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1  |  INTRODUC TION

Since the advent of human-assisted reproductive technologies (ART) 
in 1978, we have had the opportunity to catch a glimpse of concep-
tion and the subsequent period, through microscopic fixed-point ob-
servations. However, there were inevitable limitations in the detailed 

analysis of human embryonic development using still images during 
an in vitro culture system. In 1997, D. Payne et al. developed a time-
lapse video cinematography (TLC) system for dynamic analysis of early 
human embryonic development. The authors observed human oo-
cytes by TLC for 17–20 h after intracytoplasmic sperm injection (ICSI) 
and found several novel and impressive features.1 However, in that 
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Abstract
Background: The pioneering work by Dr. Payne et al. in time-lapse cinematography 
for observation of the morphokinetic features of human embryos inspired us to de-
velop a new in vitro culture system with high-resolution time-lapse cinematography 
(hR-TLC) back in 2001.
Methods: This in vitro culture system was capable of maintaining stable culture and 
was constructed on an inverted microscope stage. Embryos were observed and pho-
tographed noninvasively for an extended period, up to 7 days. The obtained images 
were displayed at a speed of 30 frames per second and individually analyzed.
Results: Using hR-TLC, human fertilization and subsequent embryonic development 
were visualized, revealing the time course of phenomena and many unusual dynamics.
Conclusion: In this review, we summarize the results of our hR-TLC analysis of early 
human embryonic development over the past 20 years. In the near future, it is ex-
pected that the vast amount of information obtained by hR-TLC will be integrated into 
the AI system for further analysis and to provide feedback that will have the potential 
to improve clinical practice. In the era of SDGs and environmental awareness, we 
should be cautious about the direction in which AI can be utilized to avoid any further 
harm to the planet.
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study, the observation time by TLC was limited to 17–20 h. Therefore, 
we came up with the idea that if an in vitro environment on the stage 
of an inverted microscope could be maintained as optimal and stable 
as that of a conventional incubator for an extended period of time, 
the previously unknown process of human embryo development from 
fertilization and beyond could be analyzed in more detail.

Therefore, in 2001, we began to develop an in vitro culture sys-
tem that could maintain a stable culture environment for human 
embryos on the stage of an inverted microscope for a long period 
of time. Eventually, two years later, we were able to complete the 
development of an in vitro culture system for TLC (high-resolution 
time-lapse cinematography; hR-TLC). Using the in vitro culture sys-
tem for hR-TLC, we have been analyzing detailed hR-TLC images 
of human oocytes from fertilization to the blastocyst stage before 
implantation for 20 years. For the first time, we have been able to 
visualize various phenomena related to the birth of life that were 
previously unknown.2–5 In this review article, we present a compi-
lation of numerous human embryo behaviors that we have obtained 
from the hR-TLC analysis, and we had the privilege to observe for the 
first time using our hR-TLC in vitro culture system.

2  |  METHODS

2.1  |  Development of an in vitro culture system for 
hR-TLC

Initially, we attempted to prepare a system similar to the one devel-
oped by D. Payne et al. However, it was difficult to maintain optimal 
conditions (temperature: 37.0 ± 0.5°C, pH: 7.37 ± 0.2) for the culture 
medium for a long time in the system. Therefore, we decided to 
originally develop a new culture system where the culture medium 
can be maintained in an optimal environment on the stage of an in-
verted microscope and, at the same time, high-resolution images of 
embryos can be captured.

2.1.1  |  Original concept of the in vitro 
culture system

For a stable culture environment, it is essential to maintain op-
timal temperature and pH levels. For this purpose, the inverted 

microscope was entirely covered with a large acrylic resin chamber 
with multiple operating windows, and a small acrylic resin chamber 
(15 cm × 15 cm × 3 cm) was placed on the microscope stage for embryo 
culture. The dedicated small chamber had a space (40 mm diameter) 
in the center for placing embryo culture dishes, and the chamber was 
surrounded by a water bath. To maintain the culture medium in the 
embryo culture dishes at the optimal temperature (37.0 ± 0.5°C), a 
heating device (Kohken Engineering, Saitama, Japan) was placed in-
side the large chamber, and a thermo-plate (Tokai Hitachi, Shizuoka, 
Japan) was used on the stage of the microscope. The water bath, 
which was filled with pure water (Milli-Q, Merck Millipore, USA) and 
infused with medical carbon dioxide gas (CO2), functioned to stabi-
lize the temperature and to maintain the optimal pH (7.37 ± 0.2) in the 
culture medium (Figure 1). In this device, it was necessary to set the 
temperature of the heating device at 37°C and the thermoplate at 
38°C to maintain the temperature in the culture medium at 37°C. In 
addition, to maintain the optimal pH of the culture medium, 40 mL/
min of CO2 was required to flow into the central space after heat-
ing and humidifying through the water bath. The culture medium was 
always covered with mineral oil (Sage, Pasadena, CA) to stabilize op-
timal culture conditions for a long period of time. Furthermore, the 
in vitro culture system was entirely covered with light-shielding cloth 
during the culture and observation of human embryos.

2.1.2  |  Acquisition of high-resolution images

To obtain high-resolution tomographic images, the inverted mi-
croscope (IX-70, Olympus Optical Industries, Tokyo, Japan) was 
equipped with a Nomarski differential interference contrast (DIC) 
device (Olympus Optical Industries, Tokyo, Japan). Since a plastic dish 
was not suitable for using the DIC device to obtain high-resolution 
images, we always used a glass-bottom dish (FluoroDishTM, World 
Precision Instruments. Inc., FL, USA) when culturing and taking pho-
tographs of embryos.

2.1.3  |  Continuous observation and photography 
using hR-TLC and imaging of human embryos

For continuous observation and photography of embryos cultured in 
a small chamber, a CCD digital camera (Roper Scientific Photometrics, 

F I G U R E  1 The original in vitro culture 
system for high-resolution time-lapse 
cinematography developed by our clinic. 
Culture conditions of the bottom of the 
small medium drop in the culture dish 
placed in the small chamber. Temperature: 
37.0 ± 0.5°C, pH: 7.37 ± 0.02.
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Tucson, AZ) was attached to an inverted microscope, and the images 
captured were accumulated on a connected computer. Image acquisi-
tion conditions were controlled using MetaMorph (Universal Imaging 
Co, Downingtown, PA). The exposure time for image acquisition was 
set at 50 μsec, and although the interval of photography between im-
ages could be set arbitrarily, the interval was set at 10 s until the sperm 
penetrated the zona pellucida (ZP) and incorporated into the ooplasm, 
and at 2 min intervals thereafter. During early hR-TLC observation, 
2000–2500 images were taken because of the computer capacity. 
Therefore, the maximum period of observation was approximately 
40 h. Subsequently, the image storage capacity increased dramatically, 
enabling the storage of more than 8000 images and up to 7 days of 
embryo development observation imaging. The obtained images were 
reproduced and displayed at 30 frames per second.

2.2  |  Preparation and subsequent procedure of 
oocytes/embryos submitted for hR-TLC

2.2.1  |  Embryos for therapeutic purposes

In patients with conventional in vitro fertilization (cIVF) or intracy-
toplasmic sperm injection (ICSI), according to medical indications, 
oocyte retrieval was performed under transvaginal ultrasound guid-
ance after controlled ovarian stimulation with GnRH analogues.

In patients with cIVF, collected oocytes were inseminated with 
50 000 motile spermatozoa according to our protocol.6 Among the 
patients who gave consent for hR-TLC analysis, one inseminated 
oocyte was randomly selected from the patients who had multiple 
oocytes and submitted to the hR-TLC observation. At 1 h after in-
semination, the cumulus cells surrounding the selected oocyte were 
mechanically removed to avoid damaging sperm tails, and they were 
transferred into a medium drop (20 μL) in the glass-bottom dish for 
observation and photography. The sperm penetration site of the 
ZP was carefully identified using a micromanipulator (Narishige 
Co., Tokyo, Japan) attached to an injection needle (TZP-LCS, TPC, 
Adelaide, Australia) used for ICSI. After distinguishing the sperm 
that had penetrated most deeply into the ZP, we focused the mi-
croscope on the sperm and commenced hR-TLC observation for ap-
proximately 40 h. However, it was extremely challenging to predict 
which sperm would penetrate the ZP. The remaining sibling oocytes 
were cultured in a bench-top incubator (MINC, Cook Co., Brisbane, 
Australia) following the routine IVF procedure. After the hR-TLC 
observation, embryos developed to good quality based on Veeck's 
criteria modified according to the Istanbul Consensus and were 
cryopreserved for subsequent clinical use.7,8

In patients with the ICSI procedure, the cumulus cells of the oo-
cytes collected were gently removed approximately 1 h after oocyte 
retrieval. Denuded oocytes (Metaphase II; MII) were precultured 
for at least 3 h and ICSI was performed on the oocytes according to 
the method previously described.9–11 In the patients with multiple 
oocytes who consented to participate in this study, one of the oo-
cytes was randomly selected and was immediately transferred to a 

medium drop in the in vitro culture system for hR-TLC. The remain-
ing sibling oocytes were cultured in a bench-top incubator. Embryos 
with good quality on day 2 were cryopreserved for future clinical 
use.

2.2.2  |  Embryos for research purposes

Cryopreserved embryos that were not planned to be used for future 
clinical treatment and the couples had decided to donate them for 
research were used for hR-TLC observation. In this way, we had the 
opportunity to examine the effects of prolonged culture on embry-
onic development. By this procedure, we managed to make the nec-
essary modifications, optimize our hR-TLC in vitro culture system, 
and culture embryos safely for up to 7 days at 2 -min intervals.

3  |  MAIN FINDINGS

3.1  |  Morphokinetic features in human embryos

3.1.1  |  Process of fertilization and early embryonic 
development (Movie S1)

The detailed fertilization process and subsequent early embryonic 
development were revealed by the analysis of the hR-TLC images 
after cIVF. The following features can be observed in Movie  S1, 
which is one of the best examples of the images obtained from the 
embryo for therapeutic purpose.2,3

The fertilization process in cIVF
We have previously demonstrated that most of the spermatozoa 
that penetrate the ZP immediately attach to the oolemma; after that, 
it takes approximately 40 min from the sperm-oolemma attachment 
to the disappearance of the sperm head (sperm-egg fusion). After 
the sperm head fuses into the oocyte membrane, the sperm tail still 
appears to be present in the perivitelline space (PVS) for approxi-
mately 20 min and thereafter disappears almost at the same time 
with the extrusion of the 2nd polar body (PB). The extrusion of the 
2nd PB is completed within approximately 30 min. The fusion of the 
equatorial segment of the sperm into the oocyte membrane has also 
been described by R. Yanagimachi in the late 1980s.12

Fertilization cone
Experiments in rodent oocytes have revealed that a conical projec-
tion, the so-called fertilization cone (FC), appears at the sperm entry 
point (SEP).13,14 The FC appears before the disaggregation of sperm 
chromatin and disappears after the completion of the chromatin 
disaggregation.15–17 In 2006, by employing hR-TLC observation, 
we described for the first time in the literature that this phenom-
enon of the FC protrusion at the SEP also happens in human cIVF 
oocytes.2,3,5 The FC in human oocytes appears almost 30 min after 
the commencement of the 2nd PB extrusion and continues existing 
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for 2 h, followed by the appearance of a cytoplasmic flare (described 
in the next section).2,3 FC has been suggested to be a phenomenon 
that occurs through the interaction between the oolemma and the 
sperm. However, the detailed mechanisms and physiological func-
tion of the FC remain unknown.

Cytoplasmic flare
When the disaggregation of sperm chromatin starts after sperm 
penetration, a centrosome assembles the sperm aster by microtu-
bule polymerization and induces migration of the pronuclei (PN; 
pronucleus or pronuclei, both abbreviated by PN).18–21 Based on the 
continuous observation of human embryos at the early development 
stage using TLC, Payne et al. described a glassy cytoplasmic appear-
ance radiating out from the center of the oocyte after ICSI as a cyto-
plasmic flare (flare).1 In our hR-TLC analysis, flares were confirmed as 
the radiation and diffusion of cytoplasmic granules from the SEP im-
mediately after the disappearance of the FC.2–4 It is known that PN 
migration and abutment in the oocyte occur along the microtubules 
extended from the centrosome originating from the sperm (sperm 
aster) in some mammals, including humans.19 In our hR-TLC analysis, 
the appearance of both male PN (mPN) and female PN (fPN) simul-
taneously with or shortly after the appearance of the flare from the 
SEP and the prompt migration of fPN toward mPN were observed. 
It is thought that the flare visually manifests the dynamics of the 
sperm aster.2–4

Translucent zone in peripheral ooplasm (halo)
After the fusion of the mPN and fPN, granular material in the ooplasm 
rapidly migrates to the surrounding area of both PN, resulting in the 
appearance of a translucent area (halo), which is markedly reduced 
granular material around the peripheral area of the ooplasm. The 
halo is considered to be a morphological change that indicates the 
migration of the mitochondria and other cell organelles along micro-
tubules into the surrounding area of the PN.1 Mitochondria in early 
human embryos assemble around the PN from the fusion of both PN 
to the syngamy and diffuse throughout the ooplasm after the syn-
gamy.21 It has been reported that mitochondria are abundant at the 
tip of daughter cells during the 1st cleavage and assemble around 
the nucleus in all blastomeres, once the cytoskeleton is complete.22 
Therefore, the halo captured by hR-TLC may be a manifestation of 
mitochondrial dynamics, and the relationship between the appear-
ance of the halo and embryo quality as well as clinical outcomes is 
still controversial.23,24 Nonetheless, it has been suggested that ei-
ther the absence of halo or its appearance for a longer time had a 
negative correlation with the live birth rate after fresh cleaved em-
bryo transfer. Overall, the characteristics of the cytoplasmic halo 
can be utilized to select more competent embryos for transfer at the 
cleavage stage.24

Nucleolar precursor body
Nucleolar precursor bodies (NPBs) appearing in the PN can be 
clearly observed under the microscope, and dynamic analysis by hR-
TLC confirmed for the first time that NPBs move intensely in and 

out of the PN. Nucleoli in the nucleus of eukaryotes are involved 
in ribosomal ribonucleic acid (rRNA) transcription and ribosome 
biogenesis,25,26 but the role of NPBs in embryonic development re-
mains unclear. However, recent studies have shown that NPBs play 
an important role in pronucleation, a function quite different from 
that of nucleoli.27,28 It has been suggested that the behavior of NPBs 
may be an indicator of embryo quality assessment, but this concept 
is still under debate.29,30

The pronuclear axis and the first cleavage plane formation 
(Movie S2)
According to the analysis of the embryos from the pronuclear stage 
to the 1st cleavage by hR-TLC, we found that the formation of the 
1st cleavage plane can be defined by the 2PN axis, that is, a straight 
line between the centers of the mPN and the fPN. In our study,31 
it was shown that the majority of 2PN embryos (84.4%, 427/506) 
formed a cleavage plane parallel to the 2PN axis at the 1st cleav-
age and that these embryos had a high probability of developing 
into good-quality embryos and a significantly higher pregnancy 
rate after embryo transfer (p < 0.01). On the other hand, although 
a few embryos (5.9%, 30/509) were classified in the intermediate 
pattern, 9.7% of embryos (49/506) had the cleavage plane occur at 
perpendicular angles to the 2PN axis, and these were morphologi-
cally poor quality embryos followed by only 3 pregnancies (Figure 2 
and Table 1).

In addition, in our fluorescent immunostaining of 2PN zygotes 
just before syngamy (Figure 3), most of the zygotes (11 out of 12 
zygotes; Pattern A) showed two centrosome signals near the inter-
face of the 2PN. These were thought to be the duplicated centrioles, 
which are the core structure of the centrosomes. The remaining zy-
gote with the differentiated pattern (Pattern B) showed two peri-
centrin signals; one was located around the interface between the 
mPN and fPN, while the other was located distinctly distant from 
the junction of the 2PN (Figure 3). A spindle pole would form away 
from the pronuclear junction of pronuclei in this zygote, suggesting 
that the 1st cleavage plane is not parallel but perpendicular to the 
alignment of the mPN and fPN.31

Since each centriole is involved in a spindle pole that regulates 
chromosome segregation and cytoplasmic division,32,33 the forma-
tion of the first cleavage plane parallel to the 2PN axis may be a 
predictive indicator of normal embryonic development.

3.1.2  |  Observation of embryonic development 
from cleavage stage to hatched blastocyst

Several new findings that play an important role in the development 
of early human embryos were revealed by analysis of this period 
using hR-TLC and are presented below in detail.

The timing of compaction initiation
Compaction is thought to be the first apparent event in the dif-
ferentiation of mammalian embryos and, in turn, has an important 
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influence on the subsequent processes of blastocyst formation, 
the initiation of inner cell mass (ICM) formation, and trophecto-
derm differentiation.34–42 Although compaction has been studied 
in several experimental animals (mouse, rabbit, bovine, rhesus 
monkey, etc.),34–42 the timing and details of the onset of compac-
tion during human embryonic development have not been eluci-
dated. Our hR-TLC analysis provided new insights into the timing 
and behavior of compaction initiation in human embryos.43 In prin-
ciple, compaction in human embryos began after the third cleav-
age in the majority of embryos examined (99/115; 86.1%), most 
frequently at the 8-cell stage (26/115; 22.6%), and was widely dis-
tributed from the 8-cell to 16-cell stage (99/115; 86.1%). However, 

during the analysis, a small number (16/115; 13.9%) of embryos 
started compaction before the 8-cell stage or less, and the subse-
quent embryonic development of these embryos was extremely 
poor. The etiology of poor embryonic development is related to 
the formation of multinucleated blastomeres (MNB). Details of 
this finding have been described by K. Iwata et al.43

Development up to the blastocyst stage and the process of hatching 
(Movie S3)
A 2-cell stage embryo donated for research purposes was used to 
study blastocyst formation and the process of hatching. After thaw-
ing, the embryo was cultured and observed by hR-TLC for 5 days. 
During the observation of the embryonic development of this 2-cell 
stage embryo, it was observed that after compaction, the embryo 
developed into morula, followed by the formation of the blastocoel 
cavity, which is the blastocyst stage. The diameter of the blasto-
coel cavity gradually increased, and the embryos reached the full 
blastocyst stage with sporadic collapse of the cavity, and finally 
developed into an expanded blastocyst. ICM was clearly observed 
on the trophectoderm membrane during the blastocyst stage. As 
the blastocoel cavity expanded, the surrounding ZP became thinner 
and thinner, and a crack appeared in the ZP due to the slight col-
lapse of the blastocoel cavity and the blastocyst escaped through 
the site of a crack in the ZP (hatching). The hatching process took 
approximately 7 h and 25 min. This series of images of the develop-
ment process up to the hatching of the blastocyst was described 
and confirmed for the first time by hR-TLC observation.3

3.1.3  |  Time course of embryonic development 
from insemination to 2nd cleavage in in vitro culture 
conditions (Figure 4)

The time course of human oocyte development from insemination 
to the 2nd cleavage by fertilization under in vitro culture conditions 
was determined from the analysis of hR-TLC images.2,3

We analyzed the serial time course from insemination up to the 
2nd cleavage. As previously described,2,3,5 the hR-TLC monitoring 
was commenced at 1.5 h post-insemination (images taken at 10-s 
intervals until the sperm were incorporated into the ooplasm) and 
continued at 2-min intervals for approximately 40 h. Surprisingly, 
human sperm can pass through the ZP faster than we expected, as 
the required time was approximately 1.5 h post-insemination. The 
extrusion of the 2nd PB occurred at 2.5 h post-insemination, which 
was determined as oocyte activation by the presence of substances 
from the sperm [sperm factor; currently known to be phospholipase 
C-zeta (PLC-z)].44 Human zygotes reached syngamy at 24.4 h post-
insemination and the 1st cleavage at 26.8 h post-insemination after 
a series of physiological events. The 2nd cleavage, 2nd mitotic divi-
sion, occurred 10 h later.2,3

Although the time course from the 2nd PB extrusion was not sig-
nificantly different between cIVF and ICSI, the time required for sperm 
entry into the oocytes for the 2nd PB extrusion was delayed by 1 h in 

F I G U R E  2 Different pattern of cleavage furrow on the 1st 
cleavage to the pronuclear axis. The light green color line indicates 
the two PN connection which is defined as the 2PN axis. The red 
dashed line indicates the angle of the 1st cleavage plane. Based 
on the direction of the first cleavage relative to the 2PN axis, 506 
embryos that showed suitable images were further classified into 
three groups such as “parallel,” “perpendicular,” and “intermediate” 
(as shown in the table in the bottom panel). Our analysis revealed 
that most zygotes formed a cleavage furrow parallel to the 2PN axis 
(84.4%), suggesting that the two replicated centrosomes are often 
present near the pronuclear junction at the time of pronuclear 
breakdown (syngamy), resulting in the formation of the 1st cleavage 
plane formation parallel to the alignment of the mPN and fPN. 
Changes in centrosome positioning can lead to a cleavage furrow 
formation that is not parallel to the 2PN axis in some embryos, such 
as perpendicular pattern (9.7%) or intermediate (5.9%). fPN, female 
pronucleus; mPN, male pronucleus; PN, pronuclei.

TA B L E  1 The comparison of pregnancy rate between parallel 
and perpendicular group.

Pregnancy rate
Parallel 
(n = 470)

Perpendicular 
(n = 34) p valuea

Fresh-ET 24.2% 
(45/186)

0% (0/14) <0.05

Thawed ET 39.4% 
(112/286)

15.0% (3/20) <0.05

Total 33.4% 
(157/470)

8.8% (3/34) <0.01

aChi-square test; p < 0.05 confers statistical significance.
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ICSI, probably due to the super-physiological and invasive nature of 
sperm injection in the ICSI procedure. Therefore, this suggests that the 
ICSI procedure may affect the early stage of oocyte activation.

3.1.4  |  Two types of hatching patterns in the 
blastocyst stage (inward and outward) (Movie S4)

The escape of expanded blastocysts from the ZP (hatching) is an 
epilogue of embryonic development prior to implantation. Although 
several hypotheses have been proposed regarding the mechanism 
of hatching in mouse, bovine, equine, and human,45–47 the actual 
process remains unknown. Two novel hatching patterns, termed 
“inward” and “outward,” were revealed by the hR-TLC observation, 
using donated day-2 frozen/thawed embryos, which were cultured 
up to the hatching stage.

In the “inward” pattern, after a fully expanded blastocyst has 
developed, the blastocoel cavity suddenly collapses, and simulta-
neously, the ZP retracts inward, followed by a break in the ZP. The 
blastocyst escapes through the rupture site as the blastocoel cavity 
continues to expand.

In the clinical setting, artificial collapse of the blastocoel cav-
ity is widely applied in blastocyst cryopreservation. However, 
spontaneous blastocoel collapse is generally considered to have a 
negative effect on embryonic development by the observation of 
hR-TLC.4,48 It has been confirmed that blastocysts with repeated 
major collapses have a high probability of poor subsequent de-
velopment, failure to reach hatching and a lower live birth rate. 
Nevertheless, the blastocyst multiple collapse pattern is not 
recommended to be evaluated alone as a predictor of the repro-
ductive outcome, but the morphokinetic variables should also be 
taken into account.49

F I G U R E  3 Localization of the centrosome during the pronuclear phase of normally fertilized human oocytes. Pattern A: 
Immunofluorescence staining for DAPI, lamin B, and pericentrin in a normally fertilized human oocyte. The upper left panel shows the 
nuclear DNA stained with DAPI (blue, Hoechst). The upper right panel shows lamin B localization at the PN periphery stained green. In the 
lower left panel, two pericentrin-positive centrosomes are present, which emit signals in red color and are marked with white arrowheads. 
The centrosomes appear to be aligned around the interface between the mPN and the fPN. Pattern B: Immunofluorescence staining for 
DAPI, lamin B, and pericentrin in normally fertilized human oocyte. The upper left panel shows the nuclear DNA stained with DAPI (blue, 
Hoechst). The upper right panel shows lamin B localization at the PN periphery stained green. In the lower left panel, two pericentrin-
positive centrosomes are present, which emit signals in red color and are marked with white arrowheads. It appears that one of two detected 
pericentrin signals was detected around the interface between the mPN and the fPN, and the other was clearly distant from the interface of 
the two PN. DAPI, 4′-6-Diamidino-2-phenylindole; fPN, female pronucleus; mPN: male pronucleus; PN, pronuclei.



    |  7 of 18MIO et al.

On the other hand, in the “outward” pattern, the blastocoel cav-
ity first expands gradually without any collapse of the blastocoel 
cavity, then the ZP is ruptured and the blastocyst escapes rapidly 
through the rupture site.5 When we first described the hatching pat-
terns, we noticed that the “inward” pattern was more prevalent than 
the “outward” pattern, while the latter required less time to hatch. 
Although most of the blastocysts that escaped from the ZP showed 
an inward pattern under in vitro culture conditions, it is still interest-
ing to know what the hatching style is in in vivo culture.

3.2  |  Atypical morphokinetic features involved in 
further embryonic development observed by hR-TLC

3.2.1  |  Period from fertilization to 2PN formation

Several atypical phenomena that may affect subsequent embryonic 
development during the period from fertilization to pronuclear for-
mation are discussed in detail in the following sections.

Single pronuclear zygote (1PN zygote) by the excessive extrusion of 
female pronuclear materials (Movie S5)
Zygotes with a single PN (1PN zygote) are one of the most fre-
quent and atypical features involved in further embryonic de-
velopment. Previously, it has been reported that 1PN zygotes 
occurred in (1) parthenogenesis,50,51 (2) asynchronous or delayed 
formation of pronuclei,52 and (3) diploid chromosome complement 
within 1PN.52,53 In addition, it has also been reported that healthy 
babies were born after the embryo transfer (ET) using 1PN zy-
gotes.54–56 However, in our hR-TLC analysis, a novel insight into 
the etiology of the 1PN zygote was obtained, namely, the pres-
ence of an excessive extrusion of fPN materials (a third meiotic 
division-like phenomenon).

This feature was first observed in an oocyte after ICSI. In the 
hR-TLC image of this oocyte, the 2nd PB was extruded near the 
1st PB approximately 2.5 h after ICSI, and, surprisingly, a PB-like 
material was also extruded next to the 2nd PB. Simultaneously, 
a single PN was formed in the ooplasm, which seemed to be the 
mPN. A PB-like material remained in the PVS next to the 2nd PB 

F I G U R E  4 Time course of embryonic development from insemination to 2nd cleavage in an in vitro culture condition after cIVF. On 
the left side of the dotted line the numbers in the boxes indicate post-insemination h ± SD. cIVF, conventional in vitro fertilization; cone, 
fertilization cone; flare, cytoplasmic flare; fPN, female pronucleus; halo, translucent zone in the periphery of the ooplasm; mPN, male 
pronucleus; PB, polar body; PN, pronuclei; SD, standard deviation.
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during the zygote stage. It was strongly suggested that the PB-
like material contained fPN substances and was extruded as a 3rd 
PB, although the chromosomal status of the 3rd PB-like material 
was not confirmed by immunostaining methods. This phenome-
non indicates that a 3rd mitotic division exists, that is, the exces-
sive extrusion of a 3rd PB, and occurs in human embryos. If that 
were possible in real feature, the zygote would contain half of the 
chromosomes and should not be used clinically. In fact, that spe-
cific zygote had severe fragmentation after the first cleavage and 
stopped developing thereafter.

Uneven 2PN zygote (Movie S6)
In the clinical setting, after fertilization is confirmed on day 1 [the 
next day after the day of OPU (day-0)], zygotes with two unequal- 
sized PN are sometimes encountered. The etiology and normality of 
these zygotes are highly controversial.57 However, we have obtained 
extremely rare and valuable images of the mechanism of this feature 
through our hR-TLC analysis.

As the extrusion of the 3rd PB described above, this was also an 
extraordinary feature, and we were extremely surprised when we 
observed it. In this zygote obtained by ICSI, the 3rd PB-like material 
was extruded next to the 2nd PB. In addition, at the same time that 
the PN, which would be the mPN, was formed in the center of the 
ooplasm, a small PN-like substance containing NPB-like materials 
was also formed in the 3rd PB. Subsequently, this PN-like substance 
was reabsorbed into the ooplasm and moved toward the PN (mPN) in 
the ooplasm. Finally, both abutted and formed an uneven 2PN within 
the ooplasm.4 It appeared that a small, PN-like substance was clearly 
extruded into the PVS. However, without evidence of a mechanism 
for the connection between the ooplasm and the PN-like substance, 
it was thought that this event did not occur. Therefore, it is possi-
ble that the PN-like substance was not completely interrupted and 
was able to communicate with the ooplasm. Further research on this 
topic has not yet been conducted, but it would be of great impor-
tance to shed light on this feature.

Zygotes with three or more PN
On day-1, the most frequently encountered abnormal fertilization 
was zygotes with three or more PN. Our hR-TLC analysis showed 
that there were three etiologies: (1) polyspermy, (2) failure of 2nd PB 
extrusion, and (3) fragmentation of PN.

Polyspermy. Polyspermy is fertilization by more than one sperm and 
is one of the most common irregular features during the fertilization 
process in in  vitro fertilization. The oocytes, in which polyspermy 
was confirmed, were identified as having three or more PN at a 
fixed time point during the fertilization status assessment on day 
1. According to hR-TLC image analyses,1,58 the diameter of the mPN 
was slightly larger than that of the fPN (28.1 ± 2.0 μm, 26.4 ± 2.0 μm, 
respectively). These data suggest that it is possible to identify the 
number of sperm that fertilized the oocyte by measuring the PN 
diameters. If the oocyte contained two or more larger PN and 

one smaller PN, the condition was evaluated as polyspermy. If the 
oocyte contained one larger PN and two smaller PN, the oocyte 
probably failed to extrude the 2nd PB after a single sperm entered 
the ooplasm, meaning that a “failure of 2nd PB extrusion” occurred, 
as described below.

In 2017, we had the opportunity to use a 4 K camera (courtesy 
of Japan Broadcasting Corporation; NHK) attached to the in vitro 
culture system for hR-TLC. While observing the fertilization process 
using oocytes after insemination by hR-TLC with a 4 K camera, we 
found a clear and remarkable image in which two different sperma-
tozoa simultaneously entered the oocyte (time difference between 
two spermatozoa: 30 s) (Movie S7).

In 2012, analysis of the fertilization process using hR-TLC pro-
vided new insights into the possible mechanism of the polyspermy 
block.59 In mammalian fertilization, it is thought that the main mech-
anism for preventing polyspermy is the zona reaction, which is the 
hardening of the ZP by the absorption of cortical granules. Cortical 
granules are extruded into the PVS by infusion of PLC-z from the 
sperm attached to the oocyte membrane.44,60,61 However, the anal-
ysis of hR-TLC images showed that the ZP penetration by the follow-
ing sperm was inhibited within 10 s after the leading sperm attached 
to the oocyte membrane. This suggests the existence of a possible 
mechanism for the polyspermy block, which has been completely 
unknown until that moment. Further research is needed to elucidate 
this mysterious phenomenon.

Failure of 2nd PB extrusion. In clinical practice, novel phenomena 
strongly suggest that the occurrence of zygotes with 3PN may be 
due to a failure of the 2nd PB extrusion. Unfortunately, although 
these features could not be captured by our hR-TLC, they were 
confirmed at the fertilization check on day 1 by using an incubator 
equipped with time-lapse monitoring (time-lapse incubator). At 
that time, we detected two possible mechanisms involved in the 
failure of the 2nd PB extrusion: (1) reabsorption of the 2nd PB 
after extrusion, and (2) the failure of the 2nd PB extrusion itself 
(Figure  5). In the fertilization process, the oocytes are activated 
by sperm incorporation and resume the second meiotic division, 
which is completed by the 2nd PB extrusion.62 However, it is 
thought that the second meiotic division does not work properly 
and exhibits unusual dynamics in some oocytes. The extrusion of 
the 3rd PB related to 1PN zygotes or the failure of the 2nd PB 
extrusion involved in 3PN zygotes may be an extremely unusual 
and rare phenomenon in reality, but they give us a glimpse of 
the complexity and mystery of the fertilization process and the 
mechanism of early embryonic development.

Fragmentation of PN. A very interesting phenomenon that we 
could also observe with our hR-TLC system was the formation 
of zygotes with multiple PN (three or more). This phenomenon 
was probably a result of (1) fragments of the PN itself, and (2) 
failure of the 2nd PB extrusion combined with fragmentation 
of the PN at the time of fertilization confirmation after ICSI on 
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F I G U R E  5 3PN zygote due to failure of 2nd PB extrusion. 3PN zygote due to reabsorption of 2nd PB after 2nd PB extrusion. (A) The 
1st PB was located in the PVS as indicated by the arrow. (B) The 2nd PB was extruded at the 1 o'clock position. However, the 2nd PB was 
resorbed 2.7 h later. (C) A single mPN (marked with light blue dashed circle) and two fPN (marked with pink dashed circle) appeared 4 h 
after reabsorption of the 2nd PB (3PN zygote). (D–H) The state of 3PN state persisted for more than 20 h. 3PN zygote due to failure of 2nd 
PB extrusion. (A,B) The 1st PB was seen at the 3 o'clock position in the PVS as indicated by the arrow. (C–F) A single mPN and two fPN 
appeared approximately 5 h later. There was no extrusion of the 2nd PB. (G) The three PN disappeared (syngamy) 14 h after the appearance 
of 3PN. (H) The 1st cleavage occurred 2 h after syngamy. fPN, female pronucleus; mPN, male pronucleus; PB, polar body; PN, pronucleus; 
PVS, perivitelline space.
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day-1 (Figure 6). Since these zygotes were formed from oocytes 
injected each with a single spermatozoon by ICSI and had already 
released their 2nd PB, and since the size of the PN was uneven in 

size, the fragmentation of the PN was the most likely explanation. 
However, there is still no clear explanation for this phenomenon 
and further research is necessary.

F I G U R E  6 Two types of poly-pronuclear zygotes with PN fragmentation. Poly-pronuclear zygotes with fragmentation of the PN. (A,B) 
The 2nd PB was extruded next to the 1st PB (Panel A: the 1st PB is marked with a white arrow; Panel B: the 2nd PB is marked with a white 
arrow and it is located next to the 1st PB in the PVS). (C,D) Four small diameter PN (indicated by white color dashed circles) appeared and 
then abutted. (E-G) Each PN (indicated by white color dashed circles) gradually increased in size. (H) All PN disappeared simultaneously. Poly-
pronuclear zygotes with failure of the 2nd PB and fragmentation of the PN. (A,B) The 2nd PB was not extruded and the cytoplasmic flare, 
indicated by 3 black arrows, appeared at the 5 o'clock position (in panel A the 1st PB is indicated by a black arrow). (C) Three PN of different 
sizes (indicated by white color dashed circles) appeared in the ooplasm. (D–F) Subsequently, the number of PN (indicated by white color 
dashed circles) increased up to a maximum of 8 and then all disappeared simultaneously. PB, polar body; PN, pronucleus/pronuclei; PVS, 
perivitelline space.
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3.2.2  |  Period from PN formation to early cleavage

During this period, the most common unusual features are (1) direct 
cleavage, and (2) fragmentation.

Direct cleavage (Movie S8)
Normally, human zygotes initiate the first cleavage approximately 
2 h after syngamy and repeat cell divisions approximately every 
10 h thereafter. In 2012, Rubio et  al. reported that the implan-
tation rate of zygotes that develop from 2-cell to 3-cell or more 
within 5 h after the 1st cleavage (direct cleavage; DC) was signifi-
cantly lower than that of zygotes with a normal cleavage pattern 
(20.2% vs. 1.2%, p < 0.0001).63 Based on our analysis using hR-TLC 
as well, zygotes with direct divisions at the first (1-cell to 3-cell or 
more; DC1-3) and second (2-cell to 5-cell or more; DC2-5) cleav-
ages (with confirmed nuclear formation in every blastomere) were 
observed (Figure 7), and zygotes with direct divisions at the 1st 

cleavage did not result in pregnancy. Thus, morphokinetic analysis 
enables the identification of irregular divisions in the early cleav-
age embryos.

However, it was reported that some direct-cleaved zygotes at 
the 1st cleavage could still lead to a live birth.64 Therefore, we con-
ducted a more detailed analysis on early cleavages and confirmed 
two types of irregular 1st cleavages: (1) a cleavage from 1-cell to 
2-cell, and then from 2-cell to 3-cell or more within 5 h after the 1st 
cleavage (DC1-2-3), and (2) a direct cleavage from 1-cell to 3-cell 
or more (DC1-3). DC1-3 zygotes did not result in pregnancy, while 
DC1-2-3 zygotes resulted in some cases with successful pregnancy 
and live birth. Therefore, some of the DC1-2-3 zygotes possibly have 
at least one blastomere with a normal number of chromosomes at 
the 2-cell stage, and that viable zygotes result in live birth (Table 2). 
Similar irregularities during the 2nd cleavage may occur in DC2-5 
zygotes, resulting in pregnancy and live births. Nevertheless, it is 
necessary to be prudent when clinically utilizing zygotes with DC. 

F I G U R E  7 Three types of direct 
cleavage pattern during the 1st and the 
2nd cleavage. In the analysis of the direct 
cleavage, it was confirmed that there 
were 3 types of cleavage pattern in direct 
cleavage.

TA B L E  2 Clinical outcomes in normal and direct cleavage.

Rate of occurrence (%) Age (mean ± S.D.) Clinical pregnancy (%) Live birth (%) Miscarriage (%)

Group 1 (Normal 
cleavage, 1 → 2) 
(n = 739)

83.6 (739/884) 37.4 ± 4.9 36.3 (268/739) 28.4 (210/739) 21.6 (58/268)

Group 2 (Direct 
cleavage, 1 → 3) 
(n = 34)

3.8 (34/884) 39.1 ± 5.2* 0** (0/34) – –

Group 3 (Direct 
cleavage, 1 → 2 → 3) 
(n = 52)

5.9 (52/884) 38.6 ± 6.0 25.0 (13/52) 13.5** (7/52) 46.2** (6/13)

Group 4 (Direct 
cleavage, 2 → 5) 
(n = 59)

6.7 (59/884) 38.7 ± 5.1* 18.6** (11/59) 15.3** (9/59) 18.2 (2/11)

Note: * and **p < 0.05 and p < 0.01 confer a statistically significant difference, respectively, compared to Group 1 (Chi-square test). Group 2 resulted 
in no pregnancy, but Groups 3 and 4 resulted in some successful pregnancies and live births. Therefore, it is important that 2-cell stage should occur 
at the early cleavage stage.
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F I G U R E  8 Fragmentation generated along the cleavage furrow. 1st cleavage. (A) The cleavage furrow appears at 19 h and 19 min. 
(B,C) During the 1st cleavage, fragments are generated along the cleavage furrow, but after 2 h and 22 min, fragmentation was evidently 
reduced. 2nd cleavage. (D) The 2nd cleavage starts at 31 h and 11 min after the beginning of the observation. (E,F) During the 2nd cleavage, 
fragmentation intensively occurs, but the fragments are apparently reduced and the embryo recovers to good quality after 6 h and 28 min.

F I G U R E  9 Immunostaining of 
nuclei and nuclear membranes in two 
types of multinucleated blastomeres. 
In the upper panel (cytokinetic failure 
with karyokinesis): two equal-sized 
nuclei were stained with anti-lamin 
B1 (green color) and DAPI (blue color, 
Hoechst) in the blastomere (upper 
middle and upper right frames). In the 
lower panel (fragmentation/failure of 
nuclear membrane in the blastomeres): 
two blastomeres had multiple nuclei 
of different sizes as shown by staining 
with anti-lamin B1 (green color) and 
DAPI (blue color, Hoechst) in the lower 
middle and lower right frames. DNA is 
counterstained with DAPI (blue) and the 
nuclear membrane is counterstained with 
lamin B1 (green). DAPI, 4′,6-diamidino-
2-phenylindole; DIC, differential 
interference contrast.
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We should avoid freezing or transferring these zygotes on day 2 
or − 3; culture them for a longer period to confirm the blastocyst de-
velopment, and carefully consider the priority order of the embryos 
for use.63

Fragmentation
Numerous studies have reported that increased amounts of frag-
ments at the early cleavage stage adversely affect further embry-
onic development and subsequent clinical outcomes.65,66 However, 
the mechanism involved in fragmentation has not been fully eluci-
dated. Dynamic analysis of human embryos has now revealed two 
possible mechanisms of fragmentation.

Fragmentation generated along cleavage furrow. Our detailed analysis 
revealed that fragments were generated along the cleavage furrow 
during the 1st and 2nd cleavage, and the number of fragments 
sometimes decreased with time due to the resorption of fragments 
into the blastomere.4 In addition, based on our chronological 
analysis of the number of fragments after cleavage, we confirmed 
that the massive number of fragments generated during cleavage 
significantly decreased at approximately 2 h, and the resulting 
embryo was of good quality (Figure  8). Therefore, it is important 
to re-evaluate poor-quality embryos with a massive number of 
fragments at intervals of approximately 2 h.4,67

Fragments generated at the perivitelline threads (PT). In 2017, thin 
filaments defined as PT extending across the PVS and connecting 

the ZP to the ooplasmic membrane were reported to be one of the 
causes of fragmentation based on an analysis of human embryos 
using a time-lapse incubator.68,69 PT may play an important role in 
cross-linking the cumulus cells and the oocyte during maturation,70 
but the mechanism underlying such a role remains unclear.

Derrick R et al. used time-lapse imaging to observe PT in more 
than 50% of human embryos at the cleavage stage, and the rate of 
cytoplasmic fragmentation (at the 1st cleavage) was significantly 
reduced in embryos without PT.68 Additionally, based on time-
lapse observations of ICSI embryos obtained from ART treatments 
performed at our clinic, we confirmed the involvement of PT in 
the formation of cytoplasmic fragments during the 1st cleavage 
(Movie S9).71 In contrast, Kellam L et al. found no significant differ-
ence in the rate of fragmentation between embryos with PT and 
those without PT at the two-cell stage.69

Nevertheless, detailed analyses using time-lapse imaging have 
shown that PT is clearly involved in the formation of cytoplasmic 
fragments during the first cleavage.68,71 However, in the clinical 
setting, certain patients have only poor-quality embryos (PQE) 
due to severe fragmentation and cannot obtain any embryos used 
for embryo transfer and/or cryopreservation. To help these pa-
tients, we conducted a preliminary study to investigate the effec-
tiveness of artificial removal of ZP (ZP-free) at the zygote stage 
using abnormally fertilized zygotes (3PN) that could not be used 
clinically. The results of the preliminary study showed that ZP-free 
embryos significantly reduced fragmentation in embryos from pa-
tients with PQE alone compared to the zygotes without artificial 

F I G U R E  1 0 Splitting of the ICMs caused by the strand phenomenon during the blastocyst stage (monozygotic twinning). (A) During the 
formation of the blastocoel cavity, the ICM adhered to the opposite side of the trophectoderm, resulting in a “strand” indicated by the white 
arrow. (B–D) The blastocoel cavity collapsed, followed by repeated collapse and re-expansion (white arrow points to the strand). (E–G) The 
ICM was separated and 2 ICMs (indicated by red arrows) formed in the blastocoel cavity (in panel E white arrow indicates the strand). (H) 
The blastocyst with 2 ICMs (marked with red color circles) escaped through the zona pellucida. ICM, inner cell mass.
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removal of the ZP (ZP-intact) (p < 0.01).71 The clinical efficacy of 
ZP-free treatment in patients with intractable infertility is cur-
rently being investigated.

3.2.3  |  The third cleavage and beyond

During these stages of the embryonic development, several 
atypical features which were directly involved in further embry-
onic development were obtained from the analysis of hR-TLC 
observations.

Formation of MNB
The formation of MNB is frequently encountered as an irregular 
finding in early human embryos.43 During the analysis of the early 
cleavage and compaction stages using hR-TLC, we identified a new 
phenomenon related to MNB development. As mentioned above, al-
though in the majority of human embryos, compaction occurs after 
the 3rd cleavage, that is, after the 8-cell stage, in some embryos, 
compaction occurred at an earlier cell stage, albeit at a lower fre-
quency, and these embryos showed poor further embryonic devel-
opment. Detailed analysis of these embryos by hR-TLC revealed the 
existence of two patterns in the mechanism of MNB occurrence: (1) 
cytokinetic failure with karyokinesis, and (2) fragmentation of nu-
clear membranes in blastomeres.43

Cytokinetic failure with karyokinesis (early initiation of 
compaction). During the 3rd cleavage from the 4-cell stage in some 
of the blastomeres, a cleavage furrow occurred, and the blastomere 
was almost going to divide into two blastomeres. The division was 
interrupted, and the blastomere returned to its original form, a 
phenomenon called “cytokinetic failure.” At that moment, two equal-
sized nuclei appeared in the blastomere, indicating the formation 
of MNB. We speculated that the nucleus in the blastomere was 
duplicated and divided into two nuclei (karyokinesis), without 
cytokinesis. Therefore, the blastomere with MNB indicates that the 
nuclear phase has reached the 3rd cleavage, but the cytokinesis did 
not occur. Theoretically, if compaction began at the 7-cell stage, it 
means that this phenomenon occurred in only one blastomere; if it 
began at the 6-cell stage, this occurred in two 2 blastomeres; if it began 
at the 5-cell stage; it occurred in three blastomeres, and if compaction 
began at the 4-cell stage, all four blastomeres failed cytokinesis.5,43

Fragmentation/failure of nuclear membrane in 
blastomeres. Additionally, we identified embryos in which multiple 
unequal-sized nuclei containing nucleolus-like material appeared 
in each blastomere during early cleavage. We evaluated these 
embryos as clinically unusable, and with the patients' consent, they 
were used for research, and immunostaining was applied. Analysis 
using DAPI (4′,6-diamidino-2-phenylindole) for nuclear staining and 
Lamin B1 for nuclear membrane staining indicated that each unequal 
sized nuclear-like material was a nucleus accompanied by a nuclear 
membrane (Figure 9).

Strand phenomenon (Movie S10)3

Our hR-TLC analysis after the blastocyst stage in human embryos 
confirmed for the first time an interesting phenomenon newly 
named the “strand phenomenon.” In this phenomenon, the ICM 
and the opposite side of the trophectoderm adhere to each other 
and pull strings during blastocoel formation. Surprisingly, more than 
half of the blastocysts analyzed by hR-TLC showed this “strand phe-
nomenon” to varying degrees in the blastocyst developed in vitro.3 
Although whether the same phenomenon occurs at the blastocyst 
stage in an in  vivo situation is unknown, it may deviate from the 
physiological process or it may also occur in vivo as well. In addition, 
an in vitro culture condition in ART may not be as optimal for human 
embryos as the female uterus, although we are all working in that 
direction to make it as ideal as possible, and the extended in vitro 
culture up to the blastocyst stage may somehow cause stress to the 
embryos. Considering these issues, we cannot exclude the possibil-
ity that this phenomenon may be one of the adverse effects of ex-
tended in vitro culture.

New mechanism of monozygotic twin (MZT)
It has been reported that the ICM was separated by the hardened ZP 
during the hatching process.72–74 However, for the first time, hR-TLC 
confirmed that a blastocyst with two ICMs3 is formed during the 
blastocyst stage when a strand phenomenon occurs between the 
ICM and contralateral trophoblast, causing the inner cell mass to be 
separated (Figure 10).

In the clinical setting of ART, the frequency of MZT is signifi-
cantly increased in blastocyst transfers compared to early embryo 
transfers.73,74 This finding supports the conclusion that this is due 
to the strand phenomenon caused by an extended in vitro culture 
up to the blastocyst stage. In addition, if the occurrence of MZT is 
caused by the strand phenomenon during the blastocyst stage, this 
phenomenon is extremely risky, and an extended in vitro culture of 
human embryos would have a negative impact.

4  |  CONCLUSIONS

The future is full of surprises and potential. Many researchers from 
different scientific fields from all around the world continue to put 
a lot of effort into developing new technologies in order to help as-
sisted reproduction professionals provide the best medical care to 
their patients. HR-TLC, combined with the careful use of artificial 
intelligence (AI), can really help in enabling less invasive methods 
for selecting embryos that have a higher chance of implantation. 
To date, there are few studies showing the benefits of using AI in 
the observation and evaluation of human embryo preimplantation 
dynamics.48,75–77 By establishing valid and effective algorithms for 
time-lapse incubators, we will be able to set stronger criteria that 
will qualify the prediction of normal growth and development poten-
tial of embryos, as well as the detection of aneuploidies, in order to 
avoid the application of invasive techniques such as preimplantation 
genetic testing.
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At the dawn of a greener and more sustainable era in assisted re-
production and healthcare in general, we need to think and act wisely 
when it comes to the design and application of an AI-driven hR-TLC 
evaluation system. There is no doubt that AI can make some tasks in 
the embryology laboratory easier and faster. On the other hand, the 
enormous amount of data that is and will be collected will require 
more powerful computers for analysis, which means higher energy 
consumption, greater emissions of greenhouse gases, and ultimately 
harmful consequences for the environment and human health.

This review outlines 20 years of hR-TLC and all the events from 
human oocyte fertilization to blastocyst hatching, as well as atypical 
features that we had the opportunity to witness and report, some of 
them for the first time in the international literature. In 2003, about 
two years of trial and error, we developed a new in vitro culture sys-
tem for hR-TLC that was able to maintain optimal and stable culture 
conditions on the microscope stage for periods of up to one week.3,4 
This analysis of early human embryos using hR-TLC allowed us to 
catch a glimpse of the miracle of life at its beginning and ushered in 
a new era for ART. Therefore, we have focused on the results of our 
original hR-TLC analysis and discussed them herein.

Several novel findings and phenomena described in this review 
were elucidated by the analysis of hR-TLC images. Most of these 
phenomena could not be identified using fixed-time observation 
during in vitro culture and/or data from animal experiments.

All of the oocytes and embryos observed and analyzed by hR-
TLC were the seeds of human life entrusted to us by the couples who 
wished to have child of their own. Therefore, experimental methods 
that do not comply with ethical guidelines or that do not show the 
appropriate respect in the handling of human embryos, regardless of 
their purpose and results, are unacceptable. It is necessary to consider 
the limitations of the research that can be applied according to the 
bioethics of human life. In our preliminary study of hR-TLC, no ad-
verse effects of hR-TLC on embryonic development were observed, 
although these effects were derived from abnormally fertilized 
human oocytes. After obtaining approval from the JISART (Japanese 
Institution for Standardizing Assisted Reproductive Technology) 
Ethics Committee, we began the observation of human oocytes and 
embryos for clinical use. In fact, compared with the beginning of this 
research 20 years ago, the concept of the sanctity of life and bioethical 
regulations have become stricter, making the development of novel 
and effective research for human embryos more difficult. Under these 
circumstances, TLC is expected to become an increasingly important 
method for studying human embryonic development and for develop-
ing new therapeutic methods. In this context, we have recently estab-
lished a new promising therapeutic approach based on TLC analysis, 
the ZP-free procedure.71 This novel method has the ability to improve 
embryo quality deterioration due to severe fragmentation. Based on 
the preliminary results of our study on 3PN embryos we have started 
applying the ZP-free method clinically on fully informed patients with 
recurrent ART failure due to excessive fragmentation and we have 
achieved good results that soon will be published. Therefore, we have 
devoted our work to establishing strong criteria for the selection of 
zygotes suitable for the application of this novel procedure.

All the images obtained by hR-TLC will not only help in future 
scientific analysis of the mysteries of the beginning of life but can 
also serve as a source of education and learning about the origin of 
life and the dignity and awe of the birth of life.
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