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Abstract

Purpose To investigate the occurrence and development state of embryo vacuoles between the 8-cell and morula stages, and
to explore how vacuoles affected the development of embryos.

Methods A retrospective study of a cohort of 422 patients undergoing conventional in vitro fertilization or intracytoplasmic
sperm injection. With the help of time-lapse imaging, the development processes and outcomes of good quality embryos
with or without vacuoles were analyzed.

Results Vacuole positive embryos had significantly lower blastulation rate and good quality blastulation rate than vacuole
negative embryos, p <0.05. Compared to vacuole negative embryos, the number of best and good quality blastocysts was
significantly reduced, while the number of fair and discarded ones was significantly increased, p <0.05. The average starting
time of vacuolization was 73.7 +9.3 h after insemination. The proportion of blastomeres affected by vacuoles was associated
with embryonic developmental potential.

Conclusions Vacuolization on Day 3 and Day 4 was frequently observed and was detrimental to embryo development. The

proportion of blastomeres affected by vacuoles may be an indicator of embryo developmental potential.
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Introduction

Vacuolization is a frequently occurring anomaly during
embryo development at any stage. It is known that vacuoles
are membrane-bound cytoplasmic inclusions filled with lig-
uid, virtually identical to the liquids found in perivitelline
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space [1]. Vacuoles have been observed by light [2], elec-
tron, and confocal microscopy [3].

Ebner et al. [4] identified three types of vacuoles: those
already present at oocyte collection, which may rapidly
develop during maturation; those artificially created by an
embryologist (ICSI); and those accompanied with devel-
opmental arrest. All the three types of vacuoles could be
observed in cultured embryos. However, most studies have
focused on vacuoles at the oocyte stage, as vacuolization
was one of the oocyte morphological abnormalities. Stud-
ies have explored whether there was an association between
vacuoles, fertilization rate, and developmental competence
[4-8]. To our knowledge, few authors have investigated vac-
uoles accompanied with developmental arrest at the cleavage
stage. However, by watching time-lapse videos, we found
that vacuolization at the 8-cell to morula stage was more
frequent and of greater significance.

The time-lapse monitoring system was widely used in
IVF labs for embryo culture and observation. Many pub-
lications used the time-lapse monitoring system to predict
the developmental potential and ploidy of embryos [9-15].
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We believed that time-lapse technology could help us better
understand vacuolization.

The aim of this study was to clarify the occurrence and
development state of vacuoles at the 8-cell to morula stage
using the time-lapse monitoring system. We also intended to
determine which feature of vacuolization could be an indica-
tor of embryo developmental potential.

Materials and methods
Patients

This study included 422 patients with at least one good qual-
ity embryo on Day 3 who underwent IVF/ICSI treatment
at Center for Reproductive Medicine, Shandong University,
from December 2015 to December 2016. All the embryos
were cultured in a time-lapse incubator (EmbryoScope,
Unisense, Denmark) from Day 0 (insemination day) to Day
6. Of the 422 patients, 119 had at least one good quality
embryo showing vacuolization at the 8-cell stage or later.

Oocyte retrieval, embryo culture and embryo
transfer

Oocyte retrieval was undertaken by transvaginal ultrasound-
guided follicular aspiration 36 h after hCG administration.
The cumulus—oocyte complexes (COCs) were kept in
culture for 4 h at 37.0 °C and 6.0% carbon dioxide until
insemination.

For in vitro fertilization (IVF), COCs were put in contact
with spermatozoa for 5 h. Then we observed the polar body
of zygotes after removal of granule cells via gentle pipetting.
The zygotes were then placed in the time-lapse incubator.
For intracytoplasmic sperm injection (ICSI), oocyte denu-
dation was performed in hyaluronidase (80 IU/mL, Irvine
Scientific, Santa Ana, CA, USA) via gentle pipetting. Only
the metaphase II oocytes were injected. Following insemina-
tion, embryos were placed in the time-lapse incubator and
cultured in 6% carbon dioxide and 5% oxygen concentrations
until Day 5 (D5) or 6 (D6). Sequential culture media (G1
and G2) from Vitrolife (Scandinavian IVF Science, Swe-
den) was used for embryo culture. The EmbryoScope was
programmed to acquire images of each embryo every 15 min
through seven different focal planes.

Embryo transfer was conducted on D3 or D5 according
to embryo quality and the clinical condition of patients. Fol-
lowing our laboratory guidelines, only vacuole negative, good
quality embryos were transferred on D3. The transferred
embryos were excluded from the experimental data as they
had no further development outcomes. The blastocysts were
evaluated and transferred on Day 5 over 4 BC grade in accord-
ance with Garden and Lane’s criteria [16]. Blastocyst quality
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rather than D3 embryo scoring was used as the evaluation
criteria before blastocyst transfer. For frozen embryo trans-
fer (FET) cycles, the vitrified blastocysts were thawed on the
morning of the transfer day and cultured for 4-5 h at 37 °C
and 6% CO, before transfer. Only the expanded blastocysts
were transferred.

Evaluation of time-lapse imaging and vacuolization

An expert embryologist analyzed the development processes
of all the embryos with the help of Embryo Viewer (Unisense,
Denmark). Embryos that contained 7-16 cells at 68+ 1 h
post insemination and indicated < 10% fragmentation rate
were considered as good quality embryos [17]. In this study,
embryos with or without vacuoles were both considered as
good quality embryos once they met the above conditions.
Three morphological parameters—inner cell mass (ICM),
trophectoderm (TE), and blastocoele expansion and hatching
(EH)—were used to evaluate blastocyst quality. Blastocysts
were divided into four groups according to the blastocyst
scoring system proposed by Gardner and Schoolcraft [18]:

e Best: EH(4-6), ICM(A)+TE(A)

e Good: EH(4-6), ICM(A)+ TE(B), ICM(B) + TE(A),
ICM(B)+TE(B)

e Fair: EH(4-6), ICM(A) + TE(C), ICM(B) + TE(C)

e Discarded: EH(3-6), ICM(C)+ TE(B), ICM(C)+ TE(C);
EH(1-2), ICM, and TE without grades; embryos failed
to form a blastocoele, or not compacted

Vacuolization was defined as spontaneous vacuole
appearance in good quality embryos at the 8-cell stage or
later. Embryos with vacuoles before the 8-cell stage were
excluded. With the help of time-lapse videos, we could see
the occurrence and development state of vacuoles and how
they affected the development of embryos. The starting time
of vacuolization in each embryo was recorded. The number
of blastomeres with or without vacuoles were counted before
embryo compacting.

Statistical analysis

Significance of data was assessed by SPSS Statistics 17 soft-
ware (IBM Inc., New York, NY, USA) using the Student’s
t test and the Chi-square test. Differences were considered
significant when p values <0.05.

Results

Of the 422 patients with at least 1 good quality embryo, 119
(28.2%) were found to have vacuoles in the good quality
embryos. There was no relationship between vacuolization
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Tahleb} Fompmislon of P .arental Vacuole positive cycles Vacuole negative p value
variables in vacuole positive (n=119) cycles (n=303)
cycles and vacuole negative
cycles Female age (years) 31.7+4.5 31.0+4.8 0.213%
Basal FSH (IU/L) 6.9+49 72+6.6 0.661*
No. of oocytes retrieved 124+29 124+39 0.946%
Sperm concentration of IVF (x 10%/mL) 54.4+26.6 55.4+32.6 0.826"
Sperm concentration of ICSI (X 10%mL) 19.8+23.5 24.4+27.0 0.374%
Fertilization rate (%) 86.1 (1150/1335) 84.9 (2866/3377) 0.267°
Normal fertilization rate (%) 73.6 (982/1335) 72.8 (2457/3377) 0.577°
at test
by test
Table 2 The development outcomes of embryos with or without vac- Table 3 The impact of vacuoles on blastocyst quality
uoles
Vacuole positive Vacuole negative p value
Vacuole positive  Vacuole negative  p value embryos (n=287) embryos (n=386)
embryos (n=287) embryos (n=386)
Best (%) 7.7 (22/287) 19.9 (77/386) 0.000?
Blastulation rate (%) 78.7 (226/287) 88.3 (341/386) 0.001? Good (%) 27.9 (80/287) 39.1 (151/386) 0.0022
Good quality blastu- 59.2 (170/287) 71.0 (274/386) 0.001* Fair (%) 23.7 (68/287) 11.9 (46/386) 0.000?
lation rate (%) , Discarded (%)  40.8 (117/287) 29.0 (112/386) 0.001?
Implantation rate 55.6 (25/45) 53.3 (40/75) 0.813%
(%) 32 test
Miscarriage rate (%) 16.0 (4/25) 7.5 (3/40) 0.507*
32 test

and parental variables, as shown in Table 1. Embryonic vac-
uole positive and negative patients were characterized by
similar age, basal level of FSH, number of oocytes retrieved,
and sperm concentrations. Furthermore, there were no dif-
ferences in fertilization rates between the two groups.

There were 673 good quality embryos collected from
the 119 patients, and 287 of those embryos were vacuole
positive. Vacuole positive good quality embryos had a lower
blastulation rate and good quality blastulation rate than vac-
uole negative good quality embryos, p <0.05, as shown in
Table 2.

Out of 170 vacuole positive good quality blastocysts, 8
D5 blastocysts and 37 frozen blastocysts were transferred.
Out of the transferred blastocysts, a total of 25 blastocysts
(55.6%) were implanted. In contrast, out of 274 vacuole
negative good quality blastocyst, 13 D5 blastocysts and 62
frozen blastocysts were transferred, and a total of 40 blasto-
cysts (53.3%) were implanted. However, there was no sig-
nificant difference between them, as seen in Table 2. Vacuole
positive blastocysts seemed to be more likely to result in
miscarriage, but the difference was not significant.

Vacuolization reduced blastocyst quality. The number of
best and good quality blastocysts was reduced significantly,
p <0.05. Alternatively, the number of fair and discarded
blastocysts was increased significantly, p < 0.05, as demon-
strated in Table 3.

The average starting time of vacuolization was
73.7+9.3 h after insemination. Starting time was not related
to embryo quality, as demonstrated in Table 4. The propor-
tion of blastomeres affected by vacuoles was associated with
the developmental potential of embryos, as shown in Table 4
and Fig. 1. The more blastomeres affected by vacuoles, the
worse the embryo’s development outcome.

Discussion

In this study, we observed using time-lapse imaging that
vacuoles affected embryo development competence to a
great extent. Among 422 patients with at least 1 good quality
embryo, 119 patients (28.2%) were found to suffer from vac-
uolization in good quality embryos. Ebner et al. [4] showed
that 36.6% of their patients had at least one embryo showing
at least one vacuole during preimplantation development.
The reason their percentage was higher than ours may be
that we had different research objects. Ebner et al. [4] inves-
tigated vacuolization at every stage of embryo development,
including DO, D1, D2—4, and D5, while we only researched
embryos at the 8-cell to morula stage. In their study, vacuoli-
zation was low at cell stage 2-8, but increased significantly
at the compaction stage. That was in accordance with our
opinion about vacuolization at the 8-cell to morula stage.
To further explore the adverse effect of vacuolization
on embryo development, we thoroughly studied the 119
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Table 4 The association

e Best (n=22) Good (n=280) Fair (n=68) Discarded (n=117)
between vacuolization and
embryo quality Starting time of 73.4+8.0 73.0+8.9 73.9+8.3 74.1+10.2
vacuolization (h)*
Proportion of 13.3 (44/330) 20.8(239/1148) 26.7 (227/850) 34.0 (454/1336)

blastomeres with
vacuoles (%)°

at test Differences in the starting time of vacuolization among the four groups were not significant (p>0.05)

by? test Differences in the proportion of blastomeres with vacuoles among the four groups were all signifi-

cant (p <0.05)

vacuole positive patients. Among them, there were a total
of 673 good quality embryos on D3 (embryos transferred
on D3 were excluded), 287 of which were vacuole posi-
tive (42.6%). We analyzed the developmental outcomes of
the 673 embryos and recorded the scores of the blastocysts.
Vacuole positive embryos had a lower blastulation rate and
quality of blastulation than vacuole negative embryos. The
vacuole positive and negative embryos were all from the
same cohort of patients, thus reducing the effect of biases.

In accordance with our laboratory guidelines, we do not
transfer vacuole positive cleavage embryos on D3. However,
once embryos became blastocysts, the restriction was can-
celled. Blastocyst quality was the major factor to be consid-
ered regarding transfer. We recorded the implantation rate
for a total of 120 blastocysts with or without vacuoles (45
with vacuoles and 75 without vacuoles). Those blastocysts
were transferred on D5 or FET. The result showed that the
two kinds of blastocysts had a similar implantation rate, but
vacuole positive blastocysts tended to have a higher miscar-
riage rate (16.0% vs 7.5%). One possible explanation was
that more blastocysts of low quality and less blastocysts of
top quality were transferred in the vacuole positive group
than in the vacuole negative group (data not shown), as vac-
uolization had reduced blastocyst quality. Majumdar et al.
[19] found that the euploidy rate was significantly higher
for blastocysts with good morphology as compared to those
with poor morphology. It has previously been found that
embryonic aneuploidy may be responsible for miscarriage
[20, 21]. In line with this finding, vacuolization did not
reduce the implantation rate of blastocysts, but increased the
miscarriage rate. However, the relatively small number of
investigated blastocysts may cause the decline in reliability
of the data. Thus, further investigation is required.

Since vacuolization had some adverse effects on embryos,
we explored how embryo’s development was affected by
vacuolization. The embryo development and vacuolization
are dynamic, continuous, and complex processes. Counting
the number and measuring the size of vacuoles at the special
time point was a difficult work that did not necessarily con-
tributed the prediction accuracy of the embryonic potential.
We believed that embryos with many vacuoles detected in
one blastomere tended to serve as a better outcome indicator
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than embryos with fewer vacuoles scattered over several
blastomeres.

Using time-lapse video, we accurately recorded the
beginning times of vacuolization. The present study dem-
onstrated that the average starting time of vacuolization was
73.7+9.3 h after insemination. Suggestively, it indicates that
we could miss detection of vacuoles in some embryos when
using the inverted microscope. If vacuoles were missed,
embryo scorings made 68 + 1 h after insemination were
most likely, also wrongly estimated as high developmental
potential. Besides, there was no significant difference found
among the four groups of vacuole positive embryos. Thus,
the starting time of vacuolization should not be a decisive
indicator of embryo developmental potential.

In the present study, we found that the proportion of
blastomeres affected by vacuoles and the number of blasto-
meres participating in compacting were associated with the
embryonic potential. As demonstrated in Fig. 1, the more
blastomeres were affected by vacuoles, the worse was the
developmental embryo outcome. The quality of blastocyst
depends on the quality of morula, it was demonstrated that
Day 4 morula in classes I-III developed into optimal blas-
tocysts only in 57.4, 50, and 35.6% of the total, respectively
[22]. And the quality of morula was determined by the num-
ber of blastomeres undergoing the compaction process [22,
23]. Vacuoles might affect the positioning of spindles, cell
nucleus and some other cellular structures, thus preventing
normal cell division [4, 7, 24]. Such an affected blastomere
could not undergo compaction process and will eventually
degenerate. Besides this problem, the degenerated blasto-
meres if located between the intact ones could prevent the
formation of correct connection among blastomeres. This
may also result in a lack of compaction [25]. Without one or
two blastomeres, the embryo can still develop into an intact
blastocyst. However, if an embryo had many vacuoles in dif-
ferent blastomeres, the embryo may not be able to develop a
functional blastocyst. Even though such an embryo develops
into a blastocyst, its score will be low.

There are some limitations found in this study. First, we
could not determine the cause of vacuolization and predict
the type of embryos that would suffer from vacuolization.
Further research is needed to address those problems.
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Fig. 1 Time-lapse images of vacuoles affecting embryo development.
From left to right: cleavage stage, morula stage, and blastocyst stage.
The vacuoles in each image is pointed out by an arrow. a The propor-
tion of blastomeres affected by vacuoles was low, embryo developed

Second, the number of embryos transferred was relatively
small and the miscarriage rate in two groups may not be
persuasive enough. Third, counting the number of blasto-
meres with or without vacuoles before compacting may
be not accurate enough. However, we believed that it still
reflects the association between vacuolization and embryo
developmental potential.

into good quality blastocyst. b The proportion of blastomeres affected
by vacuoles was higher, embryo developed into blastocyst of poor
quality. ¢ The proportion of blastomeres affected by vacuoles was
high, embryo developed into blastocyst to be discarded

In conclusion, vacuolization process in embryos at
8-cell stage to morula was quite commonly observed and
resulted in detrimental effects on embryo development.
We thought that the proportion of blastomeres affected by
vacuoles may serve as an indicator of embryo develop-
mental potential. We believe that these data helps better
understanding of the vacuolization role in embryo scoring
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and estimation of embryonic developmental potential on
D3 and D4.
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