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ABSTRACT
Background: Transferring a single blastocyst with high implantation potential reduces the likeli-
hood of a multiple pregnancy. However, blastocyst transfer requires long-term culture, increases
laboratory work, and increases the risk of having no embryo for transfer. This study aimed to es-
tablish a predictivemodel for developing usable blastocysts based on themorphokinetic andmor-
phologic features of day 3 embryos. Methods: This retrospective cohort study was performed at
IVFAS, An Sinh Hospital, Viet Nam. Cycles in which patients≤ 38 years old were undergoing intracy-
toplasmic sperm injection treatment and had embryos cultured in a time-lapsemonitoring system
were included. Patients who had been treated by in vitromaturation, who used surgically retrieved
sperm, or who had polycystic ovary syndrome were excluded from the study. The independent
t-test was performed to analyze continuous data, while the chi-square test was used to investigate
categorical variables. Statistical significance was defined by a p-value < 0.05. Multivariate logistic
regression analysis evaluated the relationship between statistically significant variables and blas-
tocyst formation. Results: From March 2016 to August 2018, 1,629 embryos extracted from 169
women were collected. The average patient age and anti-Müllerian hormone levels were 32.02±
3.77 years and 5.62 ± 3.89 ng/ml, respectively. Using Bayesian model averaging and multivariate
logistic regression, the number of blastomeres, fragmentation rate, and time of division to five cells
(t5) were identified as the most predictive factors. The final model had an under the receiver op-
erating characteristic curve of 0.77 (95% confidence interval = 0.74 – 0.79), and the predicted and
observed probabilities of the usable blastocyst did not significantly differ (Hosmer-Lemeshow test,
p > 0.05). Conclusion: The number of blastomeres, fragmentation rate, and t5 value can be used
to predict usable blastocyst formation from the embryo at the cleavage stage.
Key words: Blastocyst formation, predictive model, morphokinetic parameter, morphologic
parameter, time-lapse monitoring

INTRODUCTION
The primary purpose of assisted reproductive tech-
nology is to help infertile couples achieve a safe preg-
nancy and a single healthy baby. Selecting a high-
quality embryo for transfer is critical to successfully
carrying out a singleton pregnancy. Hence, blastocyst
transfer strategies are often used to reduce the num-
ber of embryo transfers leading to multiple pregnan-
cies while also achieving a high pregnancy rate. Com-
pared with cleavage embryo transfer, blastocyst trans-
fer is considered to have higher growth potential and
synchronization with the endometrium1. However,
it requires extended culture times that can compro-
mise embryo quality and alter the spectrum of epige-
netic modifications2. Consequently, scientists have
focused on selecting a single embryo with high poten-
tial at the cleavage stage. Traditional embryo selection
is mainly based onmorphological observations. Nev-
ertheless, the pregnancy conventional evaluation rate

is low, and the embryos need to be removed from the
incubator for assessment under a microscope. There-
fore, the time-lapse system has been introduced as a
new tool for embryo assessment. In addition, there is
evidence that having more information about the dy-
namic division might result in significant pregnancy
outcomes than selection based only onmorphological
assessment3–5.
Several models for embryo selection based on mor-
phokinetic parameters have been developed to pre-
dict blastocyst formation6–9 or implantation poten-
tial10,11. In 2010, Wong et al. reported that the possi-
bility of blastocyst development depended on the du-
ration of the first cell cycle, the duration of the second
cell cycle (cc2), and embryonic synchrony during the
second meiosis (s2)6. Meseguer et al. published a hi-
erarchical model that used early embryo morphoki-
netics to predict embryo implantation10. The find-
ings of Milewski et al. (2015) showed that blasto-
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cyst development was related to the timing of em-
bryo division into the 2-cell stage (t2) and the 5-cell
stage (t5), as well as the cc212. Several investigations
have been conducted in external laboratories to assess
the prediction capability of various algorithms13,14.
However, some studies have found that the model
has limited predictive power when applied to other
clinical centers15,16. Relatedly, embryos have been
found to develop at different speeds in different lab-
oratories for many reasons, such as differing patient
populations, ovarian stimulation regimens, and em-
bryo culture conditions, including differing oxygen
levels and the use of various commercially produced
media, whether sequential or single-step media8,17.
These results indicated that the aforementioned pre-
dictive models have several limitations and cannot be
easily adjusted to provide a globally accepted model.
Therefore, to improve the transferability of the time-
lapse algorithm, it is necessary to develop an in-house
model specific to a given IVF center, and more data is
needed to evaluate the developed method.
Accordingly, this study aimed to establish a model to
predict usable blastocyst formation by using the mor-
phological and morphokinetic parameters of an em-
bryo at the cleavage stage.

METHODS
Patient population and study design
A retrospective cohort study covering the period from
March 2016 to August 2018 was performed at IV-
FAS (An Sinh Hospital, Viet Nam). The study in-
cluded only those patients under the age of 38 years
who were treated with intracytoplasmic sperm injec-
tion (ICSI) using the antagonist protocol and frozen
blastocyst cultured in a time-lapse monitoring sys-
tem. The study did not include patients who un-
derwent in vitro maturation cycles, those with poly-
cystic ovary syndrome, those treated using surgical
sperm retrieval (PESA/TESE), or those treated with
frozen oocytes/sperm. One hundred sixty-nine pa-
tients treated with assisted reproductive technology
were ultimately included in this study.

Ovarian stimulation
Ovarian stimulation was performed using
follicle-stimulating hormone (FSH) following a
gonadotropin-releasing hormone antagonist proto-
col. The FSH dose was estimated based on patient
characteristics such as age, anti-Müllerian hormone
level, antral follicle count, and body mass index
(BMI) on day 2 of the menstrual cycle. The ovarian
response was monitored using ultrasound scan and

estradiol and progesterone levels. Recombinant
human chorionic gonadotropin (hCG) or diphereline
was administered to stimulate oocyte maturation
when at least one follicle 17 mm in diameter was
present during oocyte stimulation. Then, 36 hours
later, the oocytes were retrieved by transvaginal
aspiration under ultrasound guidance.

Embryo culture
After retrieval, the oocyte-cumulus-complexes
(OCC) were washed and cultured in G-IVF medium
(Vitrolife, Sweden) in a benchtop (G815, K-System,
Denmark) at 37◦C and in 6% CO2 and 5% O2

condition for 2 hours before denudation. Then,
to remove the surrounding cumulus cells, oocyte
denudation was conducted by mechanical treatment
(using Pasteur pipettes) and Hyase enzyme (Vitrolife,
Sweden). Then, sperm was injected into all the
metaphase II oocytes through ICSI technology in a
medium containing HEPES (G-Gamete, Vitrolife).
After ICSI, the injected oocytes were transferred
into G1-Plus media (Vitrolife, Sweden) at 37◦C and
6% CO2, 5% O2 in a benchtop (G210, K-System,
Denmark).

Time-lapse recording
After ICSI, fertilization was assessed at 16-18 hours
post-insemination, and the embryos were transferred
to time-lapse dishes (Vitrolife, Sweden) containingG-
TL medium (Vitrolife, Sweden). Then, each cultured
dish was put into a Primo Vision time-lapse system
(Vitrolife, Sweden) and placed in a Galaxy 170R incu-
bator at 37◦C with 6% CO2 and 5% O2 levels (New
Brunswick, Germany). The exposure time for the im-
ages was 10 minutes per image. In addition, the en-
tire embryonic development process was monitored
using the Primo Vision time-lapse software. Because
the time-lapse plate used only has 16 culture wells
for 16 embryos, the IVFAS Center used fertilized em-
bryos for time-lapsemonitoring to optimize the num-
ber of successful ICSI embryos. The timing of em-
bryo division and the presence of any abnormal char-
acteristicswere observed. The specific kinetic division
was determined by an embryologist using the times
of division into the two-cell through eight-cell stage
(t2, t3, t4, t5, t8), the time of morula formation (tM),
the time of early blastulation, the time of full blas-
tocyst (tB), and the time of hatching. Reverse cleav-
age (that is, a reduction in the number of cells), direct
cleavage (that is, when a single cell divides into more
than two cells), and multinucleated blastomeres were
among the aberrant cleavages observed during cell di-
vision18. Variables associated with cell cycle duration
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in synchronous cleavage, including synchrony in the
division from two to four cells (s2 = t4 − t3), syn-
chrony in the division from five to eight cells (s3 =
t8 − t5), the length of the second cell cycle (cc2 =
t3 − t2), and the length of the third cell cycle (cc3 =
t5 −t3)10,19,20, were also monitored. All morphoki-
netic evaluations were performed with reference to
the aforementioned Meseguer et al. study, and the re-
sulting data were inputted into the software10. The
morphologic characteristics, the timing of dynamic
events, and the presence of abnormal cleavage also
were used to help identify embryos for selection (Fig-
ure 1 )13,14,17.

Frozen-thawed blastocyst transfer cycle
The embryos used had been vitrified using the Cry-
otech method with no more than two embryos per
cryotec. Endometrial preparation was then con-
ducted using exogenous estradiol and progesterone
until the endometrial thickness reached ≥8 mm.
Next, the embryos were thawed and transferred to the
uterus under ultrasonographic monitoring five days
after progesterone exposure.

Study outcomes
The primary goal of this study was the predictive
model for usable blastocyst development, with im-
plantation and continued pregnancy rates as sec-
ondary outcomes. The beta-hCG value (≥ 25
mIU/mL) was measured 12 days after embryo trans-
fer. In addition, the presence of a fetal heartbeat con-
firming clinical pregnancy was determined by ultra-
sound at seven weeks of gestation.

Model performance
The morphological and morphological parameters
were evaluated and analyzed. The present study in-
cluded two stages: the generation of a predictive
model for blastocyst formation and the verification of
the value of that predictive model.
In the first stage of this study, multivariate logistic re-
gression analysis was applied to determine the rela-
tionship between statistically relevant variables and
blastocyst development. Next, Bayesian model av-
eraging (BMA) was performed for pair samples to
reduce the number of variables for the final predic-
tive model. This was followed by the use of re-
ceiver operating characteristic (ROC) analysis to test
the ability of the embryo to achieve usable blasto-
cyst formation. Then, the value of the final predic-
tive model was calibrated in the second stage of the
study through internal validation. For this calibra-
tion, the predictive values of the final model were

compared with actual observed usable blastocyst de-
velopment (Hosmer-Lemeshow test, p > 0.05). The
predictive model was internally validated using 169
KID-transferred blastocysts. Finally, to provide clini-
cianswith a user-friendly interface for the finalmodel,
we developed a nomogram that could be used as a
graphical tool for generating an individual patient
profile.

Statistical analysis
The R statistical software, version 3.3.3 (Vienna, Aus-
tria), was used to analyze the data. First, the chi-
square test was conducted to analyze categorical data.
The analysis included embryos that had not developed
to the blastocyst stage. Usable blastocyst can be de-
fined as those that can be used for fresh transfer or
frozen transfer. The statistical model chosen was lo-
gistic regression and was performed by using defined
variables to select the most relevant variables. The in-
dependent t-test was performed to investigate contin-
uous variables. The resulting model was also tested
for predictive value by ROC curve analysis. Statistical
significance was defined by a p-value < 0.05.

RESULTS
The study analyzed 1,629 blastocysts from 169 pa-
tients treated from March 2016 to August 2018 with
ICSI at IVFAS An Sinh Hospital (Figure 2). In addi-
tion, the patient age, BMI, duration of infertility, to-
tal FSH dose, and total days of stimulation were all
recorded as baseline demographic data (Table 1).

Model development

Phase 1: Create a predictivemodel
In the first stage of this study, BMA and multiple lo-
gistic regression were used to analyze morphological
and morphokinetic parameters. Applying BMA to all
the variables indicated seven essential predictor vari-
ables related to usable blastocyst formation: t5, tB,
cc3, cell number, fragmentation rate, vacuole appear-
ance, and abnormal division (Figure 3). Next, mul-
tiple logistic regression was used to select the most
impactful parameters. We used Bayesian information
criterion (BIC) approximation and posterior proba-
bility to determine the most predictive model. The
variable estimations were either negative (red) or pos-
itive (blue). The model with the lowest BIC and the
highest posterior probability was selected. Finally,
the number of blastomeres (as a positive influence) (p
< 0.001), the fragmentation rate (as a negative influ-
ence) (p < 0.001), and the t5 (as a positive influence)
(p < 0.001) were identified as the most predictive fac-
tors (Table 2). The predictionmodel residuals = 1792,
and the Akaike information criterion = 1800.
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Figure 1: The Primo Vision Time-lapse system was used to monitor the embryos (IVFAS). The embryo mor-
phologic and morphokinetic characteristics were continuously assessed to the blastocyst stage.

Phase 2: Evaluate and calibrate the value of
the predictivemodel
Next, the value of the predictive model was evalu-
ated and calibrated in the second stage of the research.
The prediction accuracy was evaluated through ROC
analysis. The area under the curve (AUC) of the
predictive model for usable blastocyst development
was 0.77 (95% confidence interval (CI): 0.74 – 0.79)
(Figure 4). The predictive model’s calibration plots
showed no significant difference between the pre-
dicted and observed probabilities of the blastocyst for-
mation (Hosmer-Lemeshow test: 0.101, p > 0.05).
When the prediction model was applied to the inter-
nal validation cohort, the AUC was 0.78, with a 95%
CI of 0.74 – 0.82, for 512 randomly chosen embryos
(31.6%) from the same population (Figure 5). There
were 169 single embryos transferred, with an implan-

tation rate of 52.7%, and the ongoing pregnancy rate
was 50.3% (Table 3). The nomogram showing the
probability of usable blastocyst formation in an indi-
vidual patient is shown in Figure 6.

DISCUSSION
The time-lapse system is a new tool that could pro-
vide morphological and morphokinetic information
to help select embryos more effectively than the con-
ventional method. Our research established a predic-
tivemodel of usable blastocyst formation through two
phases. In the first phase, we identified three param-
eters that significantly affect the probability of usable
blastocyst formation. In the second phase, we verified
the predictive ability of the predictive model through
internal validation and calibration using the Hosmer-
Lemeshow test. By predicting the potential devel-
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Figure 2: The flow diagram regarding the development model for usable blastocysts. A total of 1,629 em-
bryos were cultured to day 5. Of these, 602 embryos resulted as usable blastocysts, and 1,027 embryos could not
have been usable blastocysts or not have been developed to the blastocyst stage.

Table 1: Patient characteristics

Characteristics N = 169

Age - years (mean± SD) 32.02± 3.77

BMI - kg/m2 (mean± SD) 21.17± 2.42

Infertility duration - years (mean±SD) 5.14± 3.48

Types of Infertility (%)

• · Primary infertility 99/135 (73.3)

• · Secondary infertility 36/135 (26.7)

Previous treatment cycles (%)

• · 1 64/151 (42.4)

• · 2 44/151 (29.1)

• · 3 43/151 (28.5)

AMH (ng/mL) (mean± SD) 5.62± 3.89

AFC (mean± SD) 16.26± 7.04

BMI: body mass index; AMH: Anti-Mullerian hormone, AFC: Antral follice counts; SD: standard deviation
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Figure 3: Models selected by Bayesian Model Averaging (BMA). Variable estimations are either negative (red)
or positive (blue); uncolored variableswerenot included in themodel. Models are listedon the x-axis in decreasing
order of posterior model probability.

Figure 4: Area under the receiver operating characteristics (AUC) curve for the predictive model. AUC: area
under the curve; CI: confidence interval.
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Figure 5: Area under the receiver operating characteristics (AUC) curve for internal validation of the value
of the predictivemodel. AUC: area under the curve; CI: confidence interval

Figure 6: Nomogram for predicting usable blastocyst formation. Instruction for use: Mark the “t5” axis and
drawa vertical line to the “Points” axis. The “Points” axis indicates how many points are towards the probability
of usable blastocyst for t5. Note the points obtained for each predictor and sum them up to get the total points.
They located the total points on the “Total points” axist. Next, draw a vertical line from the “Total points” axis to
the “Usable blastocyst probability” axis. The value obtained on the “Usable blastocyst probability” indicates the
usable blastocyst probability following all frozen embryo transfers in an IVF cycle. T5: timing for cleavage to 5-cell
stage; No. of blastomeres: Number of blastomeres; frag: fragmentation rate.
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Table 2: Bi-variable associvation of predictive
factors for usble blastocyst development

Characteristics OR [95% CI] p-value

t5 1.05 [1.03-1.06] < 0.001

No. of blastomeres 1.38 [1.30-1.47] < 0.001

Fragmentation rate 0.96 [0.95-0.97] < 0.001

t5: the time to divide into five cells

Table 3: Clinical outcome data

Parameter N = 169

Endometrial thickness on FET day (mm) (mean± SD) 11.58± 2.44

hCG (+) rate (%) 118 (69.8)

Ongoing pregnency rate (%) 85 (50.3)

Clinical pregnancy rate (%) 89 (52.7)

opment of a usable blastocyst, the method can help
achieve a single embryo transfer strategy, reduce the
waiting time of patients for pregnancy, and reduce the
workload of embryologists. The present study found
that the t5 value, the number of blastomeres, and the
fragmentation rate could significantly influence the
probability of usable blastocyst development.
In conventional assessment, the grading of embryos
is based mainly on evaluating the number of blas-
tomeres, the size of blastomeres, and the fragmen-
tation rate. The number of blastomeres was known
as the essential morphological predictor that can di-
rectly reflect the competence of the embryo. Prior
studies had indicated that human embryos with nor-
mal behaviors during development should reach the
7- to 8-cell stage on day 3 (D-3)21. In addition, it
has been reported that D-3 embryo transfer with two
embryos (at the 8-cell stage) can achieve an implan-
tation rate like that of transferring with one blasto-
cyst22. Our research found that the number of blas-
tomeres is one of the major predictive factors in us-
able blastocyst development, consistent with the re-
sults of previous studies. Another essential predictive
factor identified in the present studywas the fragmen-
tation rate. Fragmentation is described as the pres-
ence of a non-nuclear membrane-bound extracellu-
lar cytoplasmic structure, including isolated chromo-
somes developed during the first few cell divisions of
the embryo23. It has been shown that embryos with
abnormal developmental kinetics, such as irregular
cell cycle and cytokinesis durations, are more likely
to be fragmented, to express lower numbers of cells,
and to not develop into blastocysts6. A high degree of
fragmentationmight result in a loss of cytoplasmic or-
ganelles such as mitochondria24. In addition, it also

causes necrosis of the surrounding blastomeres, lead-
ing to arrested development and reduced embryonic
development space.
Our data demonstrated that cleavage kinetics assessed
by time-lapse monitoring can be used to predict blas-
tocyst development and quality 23. Some previous
studies showed that embryos with earlier cleavage
have a significantly better possibility of developing
into blastocyst when compared with embryos that
have slower development7,12. For example, Cruz et al.
(2012) studied 834 embryos and found that the blas-
tocyst formation capacity and t5 and s2 values were
related7. Similarly, a study by Mileskwi et al. (2015)
showed that the t2, t5, and cc2 values are related to
blastocyst formation12. However, other studies indi-
cated that later embryo cleavage stages are more pre-
dictive of blastocyst formation. For example, research
byMotate et al. found that late cleavage stages, such as
the tM and the third round of cleavage synchrony (s3),
are related to blastocyst formation9. Another study
reported that s3, t8, and tEB are related to top-quality
blastocyst formation25. Our results confirmed that
the late cleavage stage, such as the t5 stage, had a good
predictive value for usable blastocyst development.
In existing models, morphology assessment has been
used as the initial screening for all embryos before as-
sessing the kinetic parameters9,12,19. Those evalua-
tions might require more time to finish and reduce
the effective role of some morphologic parameters
for embryo selection. With abnormal morphologi-
cal factors, including fragmentation, irregular cleav-
ages, and developmental arrest, the earlier they occur,
the more harmful they are to embryo quality 12,26.
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The ability to predict blastocyst formation can be in-
creased by combining the synchronization in the two-
cell stage and the first-cleavage pattern with good
standard morphological evaluations7. Furthermore,
according to Motato et al. (2016), one of the lim-
itations of their study was that their model did not
analyze morphological factors such as the fragmen-
tation rate9. We therefore suggested that morpho-
logic parameters should be incorporated simultane-
ously with morphokinetic parameters in developing a
predictive model. For top-quality blastocyst develop-
ment prediction, previous research reported that s3,
t8, and tEB showed a slightly improved predictive ac-
curacy (AUC: 0.748, 95% CI: 0.697 – 0.79425)25. An-
other model found that the best predictor for blasto-
cyst development and quality on day 3 was cleavage
synchrony from 2 to 8 cells (CS2-8) = ((t3-t2) + (t5-
t4))/(t8-t2)) (AUC = 0.786; sensitivity = 83.43; speci-
ficity = 62.4630)27.
Yang et al. (2018) demonstrated that both morpho-
logical and morphokinetic parameters (fragmenta-
tion > 50%, direct cleavage, reverse cleavage, and de-
layed cleavage; tPNf, t2, and t4) are associated with
embryo development potential28. With a similar pre-
dictive value, theAUCof ourmodel was 0.77 (95%CI:
0.74 – 0.79, sensitivity: 75%, and specificity: 75%),
and the internal validation result was 0.78 (95% CI:
0.74 – 0.82). Our study has expanded on the prior
studies in that we incorporated both morphokinetic
characteristics, such as t5, and morphologic charac-
teristics, such as the fragmentation rate and cell num-
ber, in the scoring system.
If the AUC is between 0.5 and 0.7, a model is consid-
ered to have poor performance if it is between 0.7 and
0.8, fair performance and if it is between 0.8 and 0.928,
good performance. Embryos are highly certain to ex-
pand to the blastocyst stage since they occur late in de-
velopment. This is why the AUC of the Motato model
is high (AUC: 0.849, 95% CI: 0.835 – 0.854) with tM
and s39. Furthermore, the existing models for blasto-
cyst development that have been externally validated
had reported poor predictive power15,17. According
to Zaninovic et al. (2019), t3, t5, and cc2 were related
to blastocyst formation, with the value of AUC be-
ing fair (between 0.6 and 0.72)29. Again, our study
has expanded on the prior studies because we incor-
porated both morphokinetic characteristics, such as
t5, and morphologic characteristics, such as the frag-
mentation rate and cell number, in the scoring sys-
tem. Our result was acceptable, with the AUC being
0.77 (95%CI: 0.74 – 0.79). For predictive IVFmodels,
achieving good discrimination is unfeasible except for
models that are developed with artificial intelligence.

So, calibration is considered a more meaningful way
to measure model performance than discrimination.
Our present model had good calibration as measured
using the Hosmer-Lemeshow goodness-of-fit statis-
tic, indicating close agreement between the predicted
and the observed formation of usable blastocysts.
Furthermore, our developed nomogram has provided
new insights into the prediction of blastocyst forma-
tion based on the number of blastomeres, fragmenta-
tion rate, and t5 for the individual embryos (Figure 6
). The main function of our model is to create a pa-
tient counseling tool that accounts for all predictors
of usable blastocyst formation. With such a tool, em-
bryologists will be able to provide patientswith amore
accurate prognosis if they analyze morphokinetic and
morphologic criteria together, rather than eithermor-
phokinetic or morphologic criteria alone.
We acknowledge several limitations in our research.
Firstly, despite including almost 1,629 embryos, the
sample size of the present study was still not power-
ful enough. An additional caveat is that we could not
exclude biases in this retrospective study. In order to
improve the predictive strength of the model, further
studies with larger sample numbers and prospective
cohorts should be considered. Thirdly, future stud-
ies should include external geographic validation and
impact analysis to evaluate the benefits of integrating
this model into the IVF patient process. Finally, the
live birth rate is widely accepted as the optimal end-
point for IVF studies. However, we used clinical preg-
nancy as a surrogate outcome in our study because of
our limited sample size.

CONCLUSIONS
Our findings indicate that the rate of fragmentation,
the number of blastomeres, and the division time to
the five-cell stage can be effectively used to predict the
development of the usable blastocysts of the embryo
on day 3. This model can provide more personalized
and accurate treatment to infertility patients and indi-
cate the probability of usable blastocyst development
based on morphologic and morphokinetic value.

ABBREVIATIONS
FET: Frozen embryo transfer
FSH: Follicle stimulating hormone
IVM: In-vitromaturation
TLM: Time-lapse monitoring
PCOS: Polycystic ovary syndrome
ICSI: Intracytoplasmic sperm injection
IVF: In-vitro fertilization
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