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Abstract
Background  The occurrence of blastocyst collapse may become an indicator of preimplantation embryo quality 
assessment. It has been reported that collapsing blastocysts can lead to higher rates of aneuploidy and poorer clinical 
outcomes, but more large-scale studies are needed to explore this relationship. This study explored the characteristics 
of blastocyst collapse identified and quantified by artificial intelligence and explored the associations between 
blastocyst collapse and embryo ploidy, morphological quality, and clinical outcomes.

Methods  This observational study included data from 3288 biopsied blastocysts in 1071 time-lapse preimplantation 
genetic testing cycles performed between January 2019 and February 2023 at a single academic fertility center. All 
transferred blastocysts are euploid blastocysts. The artificial intelligence recognized blastocyst collapse in time-lapse 
microscopy videos and then registered the collapsing times, and the start time, the recovery duration, the shrinkage 
percentage of each collapse. The effects of blastocyst collapse and embryo ploidy, pregnancy, live birth, miscarriage, 
and embryo quality were studied using available data from 1196 euploid embryos and 1300 aneuploid embryos.

Results  5.6% of blastocysts collapsed at least once only before the full blastocyst formation (tB), 19.4% collapsed 
at least once only after tB, and 3.1% collapsed both before and after tB. Multiple collapses of blastocysts after tB 
(times ≥ 2) are associated with higher aneuploid rates (54.6%, P > 0.05; 70.5%, P < 0.001; 72.5%, P = 0.004; and 71.4%, 
P = 0.049 in blastocysts collapsed 1, 2, 3 or ≥ 4 times), which remained significant after adjustment for confounders 
(OR = 2.597, 95% CI 1.464–4.607, P = 0.001). Analysis of the aneuploid embryos showed a higher ratio of collapses 
and multiple collapses after tB in monosomies and embryos with subchromosomal deletion of segmental nature 
(P < 0.001). Blastocyst collapse was associated with delayed embryonic development and declined blastocyst quality. 
There is no significant difference in pregnancy and live birth rates between collapsing and non-collapsing blastocysts.
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Introduction
Choosing embryos with high developmental potential is 
crucial for ensuring higher implantation rates (IR) and 
live birth rates (LBR). Since the early days of in vitro fer-
tilization (IVF), the conventional way of morphological 
evaluation has been recognized generally as the main-
stream non-invasive strategy for embryo evaluation by 
most clinicians and embryologists, which was made up 
of only several static microscopic observations taken at 
specific times during pre-implantation development [1, 
2]. Time-lapse microscopy (TLM) allows embryologists 
to track, record and assess embryonic morphology and 
developmental events through real-time images, provid-
ing solutions to some of the limitations of static morpho-
logical assessment [3]. TLM can identify morphological 
phenomena such as irregular division and blastocyst col-
lapse and re-expansion, which are often overlooked by 
static observation using conventional incubators [4, 5]. 
The dynamic process of embryo development can also 
be assessed and summarized more comprehensively with 
distinct morphokinetic variables [6].

TLM also enables the observation of blastocyst col-
lapse and re-expansion. They have been seen in rabbits 
[7], bovines [8], mice [9], domestic cats [10] and detailed 
in humans by Marcos [11]. Many human blastocysts 
undergo one or more collapses of the blastocoel cavity, 
resulting in the separation of part or all of the trophec-
toderm (TE) cells from the zona pellucida (ZP) [11]. The 
occurrence of blastocyst collapse may become an indi-
cator of preimplantation embryo quality assessment. It 
has been reported that collapsing blastocysts can lead to 
higher rates of aneuploidy and poorer clinical outcome, 
as well as changes in morphological quality and morpho-
kinetic variables [12–17].

This study explores the associations between blasto-
cyst collapse and embryo ploidy, morphological quality, 
morphokinetic parameters, and clinical outcomes using 
artificial intelligence (AI), preimplantation genetic test-
ing (PGT), and TLM. We explored the characteristics 
of blastocyst collapse identified and quantified by AI in 
a large cohort including 3288 TLM videos of embryos 
that were biopsied for PGT and analyzed the associated 
developmental and genetic issues in the hope of helping 
clinicians and embryologists to select embryos.

Materials and methods
Study design and participants
Data from 1071 TLM-PGT cycles and 3288 biopsied 
blastocysts that were collected at the Reproductive Medi-
cine Center, Huazhong University of Science and Tech-
nology Hospital from January 2019 to February 2023 
were included in this study. Images of embryos were col-
lected using the Embryoscope Plus time-lapse micros-
copy system (Vitrolife, Denmark) from post-insemination 
to biopsy and cryopreservation. All patients signed writ-
ten informed consent and underwent the routine clinical 
treatment performed in our center. No additional inter-
vention was performed.

Embryo culture
All PGT cycles enrolled in this study were fertil-
ized through intracytoplasmic sperm injection (ICSI), 
which has been described previously elsewhere [18]. 
All embryos were cultured by G1 Plus (Vitrolife, Swe-
den) in Embryoscope Plus time-lapse microscope sys-
tem (Vitrolife, Denmark) until biopsied on day 5 or day 
6. At biopsy, a laser (HAMILTON THORNE) was used 
to make a 5 μm hole in ZP, and 3–6 trophectoderm cells 
were obtained by mechanical dissection. The inner cell 
mass (ICM) and trophectoderm of blastocysts are graded 
according to the Gardner criteria [2]. The blastocyst was 
vitrified and warmed using Kitazato Kit.

Time‑lapse monitoring and definitions of morphokinetic 
parameters
Embryoviewer software was used to analyze morpho-
kinetic parameters of embryos cultured in the Embryo-
scope imaging system. A 10-minute image frequency 
is preset. Morphokinetic parameters were manually 
marked following Ciray et al. [6]: the mid-time of ICSI 
(t0), the appearance of two pronuclei (tPNa), time of 
pronuclei disappearance (tPNf), division to two to eight 
discrete cells (t2-t8), initiation of blastulation (tSB), full 
blastocyst formation time (the last frame before zona 
starts to thin) (tB), the second cell cycle (ECC2 = t4 – t2), 
the third cell cycle (ECC3 = t8 – t4), the synchronicity of 
the two blastomere divisions (s2 = t4 – t3) and synchron-
icity of the four blastomere divisions (s3 = t8 – t5).

Next-generation sequencing and classification of ploidy
Next-generation sequencing (NGS) was used for all PGT 
cycles, which have been described previously [19]. For 
aneuploidy detection, the threshold was greater than 

Conclusions  Blastocyst collapse is common during blastocyst development. This study underlined that multiple 
blastocyst collapses after tB may be an independent risk factor for aneuploidy which should be taken into account by 
clinicians and embryologists when selecting blastocysts for transfer.
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70%. The lower limit of euploidy was 30% for chromo-
somes 13, 16, 18, and 21, 50% for chromosome 19, and 
40% for the other.

The AI algorithm and measurement of the blastocyst 
collapse
We build end-to-end convolutional neural networks to 
detect collapse (Fig.  1). Several senior embryologists 
divide the embryo images in the data set into the blas-
tocyst stage and non-blastocyst stage and then mark the 
blastocyst area and ZP of blastocysts in the Figs. 51 and 
252 pre-implantation embryo images (blastocyst stage: 
non-blastocyst stage = 2:1) were used to train prediction 
models for the blastocyst stage images and non-blasto-
cyst stage. 24,183 blastocyst stage images (collapsing: 

non-collapsing = 1:3) were used to train the segmentation 
model of blastocyst area and zona pellucida.

We set the successively uninterrupted blastocyst col-
lapse as a single collapse, and determine whether a blas-
tocyst collapsed according to the change of the area of 
the blastocyst (Fig. 2A). Before full blastocyst formation 
(tB), the ratio of minimum blastocyst cavity area to the 
blastocyst cavity area before a collapse event was taken 
as the shrinkage percentage of collapse. After tB, the ratio 
of minimum blastocyst cavity area to area in zona pellu-
cida at this time was taken as the shrinkage percentage 
of collapse. The duration between the time of minimum 
blastocyst cavity area and the time of blastocyst recovery 
from a collapse event is recorded as the recovery dura-
tion of blastocyst collapse. The preset imaging frequency 
of our Embryoscope imaging system is 10  min, which 

Fig. 1  (A) Network structure diagram of embryo region detection: We adopt Unet [39] network to detect the blastocyst cavity area or area in zona pel-
lucida during the blastocyst collapse. We adjust the parameters of the convolution layer in the original paper and utilize 3*3 convolution at the same 
level, which ensures the same size of feature maps at the same level and more efficient extraction of feature information. (B) Detection network diagram 
of area between TE and ZP:  In this artificial intelligence model, the process for detecting blastocyst collapse is as follows. Firstly, the embryo region detec-
tion network is used to calculate the embryo sequence frame by frame, predicting the period and size of the embryo. Then, the embryo at the blastocyst 
stage was input into the blastocyst region detection network to obtain the blastocyst cavity area or area in zona pellucida in the image, and whether the 
blastocyst was collapsing can be determined based on the area ratio. (C) Different states of TE and ZP during blastocyst collapse. (D) Blastocyst collapse 
detection process. TE, trophectoderm; ZP, zona pellucida
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limits the ability to annotate the duration of blastocyst 
collapse more precisely. According to the literature and 
practical experience [11, 13], blastocyst collapses that 
occur and fully recover within ten minutes are extremely 
rare, making this imaging frequency sufficient to identify 
the vast majority of blastocyst collapse events.

The results of blastocyst collapse identified by artifi-
cial intelligence were manually verified by two embry-
ologists (Fig.  2B). Due to the 28.1% collapse rate after 
tSB observed in the total study sample, we selected 223 
blastocysts with a collapse rate of 30%. In 10 (4.48%) 
blastocysts that collapsed once, the AI did not detect 
any collapse. In 14 (6.28%) blastocysts had multiple col-
lapses, the AI detected fewer than the real number of col-
lapses. The main reason for the error is that cell debris 
and big extra-blastocyst cells between TE and ZP affect 
the segmentation.

Statistical analysis
Statistical analyses were performed using the Statistical 
Package for Social Sciences, version 13.0 (SPSS). Contin-
uous variables were reported as mean ± SD and compared 
by Mann–Whitney U test or ANOVA. Fisher’s exact or 
chi-squared tests were used to compare categorical vari-
ables. The Mantel-Haenszel test was used to determine 
whether there was a linear trend between categorical 
variables.

To analyze the effects of confounders, we collected 
1072 embryos with complete morphokinetic param-
eters and patient and cycle characteristics for multivari-
ate analysis. Multilevel mixed-effects models account 
for the correlation among observations in the same clus-
ter. Because patient-generated embryos do not provide 
independent information, a multi-level random effects 
model (level one: embryo; level two: cycle) adjusted for 
confounding factors such as patient and cycle character-
istics was used to assess the effect of blastocyst collapse 
on embryo ploidy. Statistical significance was established 
at P < 0.05.

Table 1  Multilevel mixed-effects logistic regression model 
analysis for blastocyst collapse to predict the ploidy status of 
embryos
coefficient of constraint (n = 1072) OR (95% CI) P 

value
Numbers of blastocyst collapse after 
tB:
0 Control -
1 1.100 (0.762 to 1.588) 0.610
≥ 2 2.597 (1.464 to 4.607) 0.001
Biopsy time (day):
5 Control
6 1.168 (0.793 to 1.721) 0.431
ICM grade:
A Control
B 1.414 (0.914 to 2.187) 0.119
TE grade:
A Control -
B 1.297 (0.830 to 2.027) 0.280
C 2.567 (1.567 to 4.205) < 0.001
t8 (hpi) 0.976 (0.939 to 1.014) 0.211
tSB (hpi) 0.955 (0.919 to 0.993) 0.020
tB (hpi) 1.063 (1.024 to 1.104) 0.002
ECC3 (h) 1.046 (0.993 to 1.102) 0.091
s3 (h) 0.949 (0.919 to 0.980) 0.001
Duration of infertility (y) 1.105 (1.035 to 1.180) 0.003
Level of AMH/ 100 (IU) 1.031 (0.989 to 1.074) 0.154
AMH, anti-Müllerian hormone; BMI, body mass index; ICM, Inner cell mass; TE, 
trophectoderm

Fig. 2  (A) The segmental model of blastocyst collapse. (B) Factors inter-
fering with AI recognition of blastocyst collapse.  ZP, zona pellucida; TE, 
trophectoderm
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Ethical approval
All patients were given written informed consent. The 
study was approved by the Ethics Committee of the 
Reproductive Medicine Center of Tongji Hospital.

Results
Supplemental Table S1 summarizes the main descriptive 
features of the cycles included in this study. The mean age 
of the patients was 32.0 ± 4.6 years. In 1071 TLM-PGT 
cycles, 1051 cycles had blastocyst formation. Supplemen-
tal Fig S1 is a flowchart depicting the process of blasto-
cyst screening. A total of 3,288 embryos were biopsied. 
Among them, there were 1,381 (42.0%) euploid embryos, 
1,448 (44.0%) aneuploid embryos, 416 (12.7%) mosaic 

embryos, and 43 (1.3%) blastocysts have no data get due 
to amplification failure. After removing the embryos with 
poor TLM image quality (57 blastocysts with imaging 
abnormalities such as blurring or black images and 276 
blastocysts moved out of view), we analyzed the data of 
1196 euploid embryos and 1300 aneuploidy embryos.

Figure 3A shows the occurrence of blastocyst collapse 
in all, euploid and aneuploid embryos. In this study, 5.6% 
of blastocysts collapsed at least once (ranging from 1 to 
3) only before the time of full blastocyst formation (tB), 
19.4% collapsed at least once (ranging from 1 to 6) only 
after tB, and 3.1% collapsed both before and after tB.

Supplementary Table S2 describes the characteristics 
of the first blastocyst collapse before or after tB. The first 

Fig. 3  (A) Occurrence of blastocyst collapse in biopsied blastocysts. (B) Euploidy rates of biopsied blastocyst. The letters above each column display the 
results of pairwise comparisons between each group. (C) Euploidy rates of blastocysts collapsed after tB. P values for each group were obtained by com-
paring to embryos without blastocyst collapse. (D, E) Relationship between blastocyst collapse after tB and type of aneuploidy. P values for each group 
were obtained by comparing to euploid embryos. BC, blastocyst collapse; vs, versus
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collapse before tB starts at 106.6 ± 8.2 hpi, the shrinkage 
percentage of which was 23.9 ± 4.5%, and the duration of 
which was 0.9 ± 0.9 h. For blastocysts that collapsed after 
tB, the first collapse starts at 121.3 ± 11.1 hpi, the shrink-
age percentage of the first collapse was 25.0 ± 15.2%, and 
the recovery duration of the first collapse was 1.0 ± 5.8 h. 
There was no significant difference in the characteristics 
of the first blastocyst collapse between euploid and aneu-
ploidy embryos.

Association between blastocyst collapse and embryo 
ploidy
Figure  3 shows the association between blastocyst col-
lapse and embryo ploidy. In non-collapsing blastocysts, 
blastocysts that only collapse before tB, blastocysts that 
only collapse after tB, and blastocysts that collapse both 
before and after tB, the euploidy rates were 50.0%, 53.2%, 
41.0%, and 33.8%, respectively (Fig.  3B). We adopt the 
partitions of chi-squared tests to compare the euploidy 
rates of the four types of blastocysts at a significance level 
of 0.008. The euploidy rates of blastocysts that collapse 
after tB were significantly lower than that of non-collaps-
ing blastocysts (P < 0.001 for blastocysts collapsing only 
after tB; P = 0.005 for blastocysts collapsing before and 
after tB). The euploidy rates of blastocysts that collapse 
both before and after tB were significantly lower than 
blastocysts that collapse only before tB (P = 0.006)

560 blastocysts experienced at least one collapse after 
tB. Their euploid rate was 40.0%, which was significantly 
lower than that of non-collapsing blastocysts (P < 0.001) 
(Fig. 3C). Regarding blastocysts that collapsed 1, 2, 3, or 
≥ 4 times, the euploidy rates were 45.4% (P > 0.05), 29.5% 
(P < 0.001), 27.5% (P = 0.004) and 28.6% (P < 0.049). The 
euploidy rates of blastocysts that collapsed 2, 3, and more 
than 4 times were significantly lower than non-collapsing 
blastocysts. The euploidy rate of 183 blastocysts that col-
lapsed more than once was 29.0%, significantly lower 
than blastocysts that collapsed only once (P < 0.001)

We explored whether the type of aneuploidy affected 
the blastocyst collapsing rate after tB (Fig.  3D). Aneu-
ploid blastocysts are divided into 4 subgroups accord-
ing to their type of chromosome variation: the fragment 
deletion group with subchromosomal deletion of seg-
mental nature only, the fragment duplication group with 
subchromosomal duplication of segmental nature only, 
the monosomic group with one whole chromosome 
missing (there may also be subchromosomal deletion 
of segmental nature), and the trisomic group with one 
whole chromosome repeating (there may also be sub-
chromosomal duplication of segmental nature). In com-
parison with euploid embryos, the monosomic group 
had a higher proportion of blastocyst collapse (P < 0.001), 
the fragment deletion group and the monosomic group 

had a higher proportion of multiple blastocyst collapses 
(P < 0.001).

Association between blastocyst collapse and 
morphokinetic parameters of embryonic development
Supplementary Table S3 shows the morphokinetic 
parameters of non-collapsing blastocysts, blastocysts 
that only collapse before tB, and blastocysts that only 
collapse after tB. Blastocysts that only collapse before tB 
have delayed development in the blastocyst stages (tB, 
P < 0.001) and prolonged blastulation (tB - tSB, P < 0.001) 
compared to non-collapsing blastocysts. Blastocysts 
that only collapse after tB have prolonged t8 (P < 0.01), 
tSB (P < 0.001), tB (P < 0.001), ECC3 (P < 0.01), and s3 
(P < 0.05) compared to non-collapsing blastocysts. For 
blastocysts collapse after tB, delayed t8, tSB, tB, and 
prolonged tB – tSB, ECC3, s3 were observed comparing 
subgroups with different collapsing times (1, 2, 3, or ≥ 4) 
and non-collapsing groups (P < 0.05). In particular, these 
morphokinetic parameters progressively extend as the 
collapsing times after tB rose from 0 to 2.

Since the correlation between morphokinetic param-
eters and embryo ploidy has been observed in previous 
studies [20, 21], we considered the effects of ploidy on 
blastocyst morphokinetic parameters in the subgroup 
analysis (Supplemental Table 4). In euploid embryos, we 
observed delayed t2 (P < 0.05), t4 (P < 0.05), tB (P < 0.001), 
and prolonged tB – tSB (P < 0.001) in blastocysts col-
lapsed only before tB. In aneuploid embryos, we observed 
delayed tB (P < 0.01) and prolonged tB – tSB (P < 0.001) 
in blastocysts collapsed only before tB, and delayed t8 
(P < 0.05), tSB (P < 0.01), tB (P < 0.001) and prolonged 
ECC3 (P < 0.05), s3 (P < 0.05) in blastocysts collapsed only 
after tB.

Association between blastocyst collapse and embryo 
morphological quality
Supplementary Fig S2 shows the morphological quality 
of non-collapsing blastocysts, blastocysts that only col-
lapse before tB, and blastocysts that only collapse after 
tB. The proportion of blastocysts biopsied on Day 5 was 
significantly lower in blastocysts with collapse (P < 0.05, 
Fig.  3A). The proportion of blastocysts rated as A for 
ICM or rated A or B for TE was significantly lower in 
blastocysts collapsed only after tB than in blastocysts 
without collapse (P < 0.001, Fig.  3B, 3  C). The number 
of blastocyst collapses after tB was negatively associated 
with morphological quality (P < 0.001 for biopsied time, 
ICM grade, TE grade). A similar decline of quality in 
blastocysts collapsed only after tB was also observed in 
euploid and aneuploid blastocysts (P < 0.01).



Page 7 of 11Jin et al. Reproductive Biology and Endocrinology           (2024) 22:81 

Association between blastocyst collapse and clinical 
outcomes
Figure  4 summarizes the clinical pregnancy, live birth, 
and miscarriage rates of 494 vitrified-warmed euploid 
single embryo transfers. Whether a patient is pregnant 
was determined by serum β-HCG levels 9 days after the 
embryo transfer or the presence of fetal heart activity or 
gestational sac formation 7 weeks after. There is no signif-
icant difference in clinical pregnancy rates and live birth 
rates between collapsing and non-collapsing blastocysts 
(Fig. 4A and 4B). The miscarriage rate of blastocysts that 

collapsed only before tB was significantly higher than 
blastocysts without collapse (P = 0.008, Fig. 4C).

Multiple collapses of blastocysts is an independent risk 
factor for aneuploidy
To analyze the effects of confounders on blastocyst col-
lapse and embryo ploidy, we collected six patient and 
cycle characteristics (age,  body mass index (BMI), infer-
tility duration for each female patient; level of follicle-
stimulating hormone (FSH), level of anti-Müllerian 
hormone (AMH), and time of ovarian stimulation for 
each cycle) that might be associated with embryo ploidy. 
In the univariate analysis, six patients and cycle charac-
teristics and morphokinetics parameters of euploid and 
aneuploid blastocyst were studied (Supplementary Table 
S5). tSB (P = 0.005), tB (P < 0.001), tSB-t8 (P = 0.05), tB-
tSB (P < 0.001), infertility duration (P < 0.001), and level 
of AMH (P = 0.047) were significantly different between 
euploid and aneuploid embryos. In multilevel mixed-
effects logistic regression model analysis for blastocyst 
collapse to predict the ploidy status (euploid or aneu-
ploid) of embryos, morphokinetic parameters (t8, tSB, tB, 
ECC3, s3), time of biopsy (Day 5 or Day 6), ICM grade 
(A or B), TE grade (A, B or C), infertility duration, and 
level of AMH are taken into consideration as confound-
ing (Table 1). Multiple blastocyst collapse (times ≥ 2) after 
tB remained significant (OR = 2.597, 95% CI 1.464–4.607, 
P = 0.001). In addition, TE graded C (OR = 2.567, 95% CI 
1.567–4.205, P < 0.001), tSB (OR = 0.955, 95% CI 0.919–
0.993, P = 0.020), tB (OR = 1.063, 95% CI 1.024–1.104, 
P = 0.002), s3 (OR = 0.949, 95% CI 0.919–0.980, P = 0.001), 
and duration of infertility (OR = 1.105, 95% CI 1.035–
1.180, P = 0.003) also had significant effects on embryo 
ploidy.

Discussion
In most studies, the definition of blastocyst collapse is 
a spontaneous separation of the ZP and TE in the blas-
tocyst, resulting in the surface of the TE being sepa-
rated > 50% from the inner side of the ZP [11, 17]. This 
definition limits the study of blastocyst collapse to blas-
tocysts at and after the third stage (after tB). Cimadomo 
et al. defined collapse events as the uninterrupted reduc-
tion in the ZP area lasting < 10 h and with a final embryo: 
ZP ratio smaller than or equivalent to 90% and reported 
a high incidence of collapse events in over 50% of human 
embryos after tSB [13]. Using artificial intelligence, this 
study aimed to identify blastocyst collapse between tSB 
and tB, as well as blastocyst collapse after tB, and inves-
tigated whether the collapse before or after tB would 
have different effects on embryo ploidy and quality. In 
this study, 22.5% of biopsied blastocysts collapsed at 
least once after tB, which is similar to other studies [11, 
12, 14, 16, 22]. Besides, 28.1% of biopsied blastocysts 

Fig. 4  Clinical pregnancy, live birth, and miscarriage rates of 494 vitrified-
warmed euploid single embryo transfers. P values for each group were ob-
tained by comparing to embryos without blastocyst collapse. (A) Clinical 
pregnancy rate per collapsed balstocyst. (B) Live birth rate per collapsed 
blastocyst. (C) Miscarriage rate per collapsed blastocyst. BC, blastocyst col-
lapse; vs, versus
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collapsed at least once after tSB, which is much smaller 
than Cimadomo et al. [13]. Different definitions of blasto-
cyst collapse and different thresholds used to determine 
aneuploidy and euploidy in the two studies limit their 
comparability.

Blastocyst collapse is associated with the ploidy level 
of the embryo. Several studies have found lower euploidy 
rates of collapsing blastocysts compared with the non-
collapsing blastocysts [13, 15, 16]. This study indicates 
that the euploid rate of blastocysts with multiple col-
lapses after tB decreases significantly, and there is a 
negative correlation between the collapsing times and 
the euploid rate. Of note, we found no decrease in the 
euploid rate for blastocysts that only collapsed before 
tB or collapsed once after tB. Analysis of the aneuploid 
embryos showed a higher ratio of collapses and multiple 
collapses in monosomies and embryos with subchromo-
somal deletion of segmental nature. However, in previ-
ous studies, monosomies present fewer collapsing times 
[16]. More relevant research is needed to assess this 
association.

The occurrence of blastocyst collapse before and after 
tB is related to delayed blastocyst development and poor 
morphological quality. In blastocysts that collapsed after 
tB, the dynamic parameters (t8, tSB, tB, tB – tSB, ECC3, 
s3) and time of biopsy were significantly prolonged, and 
the quality of ICM and TE declined significantly. There 
are negative correlations between morphological qual-
ity, prolongation of dynamic parameters, and collaps-
ing times after tB. Similarly, other studies found that as 
the collapsing times increase, the delay in tEB [14], tSB, 
and t-biopsy [13] gradually increases. Several studies 
have observed poorer morphological quality of collaps-
ing embryos [12, 13]. In blastocysts that collapsed before 
tB, the prolongation of dynamic parameters (tB, tB – tSB) 
were significant, and the proportion of blastocysts biop-
sied on Day 5 was significantly reduced.

In our study, no decrease in euploid rate was found 
in blastocysts that underwent blastocyst collapse only 
before tB, and the decrease in embryo quality was not as 
significant as in blastocysts that underwent collapse only 
after tB. This may be because the contact between the TE 
and the ZP before tB is more likely to cause significant 
changes in surface tension of the TE layer, leading to blas-
tocyst collapses. Therefore, euploid embryos or embryos 
of better quality are also more likely to collapse before tB.

Some authors have reported a decrease in implanta-
tion rate [11, 16, 22] and pregnancy rate when collapsed 
blastocysts were transferred in IVF cycles [22]. In a mul-
tivariate analysis, blastocyst collapse was confounded by 
stronger predictors and was not considered a significant 
predictor of LBR [14]. However, the ploidy status of the 
transplanted embryo in some studies is unknown [22]. 
In this study, collapsing blastocysts have no significant 

difference in clinical pregnancy and live birth rates com-
pared with non-collapsing blastocysts in euploid single 
embryo transfers. The miscarriage rate of blastocysts that 
collapsed only before tB was significantly higher than 
blastocysts without collapse. Likewise, Cimadomo et al. 
reported that there was no significant difference in LBR 
and miscarriage rate between euploid collapsing and 
non-collapsing blastocysts [13]. Therefore, blastocyst col-
lapse may affect clinical outcomes mainly through ploidy 
status, especially aneuploidy caused by the deletion of 
genetic material. A previous report showed that blasto-
cyst collapse is associated with lower implantation and 
clinical pregnancy rates when euploid [16]. It is necessary 
to conduct more research to evaluate this association and 
to determine the impact of confounding factors on the 
results.

Research on the early development of mouse embryos 
has shown that the expansion of the blastocoel cavity is 
a complex process. The higher concentration of sodium 
ions (Na+) in the blastocoel cavity forms an osmotic gra-
dient between the blastocoel cavity and the external envi-
ronment which promotes extracellular fluid to enter the 
blastocoel cavity through the aquaporins (AQPs), leading 
to an increase in hydrostatic pressure in the blastocoel 
cavity [23]. Dumortier et al. observed that the hydro-
static pressure in the blastocyst is comparable to pres-
sures capable of inducing hydraulic fracturing of cell-cell 
contacts in vitro [24, 25]. The high hydrostatic pressure 
promotes the establishment of paracellular sealing in the 
TE layer, which allows the blastocoel cavity to retain Na+ 
and water molecules that had entered the cavity, leading 
to the continuous accumulation of fluid inside the blasto-
cyst [25–27]. During the process of blastocyst expansion, 
it is crucial to maintain a balance between hydrostatic 
pressure in the blastocyst cavity and the surface tension 
of the TE layer. If the balance is well maintained, the blas-
tocyst will progressively expand with oscillations. Some 
of the contraction that occurs at this time due to altera-
tion in epithelial permeability may be a normal process 
of blastocyst development. For example, with the normal 
insertion of dividing cells during cytokinesis, cell round-
ing may lead to a transient loss of paracellular sealing, 
resulting in focal intercellular leakage [28].

Blastocyst collapse may be an acute failure of the TE 
in response to gradually increasing hydrostatic pressure 
during progressive expansion. According to our obser-
vation, the proportion of low-quality TE (Gardner’s 
scheme graded C) is higher in collapsing blastocysts. The 
authors suggest that abnormal morphology and func-
tion of TE cells, such as abnormal paracellular sealing, 
abnormal contractility of TE cells, and abnormal activ-
ity of ion pumps and water channels, may cause the TE 
layer to be unable to withstand excessive pressure in the 
blastocyst cavity, which may lead to the physical transient 
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separation of paracellular sealing. Additionally, mechani-
cal obstacles encountered by TE during expansion, such 
as excluded blastomeres or cellular debris within the 
perivitelline space, may also lead to significant changes 
in hydrostatic pressure. Then, the fluid leakage in the 
blastocyst relaxes the tension and induces the paracel-
lular gaps to close, allowing the blastocyst to expand 
again [29]. Due to the rapid leakage rate of low-viscosity 
liquids, the area of the blastocyst is reduced rapidly dur-
ing blastocyst collapses, and most embryos gradually re-
expanded within 3 h after the collapse event.

Good intercellular connection is essential to maintain 
the integrity of TE during blastocyst expansion. Sig-
nificant frequent collapse and developmental delay were 
observed in mouse embryos cultured with gap junction 
inhibitors [30]. Inhibiting cell contractility decreases the 
surface tension of the blastocyst [25, 31]. The activities 
of ion pumps and aquaporins on the TE cell membrane, 
as well as the osmotic pressure in the culture medium, 
affect the hydrostatic pressure in the blastocoel cavity. 
Na+ / H+ exchangers and Na+ / K+ - ATPase play key 
roles in Na+ influx into the apical membrane and Na+- 
outflow from the basal membrane of trophoblast cells, 
respectively [23]. Inhibiting NHE3, one of the Na+ / H+ 
exchangers enriched in TE apical membrane, can reduce 
the re-expansion rate of blastocyst collapsed by cytocha-
lasin D [32]. Adverse factors in genes, culture medium, 
and culture environment may affect the quality of TE 
through the aforementioned ways, leading to blastocyst 
collapse. Viñals Gonzalez et al. found that chromosomes 
1, 6, and 19 showed copy gain in collapsing blastocysts, 
and some of the gene families involved in blastocyst for-
mation (i.e. Na/K-ATPase pumps, adherents, and gap or 
tight junctions) were located on these chromosomes [16]. 
In our study, such differences were not significant. More 
research is needed to explore whether there is an abnor-
mal expression of related genes in aneuploid blasto-
cysts, thereby leading to blastocyst collapse. The volatile 
organic compounds in the culture medium and culture 
environment, the increase of osmotic pressure of the cul-
ture medium, and the increase of other solute concentra-
tions in the culture medium may also have an impact on 
the quality of TE [33–35].

The occurrence of severe or multiple blastocyst col-
lapses can also have adverse effects on blastocyst devel-
opment, for example, embryo dehydration and energy 
consumption [9, 22]. Excessive tension can not only 
damage the cell-cell and cell-matrix adhesions but 
also damage the cell membrane, causing cell death and 
the formation of cracks in the epithelium [24, 36, 37]. 
Delayed blastocyst expansion associated with multiple 
collapses (possibly hatching) may lead to blastocyst-
endometrial asynchrony, which may decrease the LBR of 
the fresh cycle [38].

In summary, developmental defects in the blastocyst 
caused by genes or other factors may make it difficult for 
the blastocyst to handle the gradually increasing pressure 
during expansion, leading to blastocyst collapse. The pro-
cess of collapse and re-expansion may also cause embryo 
damage. The mechanism of blastocyst collapse and re-
expansion is pending to be revealed. Related experiments 
of other mammalian embryos can provide a reference.

Conclusions
This study used artificial intelligence to analyze TLM 
videos and found that the incidence of multiple blasto-
cyst collapses after tB was an independent risk factor 
for aneuploidy. In addition, there was a significant asso-
ciation between blastocyst collapse and delayed embry-
onic development, and reduced morphological quality. 
Analysis of the aneuploid embryos showed a higher ratio 
of collapses and multiple collapses in monosomies and 
embryos with subchromosomal deletion of segmental 
nature. At present, we are unable to answer the causal-
ity and mechanism behind these associations. Further 
large sample and multicenter studies and basic studies 
are needed to explore the relationship between blasto-
cyst collapse, chromosome and IVF outcomes, and the 
underlying mechanism. In conclusion, we suggest that 
blastocyst collapses should be taken into account when 
clinicians and embryologists select embryos for transfer.
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