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Blastulation and ploidy prediction
using morphology assessment in
33,999 day-3 embryos

Ibrahim Elkhatib%%5>, Erkan Kalafat>:, Asina Bayram™*, Andrea Abdala, Alberto Linan?,
Laura Melado?, Baris Ata’, Barbara Lawrenz'*, Human M. Fatemi® & Daniela Nogueira®>**

Although contemporary practice in in vitro fertilization (IVF) favors embryo transfer at blastocyst
stage, several centres worldwide employ cleavage-stage Day-3 embryo transfers. The advantage of
cultures extended to Day-5 and beyond, is to ensure that the embryo to be transferred will not arrest
between Day-3 and Day-5, and that it provides additional morphological quality markers that can be
used for selection. To bridge that gap for centres that practice Day-3 transfers, we intended to model
the association between Day-3 morphology and blastulation/ploidy tested with modern sequencing
technologies, and to develop a validated predictive model for these outcomes. We conducted a
retrospective cohort study including 33,999 Day-3 embryos from 5,702 cycles between March 2017
and December 2021 at ART Fertility center, Abu Dhabi. Day-3 embryos were evaluated for cell
number, and degree of fragmentation. Expanded blastocysts with existent inner cell mass (ICM) and
trophectoderm (TE) cells underwent TE biopsy for PGT-A by next generation sequencing (NGS). The
primary objective of the study was to develop prediction models for blastocyst biopsy and euploidy
by using Day-3 embryo morphology and patient characteristics. The final models for euploidy and
blastulation prediction included Day-3 cell count and fragmentation, and female age. Both models
were well-calibrated in validation samples to differentiate blastulation (intercept: 0.087 +0.034,
slope: 0.827 +0.022) and euploidy (intercept: 0.02 +0.015, slope: 0.913 +0.024) potential of embryos.
The machine learning (ML) model obtained higher correct call scores in all performance targets
(blastulation, euploidy) when compared to selecting the embryo with highest cell count and lowest
fragmentation (P <0.0001). In conclusion, the developed prediction models (https://artfertilityclini
cs.shinyapps.io/GEMMA-D3B/) showed its potential in prioritizing Day-3 embryos likely to develop
into high-quality and euploid blastocysts. The models can be used by any laboratory set-up without
needing specialized equipment or software and is available for further performance validation.

Keywords Day-3, Embryo selection, Blastulation, Euploidy, NGS

In Assisted Reproductive Technology (ART) cycles, the selection of the embryo with the highest chance of
implantation is a key factor determining treatment success. Embryo selection has traditionally relied on
morphological assessment, including characteristics such as blastomere number, and degree of fragmentation
for cleavage-stage embryos, and morphological quality of trophectoderm (TE) and inner cell mass (ICM)
for blastocyst-stage embryos!—. The introduction of time-lapse imaging incubators has ushered in a new
era, enabling the dynamic evaluation of embryo development through continuous imaging monitoring®. The
morphokinetics approach offers insights into cellular divisions, synchrony, and timings, during culture, possibly
related with the embryo implantation potential. Additionally, preimplantation genetic testing for aneuploidy
(PGT-A) is increasingly being used for objective embryo selection, allowing for comprehensive screening to
identify chromosomal abnormalities, which might cause implantation failure or pregnancy loss*%. However, its
use in routine faces challenges due to invasiveness, cost, and the need for specialized skills. Morphokinetics data
has been used to assess embryo genetic status but consistent predictive parameters have not yet been identified’.

Improvements in embryo culture media have prompted a transition from predominantly cleavage-stage
embryo transfer to blastocyst-stage transfer. This transition aims to improve the selection of viable embryos, and
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to achieve a better synchronization with the optimal implantation window of the endometrium when transferred
in a fresh cycle, ultimately resulting in higher live birth rates per embryo transfer!®. However, extending culture to
the blastocyst stage may reduce the number of embryos available for transfer or freezing!"!>without necessarily
improving live birth outcomes, as also noted by the NICE guidelines'>.

Nowadays, although embryo transfer at blastocyst stage is considered a contemporary “gold standard’,
cleavage-stage embryo transfers continue to be widely employed and represent a viable treatment option!*mainly
when there is a need for flexibility in clinical practices where resources are limited. The continuous use of Day-
3 transfers partly arises from lingering concerns raised over the past decade by observational studies, which
highlight potential perinatal risks such as preterm birth, low birthweight, and congenital anomalies associated
with blastocyst-stage transfers'>!6. However, the data remains controversial'”.

To select viable embryos at an early stage of development, numerous studies have endeavoured to correlate
morphological parameters at the cleavage stage with the probability of achieving the blastocyst stage!®1°.
Moreover, several classification algorithms have utilized cleavage stage morphokinetics and morphology
parameters to predict blastulation?*?'and to the likelihood of implantation?. These algorithms may not be
universally applicable, as they necessitate the availability of time-lapse incubators to obtain morphokinetic data,
which might not be available in every laboratory. It is also essential to acknowledge that the models lack the
capacity to predict embryo ploidy, an important parameter for assessing embryo viability.

To overcome this gap, this study aimed to provide a classification system that predicts blastulation and
euploidy potential, based on easily accessible patient and Day-3 embryo parameters. The proposed models can
serve as a valuable complement to conventional embryo selection methods and may function as an aiding tool
for decision-making to prioritize embryos for transfer within any laboratory setup.

Results

Impact of Day-3 embryo morphological characteristics on blastulation and euploidy

The study involved the inclusion of 33,999 embryos originating from 5,702 cycles, from a cohort of 3,075 patients.
The overall patient characteristics are presented in Supplemental Table 1. Multilevel models demonstrated that
Day-3 cell count was significantly associated with obtaining a biopsiable blastocyst from a Day-3 embryo (Table 1).
Embryos with less than 6 cells were significantly less likely to become blastocysts (OR: 0.19, 95% CI: 0.18-0.21,
P<0.0001) compared to embryos with 6-10 cells at Day-3, while those with more than 10 cells were significantly
more likely to become blastocysts (OR: 1.22, 95% CI: 1.09-1.36, P<0.0001). Moreover, fragmentation rate was
also associated with the likelihood of becoming a biopsiable blastocyst, and increasing rates of fragmentation
were associated with decreased odds of blastulation (56%, 79%, and 88% decreased odds for B, C, and D grade
fragmentation compared to A grade fragmentation, P<0.0001 for all). Table 2 shows the multinomial regression
results for factors associated with euploidy, aneuploidy and no blastulation. Regression results showed that cell
count had a stronger correlation with embryos failing to reach blastulation when compared to euploids than
with aneuploid embryos (Table 2). Increasing degree of fragmentation was associated to blastulation failure, but
it did not appear to be a significant indicator for distinguishing between aneuploid and euploid blastocysts in
this cohort (Table 2).

Model selection and feature importance

Variables initially considered in the prediction model were female and male age, body mass index, serum
anti-Mullerian-Hormone (AMH), semen volume, sperm concentration, insemination type, Day-3 cell count,
and fragmentation rate. Ranking of features according to their addition to overall prediction of blastulation

Variables Non-biopsiable blastocystf | Biopsiable blastocyst | No blastulation vs. blastulation

Total N (%) 16,285 (48.9) 17,714 (52.1)

Insemination OR (95%ClI, P-value) aOR* (95% CI, P value)
Classic IVF 2914 (17.9) 2955 (16.7) Reference Reference

ICSI 13,371 (82.1) 14,759 (83.3) 1.09 (1.03-1.15, p=0.0034) | 0.98 (0.92-1.04, p=0.50)
DAY-3 cell count

6-10 cells 9766 (60.0) 13,531 (76.4) Reference Reference

<6 cells 4839 (29.7) 1024 (5.8) 0.15 (0.14-0.16, p<0.0001) | 0.19 (0.18-0.21, p<0.0001)
>10 cells 546 (3.4) 1044 (5.9) 1.38 (1.24-1.54, p<0.0001) | 1.22 (1.09-1.36, p<0.0001)
Compacted 1134 (7.0) 2115 (11.9) 1.35(1.25 - 1.45, p<0.0001) | 0.92 (0.23-4.51, p=0.91)
DAY-3 fragmentation

A (£10%) 8552 (56.4) 12,683 (81.3) Reference Reference

B (>10and <25%) | 4411 (29.1) 2471 (15.8) 0.38 (0.36-0.40, p<0.0001) | 0.44 (0.41-0.46, p <0.0001)
C (>25and £35%) | 2075 (13.7) 439 (2.8) 0.14 (0.13-0.16, p<0.0001) | 0.21 (0.19-0.24, p <0.0001)
D (>35%) 116 (0.8) 11(0.1) 0.06 (0.03-0.11, p<0.0001) | 0.12 (0.06-0.22, p <0.0001)

Table 1. Embryo-level factors associated with the development of a biopsiable blastocyst from a Day-3
cleavage-stage embryo. OR: odds ratio, aOR: adjusted odds ratio, CI: confidence interval, ICSI: intra-
cytoplasmic sperm injection, IVF: in-vitro fertilization. +BL3 CC and above. *Multi-level logistic regression
analysis adjusted for female age and other embryo level morphology factors.
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PGT-A PGT-A

Variables | No blastulation aneuploid | euploid Euploid vs. no blastulation | Euploid vs. aneuploid

Total N (%) 16,285 (47.9) | 9892 (29.1) 7822 (23.0) | aOR* | 95% CI ‘ P-value | aOR* | 95% CI P-value
Insemination

Classic IVF 2914 (17.9) 1578 (16.0) | 1377 (17.6) Ref Ref

ICSI 13,371 (82.1) | 8314 (84.0) | 6445 (82.4) 1.09 1.01-1.18 | 0.036 1.13 1.03-1.23 | 0.0072
DAY-3 cell count

<6 cells 4839 (29.7) 680 (6.9) 344 (4.4) Ref Ref

>10 cells 546 (3.4) 528 (5.3) 516 (6.6) 0.12 0.10-0.14 | <0.0001 | 0.57 0.48-0.69 | <0.0001
6-10 cells 9766 (60.0) 7535 (76.2) | 5996 (76.7) 0.15 0.13-0.17 | <0.0001 | 0.65 0.56-0.74 | <0.0001
Compacted 1134 (7.0) 1149 (11.6) | 966 (12.3) 0.19 0.03-1.20 | 0.078 0.84 0.13-5.44 | 0.85
DAY-3 fragmentation

A (£10%) 8552 (56.4) 7071 (80.8) | 5612 (81.8) Ref Ref

22(;‘;0()) and 4411 (29.1) 1420 (16.2) | 1051 (15.3) 2.42 2.23-2.61 | <0.0001 | 1.09 0.99-1.19 | 0.067
g;;,fj and 2075 (13.7) 251 (2.9) 188 (2.7) 4.91 4.19-5.76 | <0.0001 | 1.06 0.87-1.29 | 0.57

D (>35%) 116 (0.8) 4(0.0) 7(0.1) 551 2.51-12.1 | <0.0001 | 0.41 0.12-1.42 | 0.16

Table 2. Embryo-level factors associated with the development of a euploid blastocyst from a Day-3 cleavage-
stage embryo. aOR: adjusted odds ratio, CI: confidence interval, ICSI: intra-cytoplasmic sperm injection, IVF:
in-vitro fertilization. * Multinomial multilevel regression analysis adjusted for female age and other embryo
level morphology factors.
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4.
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AMH | 1.5e-01 AMH | 9.1e-02

Bl | 7.4e-02 T Ul | 7.7¢-02 of

Semen concentration | 7.0e-02 ew e Semen concentration | 7.6e-02 So—
Male age | 6.3e-02 a0 g pmo Semen volume | 6.7e-02 >
Semen volume | 5.8e-02 o Male age | 5.0e-02 - | e
Insemination type | 3.7e-03 é Insemination type | 8.8e-03 :
5.0 -25 0.0 25 5.0 -2 0 2
SHAP value (impact on model output) SHAP value (impact on model output)
Feature value |, High Feature value |4, High

Fig. 1. SHAP (Shapley Additive Explanations) plots of biopsiable blastocyst (A) and euploidy (B) models
including all candidate variables. Features positioned higher on the plot exert a stronger influence on the
model’s prediction, whereas those lower on the plot contribute less. Additionally, feature values at the extremes
of the scale tend to impact the prediction more significantly than those near the center.

and euploidy was assessed with Shapley Additive Explanations (SHAP) plots (Fig. 1). SHAP plot for euploidy
model ranked top three features as female age, cell count, and fragmentation rate. While the ranking for the
biopsiable blastocyst model was slightly different, ranking cell count as top feature followed by fragmentation
and female age (Fig. 1). The final models were selected based on multiple performance metrics such as AUC,
AUC shrinkage, calibration slope, calibration intercept and correct call rate for blastulation or euploidy. For both
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Quality tranches | Predicted probability of blastulation by the model glt’eseor;l:ﬂlstulation in the data (95%CI)* | Size of the group as a percentage of total ¥ (IQR)*
C- <10.0% 8.7% (8.3 10 9.1%) 8.9% (7.8 to 10.1%)

C >10.0% to <20.0% 13.3% (12.3 to 14.3%) 3.8% (2.2 to 5.4%)

C+ >20.0% to <30.0% 23.5% (22.9 to 24.1%) 8.6% (6.7 to 10.5%)

B >30.0% to <40.0% 35.5% (34.8 to 36.2%) 7.0% (4.5 to 9.5%)

B+ >40.0% to <50.0% 43.5% (43.1 to 43.9%) 18.0% (14.8 to 21.2%)

A >50.0% to <60.0% 55.4% (54.7 to 56.2%) 9.3% (5.4 to 13.2%)

A+ >60.0% to <70.0% 67.3% (67.0 to 67.6%) 44.4% (41.2 to 47.7%)

Table 3. Predicted probabilities at large from the blastulation model and observed mean rates in the validation

samples with 95% confidence intervals. IQR: interquartile range, CI: confidence interval of the mean.

*Obtained from 1000 repeated 2-fold cross validation samples. tNumber of embryos classified in the category

divided by total.
Size of the group as a
Observed percentage of total

Quality tranches | Predicted probability of euploidy by the model | rate of euploidy in the data (95% CI)* | (95% CI)*
C <5.0% 4.2% (3.8 to 4.5%) 13.9% (11.7 to 16.0%)
C+ >5.0% to <10.0% 6.7% (5.7 to 7.5%) 9.1% (5.9 to 11.4%)
B >10.0% to <20.0% 13.3% (12.2 to 14.7%) 15.9% (13.4 to 18.4%)
B+ >20.0% to <30.0% 23.0% (21.6 to 23.9%) 21.3% (18.3 to 24.2%)
A >30.0% to <40.0% 33.2% (31.4 to 34.9%) 13.5% (10.3 to 16.6%)
A+ >40% 40.4% (39.7 to 41.0%) 26.4% (23.8 t0 29.0%)

Table 4. Predicted probabilities at large from the euploidy model and observed mean rates in the validation
samples with 95% confidence intervals. IQR: interquartile range, CI: confidence interval of the mean.
*Obtained from 1000 repeated 2-fold cross validation samples. tNumber of embryos classified in the category
divided by total.

blastulation and euploidy models, combination of female age, Day-3 cell count, and fragmentation provided the
most parsimonious model without sacrificing performance (Supplemental Tables 2 and 3).

Validation performance of the final models

In the validation samples, AUC values of blastulation model (AUC: 0.72, 95% CI: 0.71-0.73) and euploidy model
(AUC: 0.73, 95% CI: 0.72-0.74) were similar. The calibration of the model was deemed more important for
clinical utility (i.e., ranking embryos according to their potential), was assessed with plots and by comparing
expected vs. observed rates (Tables 3 and 4). The final model for the euploidy model showed very good
calibration up to a 40% predicted euploid blastulation rate, after which the model slightly over predicted the
probability (Table 4). The final model for blastulation slightly underpredicted the biopsiable rate in probabilities
below 10% and was otherwise well calibrated (Table 3). The final quality tranches were constructed according to
calibration performance. Table 3 shows the quality tranches for biopsiable blastocyst model including expected
and observed blastulation rates in the tranches over 1000 cross-validation samples, as well as the percentage
of embryos falling into each category. Table 4 shows the same information for the euploidy model. In almost
all repeat cross-validation samples, there was almost no mixing between quality tranches in terms of observed
outcome probabilities, which differed little from the predicted probabilities.

Cycle level performances of the final models were assessed with correct call scores for blastulation, blastocyst
with highest inner-cell mass grade and euploid blastulation (Figs. 2 and 3). The correct call scores of the
machine learning model for blastulation, blastocyst with highest inner-cell mass grade and euploid blastulation
were 37.05+1.89, 30.03+1.72 and 15.75+1.91, respectively. The same scores were 33.13+1.76, 27.26+1.80
and 13.6+1.90 for selecting the embryo with highest cell count and lowest fragmentation approach. The
machine learning model obtained higher correct call score in all domains when compared to both random
selection and selecting the embryo with highest cell count and lowest fragmentation and all differences were
statistically significant (P<0.0001) (Fig. 3). To make the model outputs of blastulation and euploidy models
more interpretable, the predicted probabilities from the machine learning models were shown with heatmap
plots (Fig. 4A and B, respectively). Plots were further stratified by female age (25, 30, 35 and 40 years-old). The
heatmap plots show the complex non-linear association between the predictor variable and the outcome, that is
also influenced by the female age. An online calculator for both models can be found in https://artfertilityclinic
s.shinyapps.io/ GEMMA-D3B/.
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Fig. 2. Explanation of correct call score. In the example below, green circles represent the embryos with the
target outcome and red circles represent the embryos without the target outcomes (i.e., euploidy, blastocyst,
blastocysts with the highest inner-cell mass grade within the pool). Embryos that are labelled “1” are the ones
selected by the evaluated algorithm. Whenever the algorithm correctly identifies the embryo with the target
outcomes, it will gain 1 point and 0 if it doesn’t. The total points algorithm will score divided by the number of
cycles would be the initial “Observed (O) call rate”. The maximum number of point it can get is the “Maximum
(M) call rate” is the number of cycles with at least one embryo with the target outcome as not all cycles will
have one. The lowest acceptable call score would be that of random selection that should roughly correspond to
the “Outcome rate (R)” in the cohort. We designed the correct call score so that it is a standardized measure for
each cohort. A mean correct call rate of 0 represents the performance of random selection while 100 represents
the perfect performance, i.e., selecting the embryo with the target outcome in all cycles with at least one
embryo with the target outcome.

Discussion

The current study clearly demonstrated that Day-3 morphology features can serve as a valuable tool for classifying
embryos in terms of their potential for blastulation and euploidy. The study utilizes a ML algorithm deployed
on a dataset of 33,999 embryos, and to the best of our knowledge, the largest dataset known for this purpose.
Importantly, the model relies on easily accessible data, including Day-3 cell number and fragmentation rate of
cleavage-stage embryos, as well as patient information, a fact that makes the model applicable and accessible
across a wide range of settings without need for specialized equipment or proprietary algorithms. This model has
demonstrated stable performance in cross-validation samples and has exhibited excellent calibration for ranking
of embryos accurately. It can be useful for making informed decisions regarding the selection of embryos with
greatest potential for euploidy and blastulation and offers patients insights into their potential euploid embryo
pool as early as Day-3 of the culturing process. Moreover, it provides further insight into the importance of Day-
3 morphological parameters for predicting blastulation and euploidy.

It has long been demonstrated that blastomere number on Day-3 is an important parameter for predicting
the potential of embryos to reach blastulation and of being euploid®. Our data indicates cell count as an
important predictor of whether a Day-3 embryo will develop into a blastocyst. Though with a somewhat
weaker effect, it also shows an association with euploidy. Whereas a lower number of blastomeres on Day-3
has already been correlated with impaired blastulation and implantation'8several studies have demonstrated
similar characteristics for fast-growing embryos, i.e. embryos presenting>8 cells on Day-3 being more likely
to be aneuploid?*~2°. Contrary to these findings, our analysis demonstrates that embryos with 6-10 cells and
embryos with more than 10 cells on Day-3 exhibit a higher probability of reaching the blastocyst stage and of
being euploid. The outcome differences could be mainly due to variations in PGT-A methodology. Previous
studies used outdated cleavage-stage embryo biopsies with obsolete genetic technologies, while the present study
employed trophectoderm biopsy with NGS. Additionally, the larger sample size of the current study may have
contributed to the observed differences between results. As per the ESHRE Istanbul consensus, the ideal Day-
3 embryo (68+1 hpi) consists of 8 equally sized mononucleated blastomeres?. However, the consensus also
acknowledges that fast-growing embryos, once they reach the blastocyst stage, exhibit similar or even superior
developmental potential compared to 8-cell embryos, which aligns with our findings.
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Fig. 3. Correct call scores for blastulation, blastocysts with highest inner-cell mass grade and euplody

blastocyst for the final model, selection of highest cell count and lowest fragmentation and random selection.

Random selection is presented by the age only model as female age cannot differentiate embryos within

individual pools.

Embryo fragmentation rate has been considered one of the essential predictive factors of blastocyst
quality and implantation?’. Our findings of a negative correlation of fragmentation rate with blastulation and
subsequent euploid rate per Day-3 cleaved embryo is in line with previous publications?®?%. The present results
serve as a plausible explanation for the diminished reproductive outcomes associated with highly fragmented
embryos. Although fragmentation is a common event observed during embryo culture, the origins of cellular
fragmentation have not yet been completely elucidated. During embryonic cleavage, fragmentation might be
originated by extruded blastomeres, apoptotic bodies, persisting polar bodies, extracellular vesicles, cellular
portions with chromosome-containing micronuclei?®. Furthermore, it has been hypothesized that fragmentation
could play a role in regulation and maintenance of cellular homeostasis in human embryos as means to normalize
embryonic genetic constitution®®. The association between embryo fragmentation and ploidy status had not
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Fig. 4. Predicted probabilities from the final model for blastulation (A), and for euploidy (B), stratified by
female age. Degree of fragmentation categorized as A (<=10%), B (11-25%), C (26-35%), D (>35%).

been thoroughly investigated with novel genetic technologies and neither utilized in a classification model, as
performed at the present study. Hence, the conclusions drawn from these studies on the impact of embryo
fragmentation on Day-3 and blastocyst euploidy remain contradictory and no consensus has yet been achieved®.
Interestingly, our data demonstrate that the lower incidence of euploidy of fragmented embryos on Day-3 is
mainly because of a compromised blastulation potential. In other words, when an embryo reaches the blastocyst
stage, its chances of being euploid remain unaffected by the fragmentation rate observed on Day-3. Despite
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the fact that embryos that did not reach blastocyst stage were not biopsied, aneuploidy remains a plausible
explanation for the developmental arrest®!-3°.

Extending embryo culture to the blastocyst stage enables selection of viable embryos by excluding those
unlikely to reach this crucial stage, increasing the probability of successful pregnancies®*-3¢. However, there
remains a theoretical possibility that embryos showing developmental arrest in vitro could thrive in vivo and
lead to pregnancy. Consequently, the decision to extend culture to the blastocyst stage may raise the risk of cycle
cancellations and a reduction in the quantity of cryopreserved embryos per cycle***’. Hence, the practice of
transferring embryos at the cleavage stage continues to be a widespread approach globally*.

Numerous studies have explored Day-3 morphological and morphokinetic parameters in an attempt to
predict embryo viability marked by blastulation, euploidy or reproductive outcomes®!®41-43, In this context,
several models and classification algorithms have been published utilizing early embryonic parameters up to
Day-3. Conaghan et al. introduced an initial model based on morphokinetic time parameters such as P2 (the
duration of the second cell cycle, t3-t2) and P3 (the synchrony between the second and third cell divisions, t4-
t3) by time-lapse image analysis, categorizing embryos into ‘high’ or low’ potential for blastocyst development*2.
An updated version of this algorithm incorporated oocyte age and cell count on Day-3 alongside P2 and P3,
assigning embryos a score from 1 to 5 based on their blastocyst potential**. A recent validation of this model
showed a significant increase in blastocyst formation rates with higher model scores, but no significant association
with euploidy?!. Another model, based on cell number, fragmentation, and cellular symmetry, aimed to identify
high-quality blastocysts beyond BL3BB. However, it lacked practical tools for external application/validation,
detailed specifications of models, and methods to address overoptimism?®’. A recent deep learning algorithm
model, iDAScore, discriminated between embryos that resulted in live birth or no live birth (AUC of 0.627 and
0.607), showed a significant correlation with cell numbers and fragmentation scored manually on Day-2 and
Day-3. This illustrates the importance of these parameters on further embryo development and could be a useful
tool that is, however, only accessible through a time lapse-incubator since is integrated to the system®.

A strength of the present study compared to previously published models is the utilization of embryo
information from 17,714 embryos with PGT-A results by NGS. Moreover, by integrating patient factors and
embryo-level characteristics, it enhanced both the blastulation prediction model and the euploidy prediction
model. The model was well calibrated with the prediction range covering (5-70) % for blastulation and (2-40)
% for euploidy rates. It is further important to emphasize that the large dataset al.lows for data splitting and to
obtain realistic performance estimates that is compliant with TRIPOD*. Remarkably, the information required
to implement this model is readily accessible within any laboratory setting, obviating the necessity for resource-
intensive practices such as time-lapse incubation, dynamic or static imaging and extended culture. The model’s
primary clinical utility lies in ranking embryos within a single cohort, where female age, being constant, cannot
distinguish between embryos. By leveraging cell count and fragmentation, the model significantly outperformed
conventional methods in selecting the embryo with the highest probability of blastulation, and euploidy, as
shown by superior “correct call” scores. Female age (any other female level factor) was retained to account for
potential interactions but did not improve the correct call score, as it remains constant across embryos within
a cohort.

Despite the foreseen effectiveness of the proposed model, one major limitation is that, unlike automatic
embryo grading, microscopic assessment of embryo morphology is a subjective procedure susceptible to inter-
observers variability?’. To maximize the effectiveness of the model, it is crucial to adhere to the Gardner’s grading
criteria, which was used for building this prediction tool. A notable limitation of this study is that the dataset
used for both model development and validation was derived entirely from a single IVF center. While this
ensures consistent laboratory protocols and minimizes intra-laboratory variability, it may limit the applicability
of the model to other clinical settings with different embryo grading practices, patient populations, or culture
conditions. Therefore, it is prudent to validate the model externally using data from different centres.

Conclusion

In conclusion, as cleavage stage embryo transfers are still often adopted worldwide, our model may assist
with ranking Day-3 embryos based on their expected blastulation and euploidy rates, helping thus to allocate
resources in a cost-effective manner and increase success rates of the first embryo transfer of an ART cycle. The
robustness of our findings, derived from a substantial and diverse dataset, reinforces the potential of leveraging
computational tools to enhance embryo selection accuracy. As the field of ART continues to evolve, our
prediction model holds the promise of optimizing success rates and facilitating informed decisions, ultimately
benefiting patients undergoing fertility treatments.

Methods

Ethical approval

The present study project does not include any interaction or intervention with human subjects or include any
access to identifiable private information. Approval for this study was obtained from ART Fertility Clinics LLC
Research Ethics Committee (REC) (Research Ethics Committee REFA085). This research was conducted in
accordance with the relevant guidelines/regulations, regulating human subject research in Abu Dhabi, UAE. We
confirm that the patients signed an informed consent in which they approved the retrospective and anonymous
use of their data.

Study design
This was a single centre retrospective study including autologous cycles, between March 2017 and December
2021 in a private assisted reproductive technology centre (ART Fertility Clinics in Abu Dhabi). Embryos were
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evaluated for cell number and degree of fragmentation on Day-3, 68+1 h post-insemination. Cell count was
recorded on a continuous scale unless compacted. Degree of fragmentation was categorized as A (<=10%),
B (11-25%), C (26-35%), D (>35%). Female patient’s characteristics included age, AMH level and body-
mass index (BMI). All expanded blastocysts available on Day-5, Day-6 or Day-7 with existent inner cell mass
(ICM) and trophectoderm (TE) cells were subjected to TE biopsy for PGT-A analysis with Next-Generation-
Sequencing, and ploidy status was recorded. The primary objective of the study was to develop prediction
models for blastocysts of sufficient quality for biopsy and euploid blastocysts by using Day-3 (Day-3) embryo
morphology and patient characteristics.

Ovarian stimulation (OS)

Patients underwent ovarian stimulation using standard protocols (GnRH-agonist or GnRH-antagonist).
The stimulation medication used was either rec-FSH (recombinant Follicle Stimulating Hormone) or HMG
(Human Menopausal Gonadotropin), with dosage adjustments determined by patient-specific factors like age,
BMI, AMH, and antral follicle count (AFC)*®. Final oocyte maturation was triggered with either hCG (human
choriogonadotropin), GnRH-agonist or dual trigger (hCG and GnRH-agonist) once leading follicles reached
preovulatory stage and oocyte retrieval was conducted within a timeframe of 34-36 h thereafter.

Oocyte insemination and embryo culture

Oocytes were either inseminated by conventional IVF or ICSI (intracytoplasmic sperm injection), at 40 h post-
trigger. Subsequent culture was in either SAGE Quinn’s Advantage Sequential medium (Quinn’s Advantage’
Protein Plus Cleavage and Blastocyst media, CooperSurgical) or Life Global single-step medium (Global Total LP,
CooperSurgical). Embryos were individually cultured in a 30pL droplet of culture medium covered with 8 mL
of oil or in 25pL of culture medium in each well covered with 1.4 ml of oil and incubated for up to 7 Days in
either a benchtop incubator (K-SYSTEM, CooperSurgical) or a time-lapse incubator (Embryoscope, Vitrolife,
USA), respectively, at 37 °C with 6% CO2, 5% O2. On Day-3, for all cleaved embryos, a medium refreshment
was conducted, and embryo morphology was evaluated according to the Istanbul consensus guidelines, at
approximately 68 + 1 hpi2® under the inverted microscope or trough images for embryos cultured in TL incubator.

Blastocyst assessment and grading

Blastocysts were evaluated immediately before biopsy and categorized according to a modified Gardner and
Schoolcraft criteria®®. The grades of expansion were classified such as: BL1 when cavitation started to be visible,
BL2 when the cavity was larger than half the volume of the embryo, BL3 when blastocoel filled the blastocyst,
BL4 for expanded blastocysts, BL5 when the cells started to herniate through the zona and BL6 for a completely
hatched blastocyst. Briefly, a classification of A, B, C and D was annotated for the ICM and TE based on the
compactness and cohesiveness of the cells; A: many tightly packed cells, B: loosely grouped cells; C: few loosely
grouped cells. Grade D was assigned if very few cells were present or in case of signs of degeneration. Blastocysts
were evaluated on Day-5, Day-6 or Day-7 to perform biopsy if possible, according to blastocyst expansion
and quality of ICM and TE. Biopsied blastocysts were those reaching a BL3CC quality and above (i.e. when
blastocoel filled the blastocyst cavity, and blastocyst contained at least few loosely grouped ICM and TE cells as

per Gardner’s criteria®®.

Blastocyst biopsy

Blastocysts with quality = BL3CC of development underwent trophectoderm (TE) biopsy for PGT-A by NGS
on Day-5, Day-6 or Day-7. A biopsy pipette (Origio, CooperSurgical) possessing an internal diameter of 30 um
was utilized to aspirate three to ten TE cells®’. The (TE) cells were gently loosened through the application of
a 2.2-ms intensity laser pulse, followed by the complete detachment using a mechanical flicking technique. TE
biopsies were washed, placed in 0.2-ml Eppendorf PCR tubes containing 2.5 pl phosphate-buffered saline, and
stored at —20 °C until further processing.

Preimplantation genetic testing for aneuploidies of TE samples

Whole genome amplification protocol was applied on all TE samples, employing PicoPlex technology (Rubicon
Genomics, Inc., USA). Subsequently, the process involved the preparation of individual Libraries, wherein
distinct barcodes were integrated to label the amplified DNA from each sample. For sequencing, a 316 or 318
chip was employed in conjunction with the Personal Genome Machine sequencing technology (Thermo Fisher
Scientific, USA) after amplification and enrichment of the DNA. The analysis and interpretation of sequencing
data were conducted using ion Reporter™ software (Thermo Fisher Scientific).

Statistical analysis

Patients’ characteristics are presented by median, and IQR (inter-quartile) ranges for continuous variables and
frequencies and percentages for categorical variables. To analyse the association of embryo level factors with
outcomes, regression analyses were performed using multilevel logistic or multinomial models with random
intercepts for embryos from the same cycles and cycles of the same couple. Logistic regression analyses were
performed for comparison of no blastulation vs. blastulation and multinominal analyses were also run to show the
effect on each outcome strata (euploid vs. no blastulation and euploid vs. aneuploid/all mosaics). The candidate
variable pool consisted female and male age, body mass index, AMH, sperm volume, sperm concentration,
insemination type, Day-3 cell count, and fragmentation rate. These metrics includes the most popular patient
and embryo level variables that are commonly obtained in IVF treatment centres and those which are often
associated with success chance. The largest missing values in the candidate variable set were observed in AMH
(3.2%) and there were no significant distributional differences of variables between groups with and without any
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missingness. While it is not possible to rule-out missing not at random structure, we believe it was reasonable to
assume missing at random, i.e., missingness is conditioned on the observable data, in our case and we imputed
the missing values using multiple imputation by chained equations.

Development of the prediction model

Prediction models were built using a classification and regression trees approach (XGBoost) [°!]. Model
discovery and testing was done with repeated 2-fold cross-validation. Dataset split was made based on random
allocation of cycles rather than embryos so that model was trained and tested on different patients using data
from all day 3 embryos. Tuning parameters were selected to achieve stable overall performance among each
paired training and test set and between repeated samplings. Considered performance metrics at large were
area under the receiver operating characteristic curves (AUC), AUC shrinkage, calibration intercept, calibration
slope and Brier scores. Considering population level performance metrics may not reflect embryo selection on a
cycle level, we also assessed the correct call rate (agreement of predicted and observed outcome) for the highest
scoring embryo in each cycle.

The ratio was scaled by using correct call rate by random selection and correct call rate by making the correct
call in each possible cycle within there was at least one embryo with the target outcome (blastulation or euploidy).
Scaling was performed so that the mean score is between 0 and 100, 0 indicating random selection performance
and 100 indicating perfect selection for that outcome (Fig. 2). This metric was only calculated for cycles with
more than one cleavage stage embryo. All performance metrics were tested initially with 200 repeated 2-fold
cross validation samples to determine the final model. A maximum shrinkage of 5.0% in AUROC values was
targeted between training and validation sets.

After the final model has been selected and tuning parameters are set, all reported performance metrics were
obtained from 1000 repeated 2-fold cross-validation samples to adjust for overoptimism. We also tested the final
machine learning models against a simpler scoring approach that selects the embryo with best characteristic in
each parameter (i.e., lowest fragmentation, highest cell count) (Fig. 3). We believe this approach may resemble
routine clinical practice and provide further evidence on whether more complex approaches with a machine
learning model is needed or not.

The primary aim of the model was to create embryo quality tranches for biopsiable and euploidy blastocysts
that accurately reflect their predicted and observed rates in the validation samples. After determining the model
structures and tuning parameters, the final models were obtained by retraining on the whole dataset. An online
calculator was deployed for external use and further validation (https://artfertilityclinics.shinyapps.io/ GEMM
A-D3B/).
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