initiation of inner cell mass for-
mation, and trophectoderm differentiation. During

22:58

(£, g). The cleavage furrow disappeared and MNBs with two equal-
sized nuclei were formed 51.5 h later (h). Blue arrow head cleavage
furrow, yellow arrow MNB
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compaction, the intercellular boundaries become obscured,
maximizing intercellular contact, increasing cell-to-cell
adhesion, and allowing formation of the morula. Mecha-
nistically, compaction involves microvilli redistribution,
changes to the gap and tight junctions, mitotic prolifera-
tion, and cytoplasmic polarization. Furthermore, the key
adhesion protein, E-cadherin, is first expressed during
compaction, enabling even tighter cell-to-cell attachment
[47-51]. The obvious morphological changes are accom-
panied by functional changes due to a shift in gene tran-
scription profile from the maternal to the zygotic genome
[52, 53]. The transcriptional changes induce cell differen-
tiation processes that result in the inner cell mass and
trophectoderm, both essential for blastocyst formation. The
onset of compaction varies among species. It is the most
prominent in the mouse, appearing as cell-to-cell attach-
ment at the 8-cell stage, whereas in bovines it begins at the
16- to 32-cell stage, and in rabbit it commences at the 32-
to 64-cell stage [47, 54, 55]. Compaction is less marked in
the rhesus monkey and baboon, appearing at the 16- to
32-cell stage, and in pig embryos compaction is not
established until shortly before blastocyst formation [52,
56-58]. Microstructural analyses of cell surfaces during
compaction in primate embryos including those of humans
revealed blastomeres flattened against each other with
increased distinctiveness of the intervening cleft, while the
length and density of the microvilli gradually increased
until the embryos gained a ‘lumpy’ appearance at day 4 of
development [47, 48]. However, little is known regarding
the exact details of this critical event in human embryo-
genesis, and both the precise timing of compaction and the
underlying mechanisms controlling the process have yet to
be clarified [47]. By hR-TLC, we analyzed the initiation of
compaction in human embryos in vitro, and observed
several novel phenomena during the initiation of com-
paction that were closely related to the formation of MNBs
in human embryos.

Our hR-TLC imaging confirmed that as the develop-
mental process of cleavage progresses in human embryos,
the blastomeres became more flattened, and the intercel-
lular boundaries became obscured, with Dblastulation
occurring after compaction was complete. Although the
initiation of compaction occurred from the 4-to 16-cell
stage, compaction most commonly commenced at the
8-cell stage (26/115 embryos; 22.6 %). Furthermore,
86.1 % (99/115) of embryos initiated compaction at the
8-cell stage or later, and of those embryos, 49.5 % (49/99)
developed into good quality blastocysts. In contrast, only
13.9 % (16/115) of embryos initiated compaction before
the 8-cell stage, and only 18.8 % (3/16) of these developed
into good quality blastocysts (Table 1). Moreover, 93.8 %
(15/16) of embryos that initiated compaction before the
8-cell stage showed multinucleation within at least one
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Table 1 Compaction initiation and developmental potential
Timing of compaction <8 cell (%) >8 cell (%) P value
initiation (n = 16) (n=99)
Good quality 18.8 (3/16) 49.5 (49/99) <0.05
blastocysts®
Poor quality 81.2 (13/16) 50.5 (50/99) <0.05

blastocysts

% Good quality blastocyst: >3BB (Gardner grading system)

Table 2 MNBs and incidence of cytokinetic failure in early initiation
of compaction

Compaction Incidence of MNBs Incidence of cytokinetic
stage (%) failure (%)

4-cell 100 (1/1) 100 (1/1)

S-cell 100 (1/1) 0 (0/1)

6-cell 100 (10/10) 50 (5/10)

7-cell 75 (3/4) 100 (4/4)

Total 93.8 (15/16) 62.5 (10/16)

blastomere (Table 2), and 62.5 % (10/16) of the embryos
that exhibited early initiation of compaction showed
cytokinetic failure after formation of the cleavage furrow
(Table 2; Fig. 6).

Discussion

Using our hR-TLC system, we could represent the entire
course of early embryonic development with a short movie.
Furthermore, in these real-time series of acquired images,
the changes that occur in the hours after fertilization are
clearly distinguishable by visual analysis. This technique
improves the morphological assessment of human
embryogenesis and, by extension, our understanding of the
exact developmental processes involved.

One phenomenon we observed was extrusion of a third
PB-like substance into the perivitelline space of some 2PN
zygotes, and surprisingly, an fPN-like material formed
within this substance in zygotes carrying uneven-2PN
before being reabsorbed into the cytoplasm. This event was
followed by migration of a small amount of fPN-like
material towards the mPN and subsequent abutment to the
mPN. Such events might represent abnormal PN formation,
and further investigation is needed.

We also demonstrated two separate mechanisms of
MNB formation (nuclear fragmentation and cytokinetic
failure with karyokinesis) during human embryonic
development. These events may be understood in more
detail by cytoskeletal and/or chromosomal analyses, and
clinically, such assessments of embryos with MNBs before
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Fig. 6 Early initiation of compaction in human embryo. Still images
from the hR-TLC imaging of an embryo in which compaction
initiated before the 8-cell stage. The embryo started the third mitotic
division and reached the 6-cell stage (a—e). Then, the lower left

embryo transfer could translate to an improvement in ART
outcome.

By using our hR-TLC technique, we further observed
that initiation of compaction in human embryos occurred at
or just after the 8-cell stage in nearly 90 % of embryos
analyzed, indicating that compaction seemed to coincide
physiologically at or after the third mitotic division in
human embryos. In addition, while nearly half of all
embryos that initiated compaction after the 8-cell stage
developed into good quality blastocysts, only 18.8 % that
compacted earlier became good quality blastocysts. Fur-
thermore, the embryos that underwent early compaction
displayed a high incidence of MNBs (average 93.8 %), and
embryos with one or more MNBs did not develop into
good quality or hatched blastocysts. These data indicate
that early initiation of compaction is strongly associated
with the incidence of MNBs, which in turn is related to
polyploidy of the blastomeres. Moreover, 68.8 % of the
early compacting embryos displayed cytokinetic failure
after the cytoplasmic furrow had formed, indicating that
the embryos with MNBs were generated by a novel
mechanism whereby the blastomeres showed cytokinetic
failure with karyokinesis during mitotic division. Together,
these findings suggest that embryos with MNBs appear to
have poor developmental potential due to the presence of
abnormal blastomeres (i.e., aberrant ploidy) [59]. Based on
the incidence of MNBs and theoretical considerations, we
hypothesize that embryos initiating compaction at the
4-cell stage have cytokinetic failure with karyokinesis in all
four blastomeres, embryos initiating compaction at the
5-cell stage are derived from one blastomere that cleaves
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blastomere started to form a cleavage furrow (f), but it did not cleave
and subsequently returned to its original shape (g—i). This embryo
started compaction without further cleavage and formed two equal-
sized MNBs (j), which eventually degraded. Arrow: cleavage furrow

normally and then undergoes cytokinetic failure, embryos
initiating compaction at the 6-cell stage are derived from
two blastomeres that cleave normally and then undergo
cytokinetic failure, and embryos initiating compaction at
the 7-cell stage are derived from three blastomeres that
cleave normally and have one with cytokinetic failure.
However, as two-dimensional hR-TLC is not able to
automatically adjust the focus on all blastomeres, we could
not evaluate morphokinesis in all blastomeres.

In our hR-TLC study, we used donated early stage
embryos that had been frozen then thawed. The clinical
backgrounds of the couples who donated embryos for the
study were representative of those couples undergoing
ART; however, because we used only embryos that were
viable after thawing and remained in good quality for
2448 h, selection bias cannot be ruled out. In addition, we
were not able to determine the exact time required for the
initiation of compaction from insemination, because the
embryos had been frozen in the middle of the development
stage before compaction. Taken together with our finding
that MNBs were sometimes observed in embryos under-
going early compaction (Table 2), the findings warrant
further investigation and we need to reconsider using such
embryos in clinical practice.

Time-lapse microscopy techniques have dramatically
improved morphological and chronological analyses of
embryonic development, which in turn makes an important
contribution to ART. However, there is no consensus on
the best way to determine the competency of human
embryos derived from ART or how to select the most
competent embryos for transfer despite the recent advances
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in both invasive and non-invasive techniques. Thus, we
must continuously verify the safety and efficacy of ART, as
they are used clinically, according to stringent evidence-
based medicine.
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