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Three-dimensional live imaging of bovine embryos by optical coherence
tomography
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Abstract. While embryo transfer (ET) is widely practiced, many of the transferred embryos fail to develop in cattle. To
establish a more effective method for selecting bovine embryos for ET, here we quantified morphological parameters of
living embryos using three-dimensional (3D) images non-invasively captured by optical coherence tomography (OCT).
Seven Japanese Black embryos produced by in vitro fertilization that had reached the expanded blastocyst stage after 7 days
of culture were transferred after imaged by OCT. Twenty-two parameters, including thickness and volumes of the inner cell
mass, trophectoderm, and zona pellucida, and volumes of blastocoel and whole embryo, were quantified from 3D images.
Four of the seven recipients became pregnant. We suggest that these 22 parameters can be potentially employed to evaluate

the quality of bovine embryos before ET.
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mbryo transfer (ET) has been used widely to produce calves in

combination with other reproductive technologies such as in
vitro fertilization (IVF), nuclear transfer, and genomic breeding.
The conception rate of ET in cattle is lower than that of artificial
insemination, indicating the scope for improvement in ET technology.
In particular, the conception rate of ET using IVF embryos is as
low as 30-40%, which is inferior to that observed using embryos
produced in vivo (around 50%) [1-4]. Furthermore, the transfer of
IVF embryos has been reported to result in large offsprings with
undesirably high birth weights, long pregnancies, and high miscar-
riage rates [5]. Embryos for transfer are usually selected based on
observations using a conventional optical microscope at the time of
transfer. The quality of the embryo is expressed by a code established
by the International Embryo Technology Society (IETS) [6, 7], and
highly skilled technicians are needed to perform this task.

In human artificial reproductive technology (ART), embryos
are evaluated based on the Veeck and Gardner classification [8, 9].
Time-lapse cinematography (TLC) with a visible light microscope
has recently emerged as a popular technology. In the evaluation of the
in vitro developed bovine embryos, TLC has been used to determine
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the time of cleavage, number of blastomeres at first cleavage, and
number of blastomeres at the onset of the lag phase [4, 10-12].
However, live bovine embryos have not been evaluated based on
their three-dimensional (3D) structures.

Optical coherence tomography (OCT) is a non-invasive cross-
sectional imaging process used in biological systems [13-15]. At
present, it is used in ophthalmology, especially for funduscopic
examination of the retina. Using stage-top modeled OCT, Takahashi
et al. [15] reported a method for 3D live imaging of changes in the
vessel structure during angiogenesis in vitro. Three-dimensional
imaging using confocal microscopy is carried out for mouse embryos,
which are exposed to weak ultraviolet light for observation [16]. As
stage-top modeled OCT can be used to measure 3D images with
high spatial resolution in living structures in vitro, we hypothesized
that OCT can show 3D structures of living embryos, including their
inside structures that could not be clearly observed by conventional
optical microscopy. In the present study, to establish a new method for
evaluation of bovine embryo for ET, we tried to obtain non-invasive,
cross-sectional images of the external form and internal structure of
the embryo using the OCT system and quantified several parameters
based on the 3D images of bovine embryos. Furthermore, to confirm
whether OCT scanning has cytotoxic effects on bovine embryos, we
transferred OCT-scanned embryos to recipient cows and checked
their fertility.

The OCT system scans the light source in the x-axis while shifting
the scanning line positions on the y-axis to obtain a signal on the x-y
plane at a focus position on the z-axis. We repeated this scanning
while shifting z-axis focus positions to obtain 3D images of embryos
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(Fig. 1). The lengths of the imaging range on the x-axis, y-axis,
and z-axis were 300, 300, and 200 pm, respectively. The exposure
time was 150 psec, and the scanning of an entire embryo could be
completed in a few minutes. OCT provided cross-sectional images
with a slice thickness of 1 pm, as shown in Fig. 1. OCT allows
obtaining live images non-invasively without staining. It was possible
to visualize the fine structure inside the embryo that could not be
observed with an optical microscope (Fig. 2: representative images
of an embryo [No. 2 in Table 1]). Before transfer, the embryo was
imaged under a microscope (Fig. 2A) and by OCT. Based on the
OCT images, trophectoderm (TE; cyan) and inner cell mass (ICM;
magenta) were 3D-visualized (Fig. 2B). The structure of the whole
embryo, including the ICM (red), TE (blue), and zona pellucida (ZP;
gray), were also 3D-visualized (Fig. 2C). In addition, each part of
the embryo, ICM (Fig. 2D), TE (Fig. 2E), and blastocoel (Fig. 2F),
was individually 3D-visualized.

The values of the 22 parameters measured for the seven embryos are
shown in Table 1. In embryos subjected to ET, the average thickness
of ICM, TE, ZP, and TE + ZP were 50.9+7.3,3.8 £0.8, 14.3+ 1.7,
and 18.7 £ 1.2 um, respectively. The average volumes of ICM, TE,
ZP, TE + ZP, ICM + TE + ZP, blastocoel, and whole embryo were
32+04,20+0.6,150+0.2,174+1.9,20.6 = 1.6, 12.8 £2.3,
and 33.4 £ 3.7 x 103 pm?, respectively. The blastocoel diameter
was 51.7 £ 2.6 um. Four of the seven recipients became pregnant.

The present results describe the first 3D imaging of bovine embryos

(B)

(E)

Fig. 2.

using OCT. The images clearly revealed the internal structures of
the embryos, otherwise difficult to observe under a microscope. The
3D images could also be used to calculate morphological parameters
such as volume of the parts of the embryo (whole, blastocoel, ICM,

Fig. 1. Scanning scale for bovine embryo. Longitudinal imaging was

performed in the area of bovine embryo.

(€)

Optical coherence tomography (OCT) images of a transferred bovine embryo (embryo No. 2 in Table 1). (A) Transferred embryo imaged by a

microscope. This embryo was determined as Code 1 according to the IETS codes. (B) Sum of all pixel values in z-stack images of trophectoderm
(TE; cyan) and inner cell mass (ICM; magenta) part was extracted from the tomographic image and synthesized 2D image. (C) 3D visualization
of structures of an embryo, including ICM (red), TE (blue), zona pellucida (ZP; gray), and blastocoel. (D—F) 3D visualization of each structure

of an embryo: ICM (D), TE (E), and blastocoel (F).
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Table 1. Quantification of 22 parameters in bovine embryo (n = 7)

Embryo No.
1 2 3 4 5 6 7 mean + SD

Structual thickness (pm)
ICM  Mean 38.1 56.2 422 532 51.8 59.9 55.2 50.9+7.3

Median 38.0 57.1 43.1 55.0 55.1 61.3 56.2 523+7.8

SD 5.9 8.2 5.5 7.4 9.1 8.5 7.1 74+£13
TE Mean 3.1 3.7 3.0 43 5.0 4.7 3.0 3.8+0.8

Median 2.5 2.6 2.4 3.1 32 3.6 2.5 29+04

SD 2.4 34 2.6 4.1 5.1 43 3.1 3.6+0.9
zpP Mean 16.4 14.9 16.6 133 11.4 13.8 13.6 143+1.7

Median 17.0 154 17.1 134 12.0 15.0 14.3 149+1.7

SD 2.5 2.1 2.6 1.9 1.8 3.0 3.0 24+0.5
TE+  Mean 19.7 19.4 19.6 17.7 16.7 19.8 17.9 18.7+1.2
zp Median 19.9 19.0 19.5 17.0 15.1 19.1 18.0 18216

SD 39 3.8 4.0 4.8 53 4.9 4.1 44+0.6
Volume (x 10° pm?)

ICM 2.5 3.1 2.7 3.6 3.7 33 3.6 32+04

TE 1.2 2.4 1.4 1.8 2.6 2.7 1.7 2.0+0.6

zp 16.2 14.4 20.0 13.7 11.9 14.8 13.9 15.0+£0.2

TE + ZP 17.5 17.4 214 16.0 15.5 18.1 16.0 174+19

ICM + TE + ZP 20.0 20.5 24.1 19.6 19.2 21.5 19.5 206+ 1.6

Blastocoel 11.4 11.3 18.1 12.0 13.8 11.5 11.2 128+2.3

Whole embryo 314 31.9 422 31.5 33.0 33.0 30.7 33.4£3.7
Diameter of blastocoel (um)

Mean 493 50.7 57.6 50.7 532 50.3 50.4 51.7+2.6

Median 51.6 52.7 60.3 52.9 55.7 52.5 52.4 54.0+£2.8

SD 13.3 14.5 15.6 14.1 14.8 14.1 14.5 14.4+0.7
ET status

IETS Code Code 1 Code 1 Code 1 Code 1 Code 1 Code 1 Code 1

Pregnancy - + + + - + -

ICM, inner cell mass; TE, trophectoderm; ZP, zona pellucida.

and TE). These parameters may be useful for evaluating embryo
quality before ET. In human ART, several parameters such as embryo
development stage, blastocoel volume, ICM, and TE thickness
are recognized as assessment criteria. The operator subjectively
determines the scores of these parameters by microscopic observation
[17, 18]. The present study shows that a stage-top OCT system
could serve as a new way of objectively evaluating the quality of
bovine embryos. Bovine embryos for ET are usually evaluated by
the IETS codes [6, 7] whose accuracy relies on the proficiency
of the operators. Sugimura et al. [4, 11] showed that high-quality
bovine embryos could be selected using morphokinetic indicators
such as timing, number of blastomeres at first cleavage, and number
of blastomeres at the onset of the lag phase as well as by observing
nuclear/chromosomal abnormalities of bovine embryos using live-cell
imaging technology [19]. Thus, morphological indices contribute
to the critical selection of high-quality bovine embryos. Therefore,
OCT images that allow observation of morphological details of
the internal structure may also be useful to evaluate the quality of
bovine embryos. At 168 h post-insemination (hpi), embryos that
were classified as IETS Code 1 were used for imaging. As bovine

embryos contain much more lipids than human or mouse embryos,
pronucleus formation in early embryos could not be confirmed under
a microscope, posing difficulty in evaluation of their quality [20].
Zheng et al. [21] used OCT to observe the 3D morphology of mouse
early embryos (mono-, 2-, and 4-cell stages). These authors succeeded
in label-free visualization of the male and female pronucleus before
the first cleavage and the nucleus in the blastomere after cleavage
[21]. In cattle, OCT imaging of early embryos may be useful for
visualizing pronuclei and detecting morphological abnormalities
that are difficult to observe using a conventional microscope. The
OCT system used in the present study has been suggested to provide
effective information for the evaluation of bovine embryos by the
precise observation of the 3D structure of the embryo. The present
results show OCT images only in the embryos classified as Code 1
of IETS codes. Therefore, OCT evaluation of embryos in other IETS
codes is warranted to confirm its applicability for the morphological
evaluation of bovine embryos.

Using the OCT system, we could quantify the internal structure
of bovine embryos. IETS codes grade embryos according to their
developmental stages and the status of degeneration of the cells in
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the embryo but provide no information about the volume of the
whole embryo, ICM, or TE [6]. In human ART, Gardner classifica-
tion is insufficient for morphological selection of good embryos;
however, morphological parameters of TE have been suggested to
be more closely associated with live birth than those of ICM [22].
As morphological parameters of TE were also quantified by OCT
in the present study, OCT may support the selection of good bovine
embryos for transfer.

The growth potential of early embryos relies on the total cell
number of blastocysts, especially the composition ratio of ICM and
TE [23]. The number of cells in a bovine embryo is usually counted
by double staining with Hoechst 33258 and propidium iodide [23].
However, stained embryos cannot be used for ET. The OCT system
uses near-infrared light (A: 900 nm), which has low cytotoxicity
[24-26], and allows non-invasive observations of bovine embryo
morphology; therefore, OCT-scanned embryos can be used for ET.
We have also used the same OCT system to observe mouse embryos
before ET and achieved a normal delivery after ET (Ohbayashi et
al., unpublished data). In the present study, we achieved conceptions
after transferring bovine embryos imaged by the same OCT system
used in mice. A few minutes of OCT did not change the embryo
morphology. Together, these findings indicate that using the OCT
system could allow visualization of the internal 3D structure and
quantification of morphological parameters in living bovine embryos.
This new method has the potential to support the objective evaluation
of bovine embryos before ET. The comparison of the values of
each parameter found in the present study between pregnancy and
non-pregnancy is important to determine whether the OCT system
is available for embryo evaluation for ET.

Methods

Ethics statement

Animal handling and experimental procedures were carried out
following the Guidelines for Proper Conduct of Animal Experiments
by the Science Council of Japan (http://www.scj.go.jp/ja/info/kohyo/
pdf/kohyo-20-k16-2e.pdf).

Experimental design

Bovine IVF embryos were derived from oocytes obtained by
ovum pick-up (OPU) and cryopreserved until the time of ET. We
investigated their morphological structures by OCT and determined
their fertility following transfer into recipient cattle.

Production of embryos derived from oocytes collected by OPU
and in vitro maturation (IVM)

As previously described [27], cumulus-oocyte complexes (COCs)
were collected from a 73-month-old Japanese Black cow using an
ultrasound scanner (HS-2100; Honda Electronics, Toyohashi, Japan)
and a 7.5-MHz convex array transducer (HCV-4710MV; Honda
Electronics) with a 17-gauge stainless steel needle guide. Follicles
> 2 mm in diameter were aspirated with the vacuum through a
disposable aspiration needle (COVA Needle; Misawa Medical, Tokyo,
Japan). The aspiration rate was 14 ml/min, and the vacuum pressure
was 100 mmHg. The IVM medium was 25 mM HEPES-buffered
TCM199 (M199; Gibco, Paisley, Scotland, UK), supplemented with

10% newborn calf serum (NCS; 16010159, Gibco) and 0.01 AU/ml
follicle-stimulating hormone from porcine pituitary (Antorin-R10;
Kyoritsu Seiyaku, Tokyo, Japan). COCs with two or more granulosa
layers were washed thrice with [IVM medium, and the recovered COCs
were cultured in four-well dishes (Non-Treated Multidishes; Nalge
Nunc International, Roskilde, Denmark) in 600 pl of IVM medium.
The cultures were covered with mineral oil (M8414; Sigma-Aldrich,
St. Louis, MO, USA) and incubated for 21-22 h at 38.5°C in 5%
CO,, 5% 0O,, and 90% N, with humidified air. All cultures were
maintained under these conditions.

IVF

Frozen semen from Japanese Black bulls stored in straws was
thawed in water at 37°C for 40 sec. After centrifugation (840 x g, 5
min), the supernatant was removed and the sperm suspension with a
final sperm concentration of 1.0 x 107/ml diluted by IVF100 (Research
Institute for the Functional Peptides, Yamagata, Japan) served as the
IVF medium. After 22 h of IVM, the COCs were removed from the
IVM medium and washed twice with IVF100. Up to 20 COCs were
incubated in 35 mm dishes (Falcon 351008; Corning, NY, USA)
containing 100 pl droplets of IVF medium for 6 h.

In vitro culture (IVC)

After insemination, oocytes were completely denuded from cumulus
cells and spermatozoa by repeated pipetting with a glass pipette in
the IVC medium, potassium simplex optimized medium (KSOM)
with amino acid (KSOMaa Evolve Bovine; Zenith Biotech, Bangkok,
Thailand) supplemented with 5% NCS and 0.6 mg/ml L-Carnitine
(C0158, Sigma-Aldrich). Presumptive zygotes were subsequently
washed thrice with IVC medium and cultured for 48 h in 100 pl
droplets of IVC medium. Each droplet contained approximately 20
presumptive zygotes. At 48 hpi, embryos with more than four cells
were transferred from 35 mm dishes to well-of-the-well (WOW)
dishes (LinKID micro25, Dai Nippon Printing Co., Ltd., Tokyo,
Japan) as previously described [10]. WOW dishes, which are 35 mm
in diameter, have 25 microwells (5 columns X 5 rows) and a circular
wall in the center. A WOW dish can culture up to 25 embryos each
with a single drop of medium, and allows tracking of individual
embryos. Pre-cultured IVC medium (100 pl) was placed within
the circular wall and covered with mineral oil. At 168 to 180 hpi,
embryos that had developed to or beyond the blastocyst stage were
observed under an inverted microscope.

OCT observations

IVF embryos were cultured for 7 days (such that they had reached
the expanded blastocyst stage) and examined under an inverted
microscope. Only embryos that were independently classified as
IETS Code 1 by three skilled observers were used. OCT imaging
was performed as previously described [15].

Unstained live embryos were imaged by OCT using a Cell3iMager
Estier (SCREEN Holdings Co., Ltd., Kyoto, Japan). Values for multiple
parameters based on the Gardner classification were obtained from
the 3D image data. The system is equipped with a superluminescent
diode (SLD; center wavelength: 890 nm, N.A. =0.3). The SLD output
is coupled to a single-mode optical fiber and split at an optical fiber
coupler into the sample and reference arms. The reflections from the
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two arms were combined at the coupler and detected by a spectrometer.
The 3D image data of the embryos were constructed from individual
2D x-z cross-sectional images, which were obtained by a series of
longitudinal scans by laterally translating the optical beam position.
The data acquisition window was 200-300 x 200-300 x 200-300
um, and the voxel size was 1 x 1 x 1 um (Fig. 1).

Cryopreservation
As described previously [28], blastocysts imaged by OCT were

Binarized
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transferred to a cryoprotective solution (1.8 M ethylene glycol and
0.1 M sucrose in Dulbecco’s phosphate buffered saline [D-PBS]),
which was then placed in a 0.25 ml straw (IMV Technologies, L’Aigle,
France) at room temperature (25°C). After the blastocysts were
equilibrated at room temperature for 15 min, the straws were directly
set in a programmable freezer (ET-1N; FUJIHIRA INDUSTRY CO.,
LTD., Tokyo, Japan) at —7°C where seeding was manually performed.
The straws were subsequently cooled at a rate of 0.3°C/min to —30°C
and then directly transferred to liquid nitrogen for storage until use.

Elevation
-90~90°

separated by Otsu’s thresholding method

TE+ZP

@

7—OTHER

TICM

ICM
o
.

separated by Otsu’s thresholding method

) st

O

Fig. 3.

Z

P

3D image analysis of bovine embryos. The binarized image was separated into inner cell mass (ICM), trophectoderm (TE), and zona pellucida

(ZP). (Panels A & a) Thickness of embryo (7;;) was measured by drawing vectors from center to outer surface and inner surface (the outermost
of blastocoel) of the embryo. ICM parts (Panels C & c) were extracted from 7);;; by the Otsu’s thresholding method [29, 30]. (Panels B & b) The
parts that remained after removing ICM parts from 7);; were defined as Tpyyer- Toruer Were separated using the Otsu’s thresholding method into
TE (Panels D & d) and ZP (Panels E & e) by calculating their average thickness [29, 30]. A—E: A 2D image derived from a binarized 3D image.
a—e: Sinusoidal projections for each part of a 3D image. THp: Threshold of ZP.
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The straws were thawed in air for 10 sec and then immersed in a
water bath at 30°C for 20 sec for ET.

Image analysis

The image analysis process is briefly shown in Fig. 3. The 3D
images of bovine embryos were binarized. The binarized image
was separated into ICM, TE, and ZP. The thickness of the embryo
(T4;;) was measured by drawing vectors from the center to the
outer surface and inner surface (the outermost of blastocoel) of the
embryo in the elevation direction (-90 to 90 degrees) and the azimuth
direction (—=180° to 180°). ICM parts were extracted from 7,;; by
Otsu’s thresholding method [29, 30]. The parts that remained after
removing ICM parts from 7;; were defined as Torygr- Tormgr Were
separated using the Otsu’s thresholding method into TE and ZP by
calculating their average thickness [29, 30].

ET and pregnancy diagnosis

The OCT-imaged embryos were transferred to seven 3.9 +
1.2-year-old recipient Holstein cows in February and March 2019
at a commercial farm in Tottori prefecture, Japan. The cows were
clinically normal with body condition scores (BSC) between 2.75
and 3.0. The BCS scale ranges from 1 to 5 with 0.25 increments.
Before ET, recipients were estrus-synchronized by administration of
a CIDR device (CIDR 1900; Zoetis Japan, Tokyo, Japan) for 9 days
and treated with cloprostenol (Dalmazin 150 pg im; Kyoritsu Seiyaku
Corporation, Tokyo, Japan) 2 days before CIDR removal. The estrus
of recipient cows was monitored, and embryos were transferred 7 days
after estrus. The recipients were examined for pregnancy 23 days after
ET using ultrasonography (HS101V; Honda Electronics). Pregnancy
was confirmed by observation of the embryonic membrane and the
embryo with a detectable heart beat in the intraluminal uterine fluid.

Acknowledgments

We thank the owners and crews of the farms for their outstand-
ing cooperation. We are also grateful to the staff of the livestock
research center of Tottori Prefecture for donor cow feeding man-
agement.

References

1. Rizos D, Clemente M, Bermejo-Alvarez P, de La Fuente J, Lonergan P, Gutiérrez-
Adan A. Consequences of in vitro culture conditions on embryo development and quality.
Reprod Domest Anim 2008; 43(Suppl 4): 44-50. [Medline] [CrossRef]

2. Lim KT, Jang G, Ko KH, Lee WW, Park HJ, Kim JJ, Kang SK, Lee BC. Improved
cryopreservation of bovine preimplantation embryos cultured in chemically defined me-
dium. Anim Reprod Sci 2008; 103: 239-248. [Medline] [CrossRef]

3. Ferraz PA, Burnley C, Karanja J, Viera-Neto A, Santos JE, Chebel RC, Galviao KN.
Factors affecting the success of a large embryo transfer program in Holstein cattle in a
commercial herd in the southeast region of the United States. Theriogenology 2016; 86:
1834-1841. [Medline] [CrossRef]

4. Sugimura S, Akai T, Imai K. Selection of viable in vitro-fertilized bovine embryos us-
ing time-lapse monitoring in microwell culture dishes. J Reprod Dev 2017; 63: 353-357.
[Medline] [CrossRef]

5. Kruip TAM, denDaas JHG. In vitro produced and cloned embryos: Effects on pregnancy,
parturition and offspring. Theriogenology 1997; 47: 43-52. [CrossRef]

6. Stringfellow DA, Givens MD. International Embryo Transfer Society. Manual of the
International Embryo Transfer Society: a procedural guide and general information for the
use of embryo transfer technology emphasizing sanitary procedures. Savory, IIl.: Interna-
tional Embryo Transfer Society; 2010.

7. Bo GA, Mapletoft RJ. Evaluation and classification of bovine embryos. Anim Reprod

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

2013; 10: 344-348.

Veeck LL. Oocyte assessment and biological performance. Ann N Y Acad Sci 1988; 541:
259-274. [Medline] [CrossRef]

Gardner DK, Schoolcraft WB, Wagley L, Schlenker T, Stevens J, Hesla J. A prospec-
tive randomized trial of blastocyst culture and transfer in in-vitro fertilization. Hum Reprod
1998; 13: 3434-3440. [Medline] [CrossRef]

Sugimura S, Akai T, Hashiyada Y, Aikawa Y, Ohtake M, Matsuda H, Kobayashi S,
Kobayashi E, Konishi K, Imai K. Effect of embryo density on in vitro development and
gene expression in bovine in vitro-fertilized embryos cultured in a microwell system. J
Reprod Dev 2013; 59: 115-122. [Medline] [CrossRef]

Sugimura S, Akai T, Hashiyada Y, Somfai T, Inaba Y, Hirayama M, Yamanouchi T,
Matsuda H, Kobayashi S, Aikawa Y, Ohtake M, Kobayashi E, Konishi K, Imai K.
Promising system for selecting healthy in vitro-fertilized embryos in cattle. PLoS One 2012;
7:¢36627. [Medline] [CrossRef]

Sugimura S, Akai T, Somfai T, Hirayama M, Aikawa Y, Ohtake M, Hattori H, Ko-
bayashi S, Hashiyada Y, Konishi K, Imai K. Time-lapse cinematography-compatible
polystyrene-based microwell culture system: a novel tool for tracking the development of
individual bovine embryos. Biol Reprod 2010; 83: 970-978. [Medline] [CrossRef]

Lee E, Takahashi H, Pauty J, Kobayashi M, Kato K, Kabara M, Kawabe JI, Matsu-
naga YT. A 3D in vitro pericyte-supported microvessel model: visualisation and quantita-
tive characterisation of multistep angiogenesis. J Mater Chem B Mater Biol Med 2018; 6:
1085-1094. [Medline] [CrossRef]

Pauty J, Usuba R, Cheng IG, Hespel L, Takahashi H, Kato K, Kobayashi M, Naka-
jima H, Lee E, Yger F, Soncin F, Matsunaga YT. A vascular endothelial growth factor-
dependent sprouting angiogenesis assay based on an in vitro human blood vessel model for
the study of anti-angiogenic drugs. EBioMedicine 2018; 27: 225-236. [Medline] [CrossRef]
Takahashi H, Kato K, Ueyama K, Kobayashi M, Baik G, Yukawa Y, Suehiro JI,
Matsunaga YT. Visualizing dynamics of angiogenic sprouting from a three-dimensional
microvasculature model using stage-top optical coherence tomography. Sci Rep 2017; 7:
42426. [Medline] [CrossRef]

Kurotaki Y, Hatta K, Nakao K, Nabeshima Y, Fujimori T. Blastocyst axis is speci-
fied independently of early cell lineage but aligns with the ZP shape. Science 2007; 316:
719-723. [Medline] [CrossRef]

Gardner DK, Lane M. Blastocyst transfer. Clin Obstet Gynecol 2003; 46: 231-238.
[Medline] [CrossRef]

Kragh MF, Rimestad J, Berntsen J, Karstoft H. Automatic grading of human blastocysts
from time-lapse imaging. Comput Biol Med 2019; 115: 103494. [Medline] [CrossRef]
Yao T, Suzuki R, Furuta N, Suzuki Y, Kabe K, Tokoro M, Sugawara A, Yajima A,
Nagasawa T, Matoba S, Yamagata K, S
mosomal dynamics in bovine in vitro fertilised embryos. Sci Rep 2018; 8: 7460. [Medline]
[CrossRef]

Nagano M, Takahashi Y, Katagiri S. In vitro fertilization and cortical granule distribution
of bovine oocytes having heterogeneous ooplasm with dark clusters. J Vet Med Sci 1999;
61: 531-535. [Medline] [CrossRef]

Zheng JG, Lu D, Chen T, Wang C, Tian N, Zhao F, Huo T, Zhang N, Chen D, Ma W,
Sun JL, Xue P. Label-free subcellular 3D live imaging of preimplantation mouse embryos
with full-field optical coherence tomography. J Biomed Opt 2012; 17: 070503. [Medline]
[CrossRef]

Ahlstrom A, Westin C, Reismer E, Wikland M, Hardarson T. Trophectoderm morphol-
ogy: an important parameter for predicting live birth after single blastocyst transfer. Hum
Reprod 2011; 26: 3289-3296. [Medline] [CrossRef]

Thouas GA, Korfiatis NA, French AJ, Jones GM, Trounson AO. Simplified technique
for differential staining of inner cell mass and trophectoderm cells of mouse and bovine
blastocysts. Reprod Biomed Online 2001; 3: 25-29. [Medline] [CrossRef]

Li R, Pedersen KS, Liu Y, Pedersen HS, Laegdsmand M, Rickelt LF, Kiihl M, Callesen
H. Effect of red light on the development and quality of mammalian embryos. J Assist
Reprod Genet 2014; 31: 795-801. [Medline] [CrossRef]

Oh SJ, Gong SP, Lee ST, Lee EJ, Lim JM. Light intensity and wavelength during embryo
manipulation are important factors for maintaining viability of preimplantation embryos in
vitro. Fertil Steril 2007; 88(Suppl): 1150—1157. [Medline] [CrossRef]

Pomeroy KO, Reed ML. The effect of light on embryos and embryo culture. J Reprod
Stem Cell Biotechnol 2012; 3: 46-54. [CrossRef]

Hidaka T, Fukumoto Y, Yamamoto S, Ogata Y, Horiuchi T. Variations in bovine embryo
production between individual donors for OPU-IVF are closely related to glutathione
concentrations in oocytes during in vitro maturation. Theriogenology 2018; 113: 176-182.
[Medline] [CrossRef]

Dochi O. Direct transfer of frozen-thawed bovine embryos and its application in cattle
reproduction management. J Reprod Dev 2019; 65: 389-396. [Medline] [CrossRef]

Otsu N. Threshold selection method from gray-level histograms. /EEE Trans Syst Man
Cybern 1979; 9: 62—66. [CrossRef]

Xue JH, Zhang YJ. Ridler and Calvard’s, Kittler and Illingworth’s and Otsu’s methods for
image thresholding. Pattern Recognit Lett 2012; 33: 793—-797. [CrossRef]

a S. Live-cell imaging of nuclear-chro-



http://www.ncbi.nlm.nih.gov/pubmed/18803756?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2008.01230.x
http://www.ncbi.nlm.nih.gov/pubmed/17321080?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2006.12.020
http://www.ncbi.nlm.nih.gov/pubmed/27364084?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2016.05.032
http://www.ncbi.nlm.nih.gov/pubmed/28552887?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2017-041
http://dx.doi.org/10.1016/S0093-691X(96)00338-X
http://www.ncbi.nlm.nih.gov/pubmed/3195909?dopt=Abstract
http://dx.doi.org/10.1111/j.1749-6632.1988.tb22263.x
http://www.ncbi.nlm.nih.gov/pubmed/9886530?dopt=Abstract
http://dx.doi.org/10.1093/humrep/13.12.3434
http://www.ncbi.nlm.nih.gov/pubmed/23154384?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2012-113
http://www.ncbi.nlm.nih.gov/pubmed/22590579?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0036627
http://www.ncbi.nlm.nih.gov/pubmed/20739661?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.110.085522
http://www.ncbi.nlm.nih.gov/pubmed/32254296?dopt=Abstract
http://dx.doi.org/10.1039/C7TB03239K
http://www.ncbi.nlm.nih.gov/pubmed/29289530?dopt=Abstract
http://dx.doi.org/10.1016/j.ebiom.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28186184?dopt=Abstract
http://dx.doi.org/10.1038/srep42426
http://www.ncbi.nlm.nih.gov/pubmed/17446354?dopt=Abstract
http://dx.doi.org/10.1126/science.1138591
http://www.ncbi.nlm.nih.gov/pubmed/12808377?dopt=Abstract
http://dx.doi.org/10.1097/00003081-200306000-00005
http://www.ncbi.nlm.nih.gov/pubmed/31630027?dopt=Abstract
http://dx.doi.org/10.1016/j.compbiomed.2019.103494
http://www.ncbi.nlm.nih.gov/pubmed/29748644?dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-25698-w
http://www.ncbi.nlm.nih.gov/pubmed/10379946?dopt=Abstract
http://dx.doi.org/10.1292/jvms.61.531
http://www.ncbi.nlm.nih.gov/pubmed/22894459?dopt=Abstract
http://dx.doi.org/10.1117/1.JBO.17.7.070503
http://www.ncbi.nlm.nih.gov/pubmed/21972253?dopt=Abstract
http://dx.doi.org/10.1093/humrep/der325
http://www.ncbi.nlm.nih.gov/pubmed/12513888?dopt=Abstract
http://dx.doi.org/10.1016/S1472-6483(10)61960-8
http://www.ncbi.nlm.nih.gov/pubmed/24854483?dopt=Abstract
http://dx.doi.org/10.1007/s10815-014-0247-7
http://www.ncbi.nlm.nih.gov/pubmed/17434512?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2007.01.036
http://dx.doi.org/10.1177/205891581200300203
http://www.ncbi.nlm.nih.gov/pubmed/29549827?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/31189772?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2019-025
http://dx.doi.org/10.1109/TSMC.1979.4310076
http://dx.doi.org/10.1016/j.patrec.2012.01.002

