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Abstract

Purpose A deep learning artificial intelligence (AI) algorithm has been demonstrated to outperform embryologists in identi-
fying euploid embryos destined to implant with an accuracy of 75.3% (1). Our aim was to evaluate the performance of highly
trained embryologists in selecting top quality day 5 euploid blastocysts with and without the aid of a deep learning algorithm.
Materials and methods A non-overlapping series of 200 sets of day 5 euploid embryo images with known implantation
outcomes was distributed to 17 highly trained embryologists. One embryo in each set was known to have implanted and one
failed implantation. They were asked to select which embryo to transfer from each set. The same 200 sets of embryos, with
indication of which embryo in each set had been identified by the algorithm as more likely to implant was then distributed.
Chi-squared, t-test, and receiver operating curves were performed to compare the embryologist performeance with and
without Al

Results Fourteen embryologists completed both assessments. Embryologists provided with Al results selected successfully
implanted embryos in 73.6% of cases compared to 65.5% for those selected using visual assessments alone (p <0.001). All
embryologists improved in their ability to select embryos with the aid of the Al algorithm with a mean percent improvement
of 11.1% (range 1.4% to 15.5%). There were no differences in degree of improvement by embryologist level of experience
(junior, intermediate, senior).

Conclusions The incorporation of an Al framework for blastocyst selection enhanced the performance of trained embryolo-
gists in identifying PGT-A euploid embryos destined to implant.
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Introduction

Optimization of single embryo transfer outcomes while
reducing multiple gestation rates has remained a primary
goal of the reproductive medicine field in recent years.
Determinants of pregnancy success following an IVF cycle
include age, diagnosis, comorbidities, endometrial recep-
tivity, gamete, and embryo quality. One of the key action-
able determinants is selection of a high-quality embryo
for transfer [1]. Morphologic assessment, preimplantation
genetic testing for aneuploidy (PGT-A), metabolomics,
time lapse imaging, and morphokinetics have been investi-
gated and employed as tools to improve outcome of single
embryo transfers (SETs) with varying success [2].

Use of PGT-A for embryo screening results in a reduced
miscarriage rate among women > 35 years old, increases
the implantation rate per transfer, and leads to fewer mul-
tiple gestations [3]. However, transfer of a euploid embryo
does not guarantee pregnancy. According to 2018 SART
data, implantation rates range from 57 to 66% per retrieval
and when utilizing PGT-A and a live birth rate (LBR) of
50-60% per retrieval when utilizing PGT-A. Excellent
quality euploid embryos have been found in retrospective
studies to have higher odds of implantation and ongoing
pregnancy rates compared to poor quality blastocysts [4].

When an individual has multiple euploid embryos for
transfer, the decision on which to transfer is left to initial
morphologic assessment and grading by a highly trained
embryologist. This method has been found to be highly
subjective and variable [5, 6]. Deep learning, artificial
intelligence (AI) algorithms have garnered interest for
application in improving the consistency and outcome
of embryo selection. When presented with still images
of euploid embryos at 113 h post-insemination (Day 5 of
embryo development), a deep learning Al algorithm has
been demonstrated to identify the embryo most likely to
implant in 75% of cases compared to 67% with morpho-
logical assessment by an embryologist [7].

While it is clear that Al can perform simple, repetitive
tasks well and results from its application in embryo selec-
tion are promising, it is impractical and inappropriate to
make a complete transition to solely Al-selected embryo
transfer with our current level of evidence. There is signifi-
cant value in the clinical experience of the embryologist
informing the decision of which embryo to transfer. How-
ever, that selection may be improved by the addition of
an Al algorithm to the existing embryologist knowledge.

The goal of this study was to evaluate the performance
of highly trained embryologists in selecting top quality
day 5 euploid blastocysts with and without the aid of a
deep learning algorithm. We hypothesized that there
would be no difference in rate of embryologist selection
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of successfully implanted euploid embryos with the addi-
tion of Al algorithm results.

Materials and methods

This is a study of embryologist evaluation of previously
graded and transferred Day 5 euploid blastocysts with
known implantation outcomes. All of the images and clini-
cal outcomes were collected retrospectively. Data were col-
lected at the Massachusetts General Hospital (MGH) fertility
center in Boston, Massachusetts.

Embryo image acquisition

We used recorded videos of embryos collected from 160
patients with informed consent for research and publication,
under an institutional review board approval for secondary
research use. Videos were collected for research after insti-
tutional review board approval by the Massachusetts General
Hospital Institutional Review Board (IRB#2017P001339
and IRB#2019P002392). The videos were collected using
a commercial time-lapse imaging system (EmbryoScope,
Vitrolife). The imaging system used a Leica 20 X objective
that collected images at 10-min intervals under illumina-
tion from a single 635 nm LED. Video processing and still
image acquisition has been described previously [7]. In
brief, videos were broken into respective frames to extract
still images, and only images obtained at 113 +0.05 h post
insemination were used in this study.

For inclusion in the study, embryos were required to have
a euploid result from a trophectoderm biopsy, using the same
modified FAST-SeqS next-generation sequencing platform
(Invitae, San Francisco, CA) and known implantation out-
come. All blastocysts included in the study were fertilized
with ICSI and had undergone trophectoderm biopsy and
therefore the blastocysts had met biopsy criteria with grad-
ing of 3BC/3CB or greater using Gardner morphology crite-
ria [8]. Images used in the study were taken prior to biopsy
and vitrification at~ 113 h post-insemination. Blastocysts
were all vitrified and warmed using the same vitrification
and thawing protocol (Irvine Scientific Vitrification and
Warming, FujiFilm).

Implantation outcomes

All blastocysts included in this study were transferred indi-
vidually and had a known implantation outcome. Successful
implantation was defined as a gestational sac visualized on
ultrasound following embryo transfer. There were no fresh
embryo transfers given PGT-A evaluation of all embryos.
Images were obtained from embryos between August 2014
and March 2018 at Massachusetts General Hospital Fertility
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Center. Still images of 400 embryos resulting from 160 dif-
ferent patients were used to generate 200 unique successful/
unsuccessful implantation pairs of similar grade and quality
blastocysts.

Artificial intelligence algorithm

The convolutional neural network (CNN) used in the artifi-
cial intelligence algorithm for embryo assessment has been
previously described [7, 9, 10]. Briefly, the CNN(Xception
architecture) was pre-trained with 1.4 million ImageNet
images and transfer learned using 2440 Day 5 static human
embryo images recorded at a single time point~ 113 h post-
insemination (hpi) which helped in identifying top-quality
embryos capable of implantation. CNN was retrained and
evaluated in identifying euploid embryos capable of implan-
tation with known implantation outcomes and embryo
images. The final classification layer was replaced with two
classes making it a binary classification of “negative” for
implantation and “positive” for implantation. The softmax
probability values given by the network were used as the
embryo’s implantation potential. It was shown to be effec-
tive in classifying successful and unsuccessful implanta-
tion outcomes in a prior test set of euploid embryos with an
accuracy of 75.3% [7, 9, 10]. This Al network produces a
probability score for implantation, and the embryo with the
higher implantation probability was highlighted in the sets
distributed to embryologists. Embryologists were blinded to
the implantation probability score for each embryo.

Embryologist assessment

The de-identified embryo image pairs were distributed to
17 highly trained embryologists from five fertility centers
across the USA. Embryologists were provided with the
following instructions: “Each slide has 2 images of Day 5
Euploid Blastocysts with known implantation outcomes: one
embryo that implanted and one embryo that did not implant.
Please enter the embryo you would select as your top choice
for transfer.” (Fig. 1a).

One year later, the same set of embryos was distributed
to the embryologists, and their responses were compared to

Fig.1 Embryo implantation
selection modules (with and
without the aid of an Al algo-
rithm). The highlighted embryo
indicates the with higher
likelihood of implantation as
assessed by Al

Top 113 Hour Embryo Selection

the first distribution. Embryologists were not provided with
the results for their embryo selections. Seven days following
the second distribution, embryologists were provided with
the same set of embryos in a different order, but with the
image of the blastocyst with higher likelihood of implan-
tation according to the Al algorithm highlighted (Fig. 1b).
Embryologists were informed that the Al system was not
perfect and had an accuracy of 75% in a prior test. Embry-
ologists were again asked to indicate which embryo they
would select as their top choice for transfer.

Embryologist experience level was defined as junior,
intermediate, or senior according to the following criteria.
Junior embryologists were proficient at embryo assessments
and transfers; intermediate embryologists were proficient at
cryopreservation and ICSI; senior embryologists were pro-
ficient at performing embryo biopsy.

Statistical analysis

Paired t-tests, chi-squared, and receiver operating curve
analysis were performed in Stata/IC 16.1. P values of <0.05
were considered statistically significant. Analysis was strati-
fied by embryologist experience level as defined above.

Results

Table 1 includes a list of patient and cycle characteristics
of the successful and failed implantation embryos used for
this study. Maternal age at time of egg retrieval was similar,
and the most common infertility diagnosis was male infer-
tility among both the implantation and failed implantation
embryos. There were no significant differences in cycle char-
acteristics among the failed and implanted embryos.

Paired embryo sets were distributed to a total of 17
embryologists. Fisteen embryologists responded to the ini-
tial distribution, 14 embryologists responded to all three
distributions. The 14 complete responses were included in
the analysis. Among the embryologists, there were 3 junior
level, 4 intermediate level, and 7 senior level embryologists
who participated in this study.

Top 113 Hour Embryo Selection
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Table 1 Cycle characteristics for the 400 euploid embryo images
used in the test set

Variable Cycles Cycles of
of failed implanted
embryos embryos
N=80 N=80

Oocyte yield mean (SD) 14.3 (4.7) 13.8 (4.5)

Number of M2 11.6 (4.0) 11.0 (4.0)

Number of 2PN 9.3 (3.8) 9.0 (3.6)

High-quality blasts 5.4 (1.8) 5.12.4)

Age at egg retrieval 35.8(3.3) 35.1.4.7)

BMI 24.0(4.0) 232 (3.5)

Day 3 FSH 7.4 (1.8) 7.1(1.9)

AMH 3.6 (2.8) 3.5(2.6)

Infertility diagnosis (not exclusive)

Male 22 (27.5%) 19 (23.8%)
Endo 0 1(1.3%)
PCOS 8(10%) 6(7.5%)
DOR 10 (12.5%) 13 (16.3%)
Tubal 8 (10%) 6 (7.5%)
Uterine 2 (2.5%) 0
Ovulation Disorder 14 (7.5%) 17 21.3%)
RPL 2 (2.5%) 5(6.3)
Other 30 (37.5%) 39 (48.8%)
Unexplained 14 (17.5%) 10 (12.5%)

At the time of the first distribution of images, the 14
embryologists had a mean rate for selecting successfully
implanted embryos of 64.7% (SD 2%). This was not signifi-
cantly different from the performance of 14 embryologists
1 year later when the mean was 65.5% (SD 5.2%), p=0.58.
Additionally, as shown in Fig. 2, AUC analysis revealed
no change in accuracy with repeated evaluation of the 200
embryo sets by the embryologists between the first and sec-
ond distributions (p 0.89). This demonstrated no significant
change with repeated exposure to the embryo images. The
results of the second distribution were used as the base-
line assessment to compare post-Al results. Therefore,
with standard morphological assessment without Al input,
embryologists select the successfully implanted embryo in
65.5% of the presented image sets.

Presented with the series of embryo images, the Al algo-
rithm selected the successfully implanted embryo in 78.5%
of the embryo pairs. After providing embryologists with the
highlighted image results from the Al algorithm predictions,
the rate of selection of successfully implanted embryos
increased from a mean of 65.5% (SD 5.2%) to 73.6% (SD
5%), p<0.001 (Table 2).

All 14 embryologists improved in their ability to select
embryos most likely to implant after the addition of Al
(Table 2). The mean percent improvement was 11.1%
(range 1.4% to 15.5%). There was a trend toward greater
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improvement in embryo selection in the junior level embry-
ologists with a mean improvement of 14.1% (SD 5.8%),
compared to 12.6% (SD 1.1%) in the intermediate level and
8.7% (SD 5.9%) in senior level embryologists. However,
there was was not a statistically significant difference glob-
ally (p =0.22) or between junior and senior level embryolo-
gists (p=0.27).

Accuracy of embryo selection was examined among the
selections pre- and post-introduction of Al results. Figure 3
reflects the AUC (95% CI) for the most commonly selected
embryo in each embryo pair, or the consensus selection,
before and after Al. The accuracy of successfully implanted
embryo selection improved after the addition of Al from
0.69 (95% CI: 0.62-0.75) to 0.76 (95% CI: 0.70-0.82),
(p=0.016).

The embryologists agreed on which blastocyst to trans-
fer in a majority of the image pairs. To estimate consen-
sus among the embryologists who were all evaluating the
embryos independently, we tabulated the number of times
at least 75% (11 or more) of the embryologists chose the
same embryo to transfer (Fig. 4). This occurred in 124/200
or 62% of the embryo pairs prior to sharing the Al results.
With the addition of Al, the proportion of consensus epi-
sodes increased to 74% (147/200) which was a significant
difference, p=0.01.

We then examined how Al performed compared to these
consensus selections among embryologists. In the first dis-
tribution with 124 episodes of > 11 embryologists selecting
the same embryo, embryologist consensus was correct in
95/124 (77%) pairs and Al was correct in 97/124 (78%),
p=0.9. After revealing the Al results, there was an increase
in the number of consensus episodes among embryologists
to 147 and the rate of implanted embryo selection among the
consensus group was 86% (126/147) compared to an Al rate
of 84% in those 147 embryo sets (p =0.63).

As Al is not 100% accurate in its prediction of successful
blastocyst implantation, we also calculated the total num-
ber of times that embryologists changed from selecting an
implanted embryo to a non-implanted embryo after the addi-
tion of AI. Among all 14 embryologists, each evaluating
200 embryo pairs there were 89/2800 instances of selecting
a failed embryo after having selected a successful one on
the first evaluation without Al assistance for an overall rate
of 0.03%. Between the 2018 and 2020 assessments without
Al there was a rate of change from correct to incorrect of
0.04% (127/2800).

Discussion

In summary, this pre-post study demonstrates that there is
significant improvement in embryologist rate of selection of
high-quality euploid blastocysts destined to implant with the
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AUC (95% CI) | comparing | Percent correct paired t-test for
ROC percent correct
Embryo selection | 0.6876 (0.621- 69.5%
with no AI 2020 0.754)
.8902 .6321
Embryo selection | 0.6915 (0.627- 0.890 68% 0.63
with no AI 2018 0.756)
Generated using Stata
Table 2 Percent improvement Percent improvement ~ Global p value Junior vs Senior p value

with Al selection by
embryologist experience level

(mean, SD)

Junior (n=23)
Intermediate (n=4)
Senior (n=7)

14.1% (5.8%) 0.27
12.6% (1.1%)
8.7% (5.9%)

0.22 (no post-hoc adjustment)

addition of our Al algorithm. Using archived still images of
PGT-A euploid blastocysts with known successful or unsuc-
cessful implantation following frozen euploid single embryo
transfer, we have demonstrated that embryologists select the
successfully implanted embryo in an average of 65.5% of
embryo pairs. This average rate increased to 73.6% with the
addition of AL

There was no significant difference in rate of improve-
ment when analyzed by embryologist level of experience,
though there was a notable trend toward greater improve-
ment in those with less experience. This suggests that the
addition of Al may offer greater assistance to embryolo-
gists with less experience and improve selection of HQB
for transfer overall. Additionally, there were no situations

when the rate of successful selection was reduced after
providing the AI algorithm results.

The AI algorithm outperformed embryologists on both
assessments, before and after they were informed of algo-
rithm results. This agrees with published literature demon-
strating a different algorithm outperforming embryologists
for prediction of embryo euploidy [11]. Several publica-
tions have proposed using Al for embryo selection as a
stand alone approach, not in combination with embryolo-
gist assessment [7, 12]. While that may be the ultimate
method of embryo selection, the field is not currently
poised to do this. There are barriers including infrastruc-
ture of individual clinics, validation, and generalizability
of Al models [13, 14].

@ Springer
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Fig.3 Receiver operating curve
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with no Al 0.754)
Embryo selection | 0.7588 (0.697- 0.0162 76.5% 0.0193
with Al 0.820)

Generated using Stata

Interestingly, when limited to selections with greater
than 75% consensus among embryologists, the Al algorithm
and the consensus decisions had a similar rate of success
in selecting the implanted embryo (84% and 86% respec-
tively). This suggests that adding an Al algorithm as a tool
in embryo selection would be similar to increasing the num-
ber of embryologists evaluating embryo morphology at one
time. Importantly, there were selections that changed from
an implanted embryo to a failed embryo after the addition of
Al. However, the rate was very low at 0.03% of selections,
and it was similar to the rate of change observed between
the first and second assessments before the introduction of
Al 0.04%.

Prior analysis has demonstrated that there is no improve-
ment in live birth or clinical pregnancy rates with morpho-
logical assessment of the already homogenous group of
euploid PGT-A tested embryos [15]. However, morpho-
logical assessment in that study was performed by indi-
vidual embryologists and not with the assistance of artifi-
cial intelligence. Our data suggests that improved embryo
selection with the use of Al may make a difference in these
rates if studied prospectively. Morphological assessment of
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blastocysts has been shown to be highly variable and subjec-
tive despite rigorous training of embryologists [5, 16]. Our
finding of increased rate of consensus among embryologists
following addition of Al suggests that the addition of Al in
the embryology lab may reduce inconsistency in embryo
grading and provide additional value for morphological
assessment of euploid embryos to improve the outcomes of
single embryo transfer.

Strengths of this study include the inclusion of only
euploid embryos, allowing for elimination of confounding
factors that can impact transfer outcomes. Additionally, the
assessment by 14 different embryologists located at mul-
tiple private and academic fertility centers means that our
results are generalizable and not limited to the experience
at a single institution or laboratory. Our Al algorithm was
developed to select embryos based on morphologic char-
acteristics at Day 5 of development, a timepoint that was
chosen in order to challenge the system by only comparing
high quality blastocysts at the same time of development.
By using this group to test the Al algorithm and embryolo-
gists, we are able to control for impacts of timing of devel-
opment, embryo stage, and uterine environment in regard to
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Fig.4 Consensus Selections:
Proportion of 200 selections
when > 75% of embryologists
selected the same embryo for 90%
transfer. The proportion of con-

sensus decisions increased after

the addition of AI 80%
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hormonal preparation. We chose to use an image from a sin-
gle point in time on Day 5 rather than time lapse images as
the vast majority of embryology labs are using serial, static
time point assessment for embryo morphology grading and
ultimately selection, not time lapse technology; therefore it
is more generalizable to current practice to use a single time
point. Additionally, the algorithm was developed using still
images from this same time point. Applying a similar meth-
odology but using time lapse images would be an interesting
future study.

There are limitations of this study including its retrospec-
tive nature. The images were obtained and paired based on
known euploid status; therefore all blastocysts were sub-
ject to a trophectoderm biopsy procedure which may itself
impact the implantation competency of an embryo [17].
There is also an assumption that all uteri and endometrium
are equal in regard to providing an environment for suc-
cessful implantation. This is obviously not the case, and we
attempted to account for this in demonstrating no signifi-
cant difference between the patient and cycle characteris-
tics or infertility diagnoses of the cycles from which the
embryos were generated. However, the best way to validate
the addition of Al to embryo selection and account for con-
founding factors would be a prospective randomized cohort
study. Additionally, Al algorithms in the future may incor-
porate patient level factors into predictions for likelihood

of implantation. Another limitation is the sample size of
14 embryologists participating fully in the study. A greater
number of participants would have strengthened the study
and will be a goal in future Al assessments. The 14 embry-
ologists are from 5 different centers across the country which
increases the generalizability of the study.

Embryos that are euploid on PGT-A testing and frozen
to await future transfer represent a unique opportunity to
apply Al technology to embryo selection in a prospective
fashion. Given previous findings that morphologic assess-
ment offers no significant benefit in the decision on which
euploid embryo to transfer, randomizing an individual to
standard embryologist selection versus selection by or with
the assistance of Al algorithm based on pre-existing still
images would allow for prospective assessment of this tech-
nology and confirm benefit while presenting no reduced
chance at pregnancy for the patient. An aneuploid diagnosis
on PGT-A has been demonstrated to be highly predictive
of failed pregnancy [18]; however among euploid embryos,
there is not a clearly effective method of selecting one that
is of greater likelihood of implantation than another. Appli-
cation of our Al algorithm for embryo selection in this sce-
nario may improve implantation and live birth rates.

In conclusion, we have shown that the addition of a deep
learning AT algorithm to standard embryologist evaluation
of euploid day 5 blastocysts results in improved rates of
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selection of successfully implanted embryos when com-
pared to embryologist evaluation alone. The Al algorithm
also increases consensus among embryologists, which could
serve to reduce variability and improve outcomes of single
euploid embryo transfer. This is clearly demonstrated in the
highest prognosis transfer cycles used in this study. Future
directions include validation in a prospective study and
assessment of the decision making time with and without
Al, application in untested blastocysts and those at other
time points in development, as well as use of Al for embryo
selection as an adjunct, as demonstrated here, or indepen-
dently from embryologist assessment.
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