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Objective: To study whether a powerful, in-house, embryo-selection model can be developed for a specific in vitro fertilization (IVF)
laboratory where embryos were already selected for transfer using general models.
Design: In total, 12,944 fertilized oocytes were incubated in an EmbryoScope (Vitrolife, G€oteborg, Sweden) at our laboratory. Embryos
were selected for transfer or freezing using general models. There were 1,879 embryos with known implantation data (KID), of which 425
had positive KIDs. For the outcome, we set 3 endpoints for KID’s definition: gestational sac, clinical pregnancy, and live birth. Results of
a comparison between KID-positive and -negative embryos for cell division timings were analyzed separately for intracytoplasmic
sperm injection (ICSI) and IVF embryos in patients aged 18–41 years.
Setting: IVF center.
Patients: The study included 1,075 women undergoing IVF or ICSI treatment between June 2013 and February 2019.
Intervention(s): None.
Main Outcome Measure(s): The KID-positive and -negative embryos were analyzed for statistical differences in cell division timing
and cell cycle intervals. We used the EmbryoScope Stats software (Unisense FertiliTech, Aarhus, Denmark) for model development. The
statistically different timing parameters were tested for their contribution to scoring in the model. The algorithms were tested for area
under the receiver operating characteristic curve (AUC) in the KID embryos for developing day-2, -3, and -5 embryo-selection models.
The validation of these algorithms was performed using calibration/validation procedures.
Results: Because significant differences in morphokinetics were found between the KID-positive and KID-negative embryos in our
laboratory, it was possible to use our specific KID data to develop an in-house model. The algorithms were developed for embryo
selection on days 2, 3, and 5 in the ICSI embryos. In most cases, AUC was >0.65, which indicated that these models were valid in
our laboratory. In addition, these AUC values were obtained from all gestational sac, clinical pregnancy, and live birth KID embryo
databases tested. An increase in the predictability of the models was observed from days 2–3 to day 5 models. The AUC test results
ranged between 0.657 and 0.673 for day 2 and day 3, respectively, and 0.803 for the day 5 model.
Conclusion: A model based on laboratory-specific morphokinetics was found to be complementary to general models and an
important additive tool for improving single embryo selection. Developing an in-house laboratory-specific model requires many
stages of sorting and characterization. Many insights were drawn about the model developing process. These may facilitate and
improve the process in other laboratories. (Fertil Steril Sci� 2021;2:176–97. �2021 by American Society for Reproductive Medicine.)
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E mbryo incubation and assess-
ment is a vital step in assisted
reproductive technology. Tradi-

tionally, embryo assessment is per-
formed by removing embryos from a
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conventional incubator daily for
morphologic evaluation and viewing
them under a light microscope (1). In
recent years, time-lapse systems (TLS)
have been developed. These systems
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capture digital images of embryos at
frequent time intervals and allow
continuous assessment of the embryos’
quality without physically removing
them from the incubator. One potential
advantage of TLS includes the ability to
maintain a stable culture environment
by limiting the exposure of embryos
to changes in gas composition and tem-
perature. Another main potential
advantage of TLS includes its ability
to improve embryo selection for assis-
ted reproductive technology treatment
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using additional information gained from continuous moni-
toring of embryo development (2). Multiple clinical trials
have shown that the TLS technology, compared with the
traditional evaluation, can improve clinical outcomes (3–
19). A study conducted in our laboratory showed that
applying a TLS model, including morphokinetic parameters,
for embryo evaluation in addition to the classical
morphology scoring improved IVF outcomes in terms of
embryo implantation and clinical pregnancy rate compared
with the use of TLS as an incubator without using a model
(unpublished data).

The recognition of health risks and financials costs asso-
ciated with multiple pregnancies has been a driving force for
IVF clinics to move toward elective single embryo transfer.
The adoption of an elective single embryo transfer policy de-
mands the optimization of not only culture conditions but
also embryo-selection or deselection techniques that increase
the probability of selecting an embryo with the greatest im-
plantation potential (20). According to fertility societies and
the ministry of health guidelines in many countries, only 1
embryo should be transferred in young patients (defined
differently in each country). Thus, improving the selection
of the best embryo is a major challenge.

Diverse algorithms, using embryo cleavage kinetics avail-
able in TLS technology-based imaging, have been proposed in
the literature for embryo selection (3, 4, 7, 8, 14, 21–28).
Rienzi et al. (29) investigated the morphodynamic
characterization of euploid blastocyst development under
specific culture conditions at 2 different centers. They found
that some morphokinetic timings of euploid embryos
cultured at IVF center 2 were consistently slower compared
with the timing at IVF center 1 (average 1–2 hours). The
study suggested that morphokinetic timing was laboratory-
specific.

Various studies have looked into whether reported em-
bryo-selection models are transferable between IVF clinics.
Several laboratories have applied the model reported by Me-
seguer et al. in 2011 (4) to an independent data set (30–32).
The model proved ineffective in predicting pregnancy. For
example, Best et al. (30) showed the calculated area under
the receiver operating characteristic (ROC) curve (AUC) to be
0.61, indicating poor predictive power and ineffectiveness
of this model on independent data. When different variables
were applied to the model reported by Meseguer et al. (4),
AUC of 0.75 was achieved, indicating improved
classification power. Fr�eour et al. (32) also found the model
reported by Meseguer et al. (4) to be of low sensitivity in
predicting the implantation rate of embryos. However, a
simplified version of this model showed acceptable
performance. They suggested that morphokinetic time
ranges, representing optimum implantation, varies among
clinics. Barrie et al. (33) studied the efficacy of 6 reported
embryo-selection algorithms when applied to a large, exclu-
sive, set of known implantation embryos. When applied to
this data, all 6 examined algorithms achieved AUC of
<0.65, indicating reduced predictive capability. The
algorithms were also ineffective in embryo classification in
terms of implantation rates and aneuploidy risk. This can
lead to a potentially misleading result for embryo selection.
VOL. 2 NO. 2 / MAY 2021
The investigators claimed that the algorithms were developed
under environmental parameters available in a specific labo-
ratory and, thus, were clinically relevant to that laboratory
alone. For external application, the algorithms lost their pre-
dictive capabilities (33). The investigators suggested that each
IVF laboratory should determine its embryo-selection criteria
based on its own data and develop their own selective algo-
rithms (30–33).

To overcome the differences among laboratories, gener-
ally applicable morphokinetic algorithms were developed
for embryo selection, such as KIDScore D3 for day-3 trans-
ferred embryos [as described by Petersen et al. (26, 34)] and
KIDScore D5 for day-5 transferred embryos (13, 35). These al-
gorithms are routinely used in IVF laboratories using an Em-
bryoScope TLS incubator (Vitrolife, G€oteborg, Sweden) for the
selection and frequent deselection of embryos from a cohort.
Broad applicability of these algorithms was achieved using a
large and diverse data set for calibration, cell cycle duration
instead of actual timings where possible, which compensated
for differences relating to incubation conditions and fertiliza-
tion method, and robust parameterization methods using
cross validation.

The KIDScore D3 model enables the deselection of em-
bryos with the lowest probability for implantation, leaving
a rather large proportion of embryos available for selection
and, thus, the final choice of transfer or freezing to the embry-
ologist. As stated by the investigators, KIDScore enables
clinics that have not yet built a large data foundation to sup-
port their decision regarding which embryo(s) to transfer
immediately after implementing the technology, whereas
making the final decision always depends on the embryolo-
gist (26). Reignier et al. (13) performed an ROC curve analysis
for 2 versions of KIDScore day 5 (versions 1 and 2) and
demonstrated that both the models were significant predictors
of implantation but with rather low AUCs of 0.59 and 0.60,
respectively. They concluded that KIDScore might be consid-
ered an objective second opinion on embryo ranking, helping
embryologists in making their clinical decision but not re-
placing them.

The studies presented above showed that there is a need
for a laboratory-adapted model for embryo selection in addi-
tion to general models used mainly for the deselection of em-
bryos.We report here, for the first time, the process of creating
a laboratory-adapted model in a laboratory where embryos
were already selected for transfer using general models. We
believe that this information will be beneficial for all labora-
tories that perform time-lapse assessment and embryo selec-
tion using general models.
METHODS
Stimulation Protocol

All women included were treated with either a gonadotropin-
releasing hormone (GnRH) agonist or antagonist protocol. In
the agonist protocol, downregulation was achieved using a
GnRH agonist (0.2 mg of decapeptyl, Ferring Pharmaceuti-
cals, Saint-Prex, Switzerland) in the midluteal phase, whereas
ovarian stimulation was achieved using recombinant follicle-
stimulating hormone (FSH) (GONAL-f; Merck Serono,
177
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Geneva, Switzerland, or Puregon; Schering-Plough, Kenil-
worth, NJ), human Menopausal Gonadotropin (hMG) (Meno-
pur, Ferring, Langley, United Kingdom), or a combination of
recombinant FSH and luteinizing hormone (Pergoveris;
Merck Serono).

In the antagonist protocol, stimulation by gonadotropins
(GT) was performed, as described above. A GnRH antagonist
(Orgaluran 0.25 mg, Merck Serono) was administered from
the 6th day of the cycle. Final follicular maturation was trig-
gered using recombinant human chorionic gonadotropin
(Ovitrelle; Merck Serono) when at least 2 leading follicles
reached a mean diameter of 18 mm. A GnRH agonist trigger
(0.2 mg of decapeptyl) was used to avoid ovarian hyperstim-
ulation syndrome in women with a very high response (>20
follicles on trigger day and/or 17b-estradiol level >10,000
pmole/L), and all embryos were cryopreserved.

Oocytes were collected 36–37 hours later by transvaginal
ultrasound-guided needle aspiration of the follicles (day 0).
Fertilization and Embryo Culture

After retrieval, cumulus-oocyte complexes collected were
placed in a human tubal fluid medium (Quinn’s advantage
fertilization [human tubal fluid]) Medium, Sage, Trumbull,
U.S.A.) supplemented with 10% serum protein substitute un-
der an oil (Sage) overlay and incubated for 2–3 hours at 37�C
in 6% CO2 and 5% O2.

Fertilization was performed using IVF or intracytoplas-
mic sperm injection (ICSI). During the IVF procedure,
200,000 sperm cells were added to %6–7 oocytes per well
in a 4-well plate (Nunc, Roskilde, Denmark). After 3–4 hours
of incubation, which was a part of a short-exposure IVF pro-
cedure, or overnight incubation, which was a part of a stan-
dard IVF procedure, cumulus and coronal cells were
mechanically removed. Before ICSI, cumulus cells surround-
ing the oocytes were removed by enzymatic digestion with
hyaluronidase (Sage). The IVF- and ICSI-fertilized oocytes
were placed in individual micro wells within a pre-
equilibrated specific culture slide (EmbryoSlide; Vitrolife).
Each well was filled with 25 ml of a culture medium (Global
total, Vitrolife) and overlaid with oil (Sage). The slides were
loaded into the EmbryoScope (Vitrolife), a trigas incubator
with a built-in microscope that allows the time-lapse moni-
toring of early embryo development. The embryos were
cultured at 37�C in 6%CO2 and 5%O2. Images of each embryo
were acquired automatically every 15 minutes on 7 focal
planes.

The embryos were selected for transfer or cryopreserva-
tion after 2, 3, or 5 days of incubation. Embryo transfer (ET)
was performed under transabdominal ultrasound guidance
using soft catheters (Wallace; Cooper Surgical, Trumbull,
U.S.A.). Embryo cryopreservation was performed by vitrifica-
tion (Sage).
Embryo Selection

The selection of the embryos for transfer and/or freezing was
performed using general morphokinetic algorithm models,
combined with morphologic evaluation of the embryos.
178
Since we started using the TLS incubator in 2013, we have
used the ‘‘Carmel modified Alpha/ESHRE’’ algorithm as a gen-
eral model for embryo selection (modified in our laboratory as
described in Supplemental Appendix 1 and Supplemental
Table 1, available online). Once the general applicable KID-
Score models were available, we also used KIDScore D3 basic
(Vitrolife) to select day-3 embryos (since June 2014) and KID-
Score D5 V1.2 (Vitrolife) to select day-5 embryos (version 1
since April 2016 and version 2 since May 2017).

The selection of the embryos in the TLS incubator in our
laboratory was preliminary based on the general models ‘‘Car-
mel modified Alpha/ESHRE’’ and/or the score of the general
KIDScore models, and completed by evaluating the
morphology of the embryos.

The morphology was assessed using a common embryo-
logical practice, as described by the Alpha Scientists in Repro-
ductive Medicine and ESHRE Special Interest Group of
Embryology (1). The morphologic evaluation parameters for
day 2–3-embryos included cell number, percentage of frag-
mentation, symmetry, and granularity of the blastomeres.
For day-5 embryos, the morphologic evaluation parameters
included degree of expansion quality of the inner cell mass
and trophectoderm.
Embryo Image Annotations

The EmbryoViewer software (version 7.3.200.16739, Vitro-
life) was used for annotation of the timing of embryo blasto-
meric divisions. The references for the recorded timings were
time (t) in hours post insemination (hpi). Start time (t0) was
defined as the time at which sperm was added to oocytes
(IVF) or sperm was injected into an oocyte (ICSI). All the blas-
tomeric division timings of all embryos were annotated.

These annotations were performed in accordance with the
consensus criteria published in ‘‘Proposed guidelines on the
nomenclature and annotation’’ (36) and the Vitrolife Tech-
notes for KIDScore D3 (34) and KIDScore D5 version 3 (35).
In general, the fading time of pronuclei (PN) was annotated
using the first image after both PNs disappeared (tPNf); blas-
tomeric divisions were annotated using the first image
showing complete division (t2, t3, t4, t5, t6, t7, t8, and t9þ);
morula was annotated at the end of compaction process
(tM); the start of blastulation was set as the first frame in
which initiation of cavity formation was observed (tSB);
annotation of a full blastocyst was performed using the last
image before the embryo started to compress the zona pellu-
cida (tB); expanded blastocyst was annotated when the zona
pellucida was 50% thinner (tEB); and herniation blastocyst
was annotated using the first frame in which extraction of
cells from the zona was observed (tHB).

The annotations were performed by the same 3 senior em-
bryologists in a uniform manner and tested for uniformity by
1 embryologist, who double checked the annotations of all the
embryos.
First Step: Data Collection

A retrospective data analysis included data of 12,944 fertil-
ized oocytes from 1,075 patients aged 18–45 years. All the
VOL. 2 NO. 2 / MAY 2021



FIGURE 1

Dispersion of fertilized oocytes incubated in the EmbryoScope according to selection results. The figure shows the number of fertilized oocytes that
developed into embryos and were selected for transfer (green), the number of oocytes that developed into embryos and were selected for freezing
(blue), and the number of fertilized oocytes discarded (red). All transferred embryos, including frozen and thawed KID-positive GS embryos (FET
KIDþ) were sorted according to fertilization method (ICSI or IVF). The IVF and ICSI embryos were sorted according to transfer day (2, 3, or 5)
and implantation outcome [KID-positive (þ) or -negative (�)]. The circuit diagram shows the total number of KID-positive and -negative GS
embryos for IVF and ICSI and the total number of GS KID. KID ¼ known implantation data; FET¼ frozen embryo transfer; GS ¼ gestational
sacs; ICSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization.
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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fertilized oocytes were incubated in the TLS incubator, Em-
bryoScope, between June 12, 2013, and February 14, 2019.
No preimplantation genetic diagnosis cycles were included.
The data were obtained from the Carmel Medical Center IVF
Unit after the local institutional review board’s approval.

The annotated data were exported from the Embryo-
Viewer software toMicrosoft Office Excel sheet (Microsoft Of-
fice Professional Plus 2010). Only embryos that had a full
sequence of photographs, from the moment when 2 PN
were observed to the moment of collection for transfer or
freezing, were included. We found that to get true and reliable
data and a list of accurate cleavage timings, some adaptations
were required after exporting the data to the Excel sheet, as
described in Supplemental Appendix 1.

The data used for developing the algorithm was obtained
from embryos with known implantation data (KID). Accord-
ing to the KID’s definition, if 1, 2, or more embryos were
transferred, only the cases where either all or none of the em-
bryos implanted were used (8, 16, 21, 25, 26, 37).
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For the outcome, we set 3 endpoints for the KID embryo
definition: gestational sac (GS KID), clinical pregnancy (pos-
itive fetal heartbeat in an ultrasound test) (CP KID), and live
birth (LB KID). Cycles showing chemical pregnancy (b-human
chorionic gonadotropin level >5 U/L 12 days after ET, which
later decreased without GS observed using ultrasound) and
ectopic pregnancy were excluded.

The frozen embryos were marked for their exact location
in the liquid nitrogen container to enable the tracking of im-
plantation results following embryo thawing and transfer. To
avoid bias in the dataset, we neutralized the possible effect of
the freezing and thawing technique by taking into account
only the thawed KID-positive embryos.

The data of the 12,944 fertilized oocytes were sorted ac-
cording to the embryo-selection results (transferred, frozen,
or discarded embryos), fertilization method (ICSI or IVF), ET
day (2, 3, or 5), and implantation outcome for the KID em-
bryos (KID-positive or -negative) (Fig. 1). After sorting,
1,879 embryos remained, of which 1,454 were GS
179



TABLE 1

Definitions of the equations used to test cell cycle intervals.

Variable name Equation Definition
References of sources used these

variables

cc2 t3-t2 The time of second cell cycle (duration
of the period as 2–cell stage)

(3, 4, 6–9, 14, 16, 17, 20–24, 37–39,
41–47, 50)

s2 t4-t3 The time of synchrony of second cell
cycle (duration of the period as 3-cell
stage)

(3, 4, 6, 7, 9, 16, 17, 20–24, 29, 36–
39, 41–44, 46, 47)

vPN3 t3-tPNf Duration of the period from pronuclear
fading to 3-cell stage

(21, 22, 26)

Equation B (t5�t3) / (t5�t2) Cell cycle interval that can be used for
detecting embryos with irregular
divisions

(26)

cc3 t5-t3 Duration of the third cell cycle (4, 14, 20, 37–39, 42–44, 46, 50)
t5-t2 t5-t2 Duration of the period from 2-cell to 5-

cell stage
(20, 37, 39, 42, 44)

vPN5 t5-tPNf Can be used for detecting embryos,
including those with either the 2- or
4-cell stage <5 h

(21)

s3 t8-t5 Time for synchrony of the third cell cycle (4, 16, 20, 29, 36–39, 41–43, 46)
tM-t9þ tM-t9þ Duration of the period from 9-cell stage

to morula
tB-tSB tB-tSB Duration of the period from the start of

blastulation to blastocyst
(14, 16, 27, 36, 39)

tB-tM tB-tM Duration of the period from morula to
blastocyst

tB-t9 tB-t9 Duration of the period from 9-cell stage
to blastocyst

s1, vPN t2-tPNf Duration of the period as 1-cell stage (22, 37)
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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KID-negative and 425 were GS KID-positive. The distribution
of the embryos by group is shown in Figure 1.

Second Step: Analysis of Statistical Differences
Between KID-Positive and -Negative Embryos

The KID-positive and -negative embryos were analyzed for
statistical differences in cell division timing and cell cycle in-
tervals, which was measured based on the time between 2
consecutive cell divisions, helping in the quantification of
cell synchrony (18).

The cell division timing included all 14 timings anno-
tated, as described above: tPNf, t2, t3, t4, t5, t6, t7, t8, t9þ,
tM, tSB, tB, tEB, and tHB.

The cell cycle intervals included 13 parameters, for which
calculation was done to examine the time interval between
different cell division timings. These relationships can be rep-
resented more generally for any time interval (ti) using the
following formula: ti ¼ ty � tx, where y is a more advanced
developmental stage, and x is a defined referent that is always
an earlier developmental stage (38). The 13 intervals chosen to
be tested for differences between the KID-positive and -nega-
tive embryos are described in Table 1.

The GS KID-positive and -negative embryos were
compared to determine differences in the characteristics of
the patient population. After limiting the age of women to
41 years, no statistical differences were found in the popula-
tion parameters between the KID-positive and -negative em-
bryo groups. The characteristics of the patients are shown in
Table 2.
180
The main parameters that we expected to affect embryo
cleavage timing were fertilization method and women’s age.
Each GS KID-positive or -negative embryo group was divided
into subgroups according to the type of fertilization method
(IVF or ICSI) and women’s age (<35 years orR35 years). Dif-
ferences between the subgroups were tested for all cell divi-
sion timings and cell cycle intervals. As shown in
Supplemental Appendix 2 (available online), the fertilization
method had a clear effect on the embryo cleavage timing;
therefore, the IVF and ICSI embryos were separated for devel-
oping the model. No differences were found between short-
and conventional-exposure IVF embryos. We found that
women’s age had no effect on the embryo division timing;
hence, the different age subgroups were consolidated into 1
group (Supplemental Tables 2a-b, 3a-b and 4 in
Supplemental Appendix 2).

After setting the abovementioned parameters, the differ-
ences between the KID-positive and -negative embryos in
terms of cell division timings and cell cycle intervals were
tested separately for ICSI and IVF in women aged 18–41
years. The results of a comparison of the timing between
the KID-positive and -negative embryos were analyzed using
an independent t-test or the Mann-Whitney test for contin-
uous variables, as appropriate. Moreover, the correlation be-
tween the timing variables and implantation outcome was
analyzed using logistic regression (odds ratio with 95% con-
fidence interval [CI]). The abovementioned comparison anal-
ysis was conducted using 3 databases: GS, CP, and LB KID
embryos.
VOL. 2 NO. 2 / MAY 2021



TABLE 2

Comparison of the characteristics of the patient population.

Characteristics

ICSI

P value

IVF

P valueKID D KID - KID D KID -

GS - KID No. of embryos 276 516 116 272
Woman’s age (y)a 31.3 � 4.9 31.7 � 4.0 .221 34.3 � 4.7 34.6 � 4.2 .467
Total amount of FSH dose (U)a 1,830 � 831 1,893 � 945 .702 1,996 � 1077 1,997 � 970 .546
Indication for cause of infertility

(no.)
.490 .459

Male factor 184 329 - -
Tubal factor 23 61 27 79
Unexplained infertility 31 63 25 61
Other factors 34 63 63 132

CP - KID No. of embryos 258 521 102 281
Woman’s age (y)a 31.1 � 4.8 31.6 � 3.9 .089 33.7 � 4.7 34.6 � 4.2 .072
Total amount of FSH dose (U)a 1,773 � 809 1,900 � 945 .205 1,976 � 1,037 2,008 � 962 .418
Indication for cause of infertility

(no.)
.066 .533

Male factor 181 331 - -
Tubal factor 15 59 24 79
Unexplained infertility 28 66 23 68
Other factors 34 65 55 134

LB - KID No. of embryos 178 486 69 206
Woman’s age (y)a 30.7 � 4.5 31.2 � 3.7 .167 32.5 � 4.5 33.3 � 4.1 .094
Total amount of FSH dose (U)a 1,727 � 801 1,865 � 938 .217 1,702 � 906 1,827 � 916 .192
Indication for cause of infertility

(no.)
.145 .356

Male factor 126 315 - -
Tubal factor 10 48 16 63
Unexplained infertility 16 62 16 52

Note: KID ¼ known implantation data; ICSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization; GS ¼ gestational sac; CP ¼ clinical pregnancy; LB ¼ live birth; FSH ¼ follicle-stimulating
hormone.
a Mean � standard deviationThe table shows the results of statistical analysis of the difference between KID-positive (þ) and -negative (�) embryos in ICSI and IVF embryos.

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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Additionally, to describe the distribution of the probabil-
ities of implantation per cell division timing and cell cycle in-
terval (GS KID embryos), the timings were converted from
continuous variables into categorical variables by dividing
them into groups based on their quartiles [as described earlier
by Meseguer et al. (4)]. We then calculated the percentage of
embryos implanted for each timing quartile to assess the dis-
tribution of implantation in the different categories. ‘‘P for
trend’’ was used to identify a dose response effect. A chi-
square test with Bonferroni correction was used for pairwise
comparisons between the different quartiles. For each timing
variable, an optimal range was defined as the combined range
spanned by the quartiles with the significantly highest im-
plantation rates. The categories defined as significant in the
quartile test were used to establish optimal ranges of the
cell division timings in the model development process.
Statistical Methods

Statistical analysis was performed using the IBM statistics
software (SPSS) version 24. P < .05 was considered statisti-
cally significant. The continuous variables were presented
as mean and standard deviation or as median and interquar-
tile range. The categorical variables were presented as per-
centages. Difference in the demographic and clinical
characteristics between the KID-positive and -negative em-
bryos were compared using an independent t-test or the
VOL. 2 NO. 2 / MAY 2021
Mann-Whitney test for the continuous variables and chi-
square test for the categorical variables. Correlation between
the variables and implantation result was analyzed using lo-
gistic regression (odds ratio with 95% CI).
Third Step: Developing a Model Algorithm

For developing the in-house models, we used the Embryo-
Scope Stats software (BETA version, A/S – version 0.8.0.0,
Unisense FertiliTech, Aarhus, Denmark). The EmbryoScope
Stats software was developed as a beta version by Unisense
FertiliTech for the building, evaluation, and validation of
models on the basis of retrospective data exported from the
EmbryoViewer software database [also used by Basile et al.
(8)]. The data are exported to a Microsoft Office Excel sheet
and saved in a fixed file format, which the software recog-
nizes. The sheet created consists of retrospective morphoki-
netic data obtained from the time-lapse monitoring of
embryo development in an EmbryoScope TLS incubator.
The adjustments we were required to make for the software
to correctly identify the KID data and for developing the
model are described in Supplemental Appendix 1.

Developing a model using the EmbryoScope Stats soft-
ware is based on the ROC curve test. Receiver operating curve
is used to evaluate the classification power of a model by plot-
ting true positive rate as a function of false positive rate and
calculating ROC AUC. As also described by Petersen et al. (26),
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AUC is a commonly used quantifier of the overall predictive
capability of an algorithm. Algorithms with zero predictive
capability have an AUC value of 0.5 on an average, whereas
those with perfect prediction have an AUC value of 1 (26).
We set a minimum criterion of an AUC value of 0.65 for a
valid model for clinical use.

As stated before, the embryos in this study were selected
for transfer using the general models. The AUC values of the
general KIDScore models for the KID embryos in our labora-
tory were calculated to examine the likelihood of distinguish-
ing between embryos that actually resulted in birth and those
that did not and verify the need to develop a laboratory-
adapted model. The AUC values of KIDScoreD3 V1.2 and
KIDScoreD5 V3.1 were tested on our KID data for embryos
transferred on days 3 and 5, respectively. The test was first
performed on all the KID embryos according to the day of
transfer and was then performed again only on KID embryos
with cycles in which it was necessary to choose between
several embryos for transfer. The aim was to test the ability
of the general models to distinguish between good- and
poor-quality embryos.
Calibration/Validation of the Developed
Algorithms of the In-House Model

The algorithms were developed separately for each fertiliza-
tion method (IVF or ICSI) and ET day (2, 3, and 5 days). For
each transfer day, the algorithm type was tested for 3 different
endpoints in the algorithms calibration/validation tests; GS
KID embryos, CP KID embryos, and LB KIDs databases.

For day 2 and day 3 algorithms, calibration/validation
tests were performed using 2 types of databases: ‘‘All KIDs’’
(including all KID embryos database available) and ‘‘Age
%41 KIDs’’ (including only the database of KID embryos of
women aged %41 years). For day 5 algorithm, the calibra-
tion/validation tests were performed using 3 types of data-
bases: ‘‘All KIDs’’ and ‘‘Age %41 KIDs’’ (including data from
embryos transferred on days 2, 3, or 5) and ‘‘ET Day 5 KIDs’’
(using only the data from embryos transferred on day 5).

Each KID embryo database uploaded to the EmbryoScope
Stats software was automatically randomly divided into 2 da-
tasets: training and holdout data. The training data were used
to build and evaluate the model algorithm, and the holdout
data were used to validate the model.

The algorithm was verified by performing 4 calibration
procedures on each database. Each database was calibrated
after randomly excluding a 25%, 33%, 40%, or 50% holdout
dataset at a time (calibration subset). The part of the data that
was excluded (holdout data) was then used for validation
(validation subset). The AUC values were calculated both for
the calibration (AUC calibration) and validation subsets
(AUC validation). When the curve form was very different
with the holdout data compared with that with the training
data or when AUC was <0.65, the model algorithm was
adjusted by testing different variables, time ranges, and
weight of the variables (as described in Supplemental
Appendix 1).
182
RESULTS
The cell division timing was found to be significantly
different between the KID-positive and -negative embryos.
The results of the comparison of cell division timings among
the GS, CP, and LB KID ICSI and IVF embryos are presented in
Figures 2–4 and Supplemental Appendix 3 (available online)
(Supplemental Table 5, available online). The mean and
standard deviation obtained for the timings tested are
shown in Supplemental Appendix 3 (Supplemental Table 5).
The 4 quartiles for the timing of each investigated
parameter are presented in Table 3, together with the
percentage of implanted embryos in each quartile (GS KID
embryos).

For the ICSI embryos, significant differences in the cell di-
vision timing between the KID-positive and -negative em-
bryos were found throughout the GS, CP, and LB KID
embryos at all the timings tested, except for t5, t9þ, and
tHB (Figs. 2–4A and Supplemental Appendix 3
[Supplemental Table 5]). Significant differences were found
between the quartiles for embryo implantation likelihood at
all cell division timings, except for tB and tHB. The
likelihood of embryo implantation was significantly higher
in the first quartiles (Q1 and Q2) and, in some cases, in the
third quartile (Q3) (Table 3). Differences in tHB timing were
not statistically significant possibly because of the small
number of tHB KID embryos for comparison.

For the IVF embryos, significant differences in the cell di-
vision timing between the KID-positive and -negative em-
bryos were found only in the timings tPNF and t2 in the GS
and CP KID embryos. There were no significant differences
in the division timings of the IVF LB KID embryos (Figs. 2–
4B and Supplemental Appendix 3 [Supplemental Table 5]).
Differences between the quartiles were found only in the
tPNF and t2 cell division timings, where the likelihood of
embryo implantation was significantly higher in the first 3
quartiles of timing for these parameters (Q1, Q2, and Q3)
(Table 3).

The cell cycle interval timing analysis showed no differ-
ences between the KID-positive and -negative embryos at
most intervals examined, except for t5-t3/t5-t2 and t8-t5 in-
tervals in the GS KID ICSI embryos (Figs. 2–4 and Table 4).
Interval t5-t3/t5-t2 is shown in a separate table (Table 4)
because the line range exceeded the graph size in Figures 2–
4. The independent t-test or Mann-Whitney test showed dif-
ferences in cc2 (second cell cycle) interval in the ICSI LB KID
embryos and t5-t3/t5-t2 interval in the IVF GS and CP KID
embryos (but not in LB KID IVF embryos). The mean and stan-
dard deviation obtained for the timings tested are shown in
Supplemental Appendix 3 (Supplemental Table 6, available
online).

Differences between the quartiles for cell cycle interval
timing were found in t3-tPNF, t5-t3, t5-t2, t5-tPNF, t8-t5,
and t2-tPNF cell cycle intervals in the ICSI GS KID embryos.
In the IVF GS KID embryos, differences between the quartiles
were found at t3-tPNF and t5-t3/t5-t2 intervals. The likeli-
hood of embryo implantation was significantly higher in
the middle quartiles (Q2 and Q3) and in 1 case in Q1 (t5-t3/
t5-t2 in the IVF KID embryos) (Table 5).
VOL. 2 NO. 2 / MAY 2021



FIGURE 2

Univariate logistic regression analysis for the prediction of implantation in GS KID ICSI (A) and IVF (B) embryos for cell division timing and cell cycle
intervals. Significant timings aremarked in red. NS¼ nonsignificant; KID¼ known implantation data; GS¼ gestational sacs; ICSI¼ intracytoplasmic
sperm injection; IVF ¼ in vitro fertilization.
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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FIGURE 3

Univariate logistic regression analysis for the prediction of pregnancy in CP KID ICSI (A) and IVF (B) embryos for cell division timing and cell cycle
intervals. Significant timings are marked in red. NS ¼ nonsignificant; CP ¼ clinical pregnancy; KID ¼ known implantation data; ICSI ¼
intracytoplasmic sperm injection; IVF ¼ in vitro fertilization.
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.

ORIGINAL ARTICLE: EMBRYO BIOLOGY
Interesting results were observed for t5 cell cleavage
timing. No significant differences were found in cleavage
time t5 between the KID-positive and -negative embryos.
Even for ICSI embryos that led to live birth, almost all the
cell division timings were found to be significantly different
184
between the KID-positive and -negative embryos; the only
difference in timing that was not found significant was at
t5 (tBH was also not found to be statistically significant,
most probably because of the small number of embryos in
the group) (Figs. 2–4, Supplemental Appendix 3, and
VOL. 2 NO. 2 / MAY 2021



FIGURE 4

Univariate logistic regression analysis for the prediction of live birth in LB KID ICSI (A) and IVF (B) embryos for cell division timing and cell cycle
intervals. Significant timings are marked in red. NS ¼ nonsignificant; LB ¼ live birth; KID ¼ known implantation data; ICSI ¼ intracytoplasmic
sperm injection; IVF ¼ in vitro fertilization.
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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TABLE 3

Cell division timing grouped into quartiles (Q1, Q2, Q3, and Q4) from ICSI and IVF GS KID embryos.

Variable (no.)

Q1 Q2 Q3 Q4

P for trendLimit (hpi) Implantation (%) Limit (hpi) Implantation (%) Limit (hpi) Implantation (%) Limit (hpi) Implantation (%)

ICSI tpnf (792) £22.24 86 (43%)* 22.25–24.08 76 (38%)* 24.09–26.36 64 (32%) >26.36 50 (25%) .001
t2 (792) £24.68 84 (42%)* 24.69–26.6 80 (40%)* 26.61–28.97 63 (32%) >28.97 49 (25%) .001
t3 (737) £35.94 76 (41%)* 35.95–38.15 77 (42%)* 38.16–40.75 62 (34%) >40.75 52 (28%) .019
t4 (716) £36.56 77 (43%)* 36.57–38.84 73 (41%)* 38.85–41.52 64 (36%) >41.52 48 (27%) .007
t5 (526) %47.75 46 (35%) 47.76–51.66 66 (50%)* 51.67–55.44 62 (47%)* >55.44 36 (28%) <.0001
t6 (495) £49.8 60 (49%)* 49.81–53.03 58 (47%)* 53.04–56.69 50 (40%) >56.69 37 (30%) .015
t7 (483) £51.51 68 (56%)* 51.52–54.6 53 (44%)* 54.61–58.27 47 (39%) >58.27 37 (31%) .001
t8 (453) £52.48 61 (54%)* 52.49–56.0 55 (49%)* 56.01–60.28 45 (40%) >60.28 39 (35%) .018
t9 (235) %65.38 29 (49%) 65.39–70.03 36 (61%)* 70.04–74.86 35 (59%)* >74.86 22 (38%) .046
tM (183) £79.76 32 (70%)* 79.77–84.96 31 (67%)* 84.97–91.7 19 (41%) >91.70 19 (42%) .004
tSB (179) £90.7 33 (73%)* 90.71–96.6 27 (60%) 96.61–100.8 22 (49%) >100.8 19 (43%) .022
tB (171) %100.65 29 (67%) 100.66–104.97 28 (65%) 104.98–110.2 23 (51%) >110.2 21 (53%) .285
tEB (126) £106.13 23 (72%)* 106.14–110.1 22 (71%)* 110.2–113.4 21 (66%) >113.4 13 (42%) .048
tHB (40) %107.85 6 (60%) 107.86–110.66 9 (90%) 110.67–113.3 9 (82%) >113.3 6 (67%) .413

IVF tpnf (388) £24.29 33 (34%)* 24.30–26.30 34 (35%)* 26.31–28.75 33 (34%)* >28.76 16 (17%) .011
t2 (387) £26.72 34 (35%)* 26.73–28.96 32 (33%)* 28.97–31.46 35 (36%)* >31.47 15 (16%) .005
t3 (344) %37.67 25 (29%) 37.68–39.81 32 (37%) 39.82–42.24 34 (40%) >42.25 21 (24%) .120
t4 (329) %38.45 28 (34%) 38.46–40.39 26 (32%) 40.40–42.72 33 (40%) 40.40–42.72 25 (31%) .558
t5 (247) %51.03 24 (39%) 51.04–54.57 27 (44%) 54.58–58.66 24 (39%) >58.67 17 (28%) .326
t6 (239) %52.02 26 (43%) 52.03–55.89 24 (40%) 55.90–59.64 24 (40%) >59.65 17 (29%) .386
t7 (235) %54.08 25 (42%) 54.09–57.61 26 (44%) 57.62–61.31 23 (39%) >61.32 16 (28%) .254
t8 (220) %54.76 23 (42%) 54.77–58.72 23 (42%) 58.73–62.73 19 (34.5) >62.74 20 (36%) .630
t9þ (127) %68.68 13 (41%) 68.69–74.30 17 (53%) 74.31–79.94 15 (47%) >79.95 12 (39%) .650
tM (108) %84.25 11 (41%) 84.26–89.65 14 (52%) 89.66–95.40 14 (52%) >95.41 8 (30%) .292
tSB (98) %92.90 12 (48%) 92.91–98.50 14 (58%) 98.51–103.30 9 (36%) >103.31 12 (50%) .474
tB (84) %100.31 10 (48%) 100.32–106.21 12 (57%) 106.22–111.30 13 (59%) >111.31 9 (45%) .749
tEB (56) %108.22 8 (57%) 108.23–111.15 8 (57%) 111.16–113.30 7 (47%) >113.31 9 (69%) .694
tHB (10) %106.59 2 (67%) 106.60–109.65 1 (50%) 109.66–113.27 1 (33%) >113.28 1 (50%) >.99

Note: % ¼ percentage of implanting embryos in each quartile, hpi ¼ hours post insemination; GS ¼ gestational sacs; KID ¼ known implantation data; ICSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization.
Timings that were found to be statistically significant were compared between the different quartiles (chi-square test with Bonferroni correction was used for pairwise comparisons). The quartiles showing a significantly higher implantation rate are markedwith an asterisk
and in bold.
The quartiles showing a significantly higher implantation rate are marked with an asterisk.

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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TABLE 4

Univariate logistic regression analysis for cell cycle interval t5-t3/t5-t2 for the prediction of GS, CP, and LB KID in ICSI and IVF embryos.

Variable

ICSI IVF

No. OR 95% CI P value No. OR 95% CI P value

GS
t5-t3 / t5-t2 526 4.65 (1.17–18.5) .029 247 0.35 (0.02–5.19) .442

CP
t5-t3 / t5-t2 542 3.5 (0.90–14.1) .069 245 0.51 (0.03–9.2) .649

LB
t5-t3 / t5-t2 470 3.1 (0.66–14.4) .151 211 0.39 (0.01–15.2) .613

Note: GS ¼ gestational sacs; CP ¼ clinical pregnancy; LB ¼ live birth; KID ¼ known implantation data; ICSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization; OR ¼ odds ratio; CI ¼
confidence interval.
Significant timings are marked in bold.

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.

Fertil Steril Sci®
Table 5). However, t5 timing was found to have an optimal
range in the quartile test and was part of most cell cycle
intervals, which were found to be significantly different
(Figs. 2–4, Table 4, and Supplemental Appendix 3
[Supplemental Table 5]).
AUC Values of the General KIDScoreD3 and
KIDScoreD5 Models in our Laboratory

The AUC values (95% CI) accepted for the KIDScoreD3 general
model tested on all day-3 transferred embryos were 0.643
(0.589–0.696) and 0.641 (0.583–0.698) for the CP KID (n ¼
438) and LB KID (n¼ 410) embryos, respectively. For the KID-
ScoreD5 general model tested on all day-5 transferred em-
bryos, the AUC values (95% CI) were 0.644 (0.580–0.707)
and 0.651 (0.585–0.718) for the CP KID (n ¼ 286) and LB
KID (n ¼ 258) embryos, respectively.

Lower AUC values (95% CI) were accepted for testing the
KID embryos of cycles in which it was necessary to choose be-
tween several embryos for transfer, so that the AUC result
could be considered as showing random prediction capability.
For the KIDScoreD3 general model tested on select day-3
transferred embryos, the AUC values (95% CI) were 0.583
(0.509–0.658) and 0.572 (0.493–0.652) for the CP KID
(n ¼ 224) and LB KID (n ¼ 204) embryos, respectively. For
the KIDScoreD5 general model tested on select day-5 trans-
ferred embryos, the AUC values (95% CI) were 0.590
(0.513–0.666) and 0.607 (0.527–0.687) for the CP KID
(n ¼ 214) and LB KID (n ¼ 189) embryos, respectively.
In-House Model Algorithm Development and
Validation

Because significant differences were found in cell division
timing between KID-positive and -negative embryos, it was
possible to develop an algorithm based on these differences.
The algorithm was developed using only the cleavage timings
and cell cycle intervals of the ICSI KID embryos, which
showed clear and strong statistical differences between the
KID-positive and -negative embryos.
VOL. 2 NO. 2 / MAY 2021
Three algorithms were developed separately to fit the ET
day: day 2 ICSI Carmel model, day 3 ICSI Carmel model,
and day 5 ICSI Carmel model.

Great effort was invested in determining the combination
of variables that gave the best AUC value and shape of the
ROC curve for the model. The score weight and timing range
values of the selected variables were also adjusted accord-
ingly. The calibration/validation results of the algorithms
for the models on different database files (‘‘All KIDs,’’ ‘‘Age
%41 KIDs,’’ and ‘‘ET Day 5 KIDs’’) are shown in Tables 6–8.
Once the right combination of variables was identified, only
minor adjustments (weight and timing range of the
variables) in the algorithm were needed for its
implementation to different database files. Based on this
result, we assumed that the algorithms developed were
suitable for a wide range of embryos in our laboratory.

An increase in the predictability of the models was
observed from the day 2–3 to day 5. The AUC values obtained
ranged between 0.657 and 0.673 for the day 2 and day 3
models, respectively, and 0.803 for the day 5 model. For the
day 2 model, the AUC calibration value obtained was 0.662
� 0.011 (mean � SD), ranging from 0.634 to 0.677. The
AUC validation value for the day 2 model was 0.650 �
0.033 (mean � SD), ranging from 0.586 to 0.704. For the
day 3 model, the AUC calibration value obtained was 0.679
� 0.014 (mean � SD), ranging from 0.656 to 0.714. The
AUC validation value for the day 3 model was 0.665 �
0.025 (mean � SD), ranging from 0.632 to 0.722. For the
day 5 model, the AUC calibration value obtained was 0.803
� 0.023 (mean � SD), ranging from 0.751 to 0.848. The
AUC validation value for the day 5 model was 0.802 �
0.040 (mean� SD), ranging from 0.673 to 0.872 (Tables 6–8).

Area under the characteristic curve was tested for all the
databases: GS, CP, and LB KID embryo databases. Although
the number of KID embryos in the LB KID database was rela-
tively smaller compared with that in the GS KID database, we
obtained high values of AUC. Area under the characteristic
curve for all calibration and validation cases was approxi-
mately R0.65, which indicated that these models were valid
for use in our laboratory (Tables 6–8).

An example of the results obtained in one of the runs is
presented in Figure 5 (for day 5 ICSI Carmel model, LB KID
187



TABLE 5

Cell cycle intervals grouped into quartiles (Q1, Q2, Q3, and Q4) from ICSI and IVF GS KID embryos.

Variable (no.)

Q1 Q2 Q3 Q4

P for trendLimit (hpi) Implantation (%) Limit (hpi) Implantation (%) Limit (hpi) Implantation (%) Limit (hpi) Implantation (%)

ICSI CC2 (737) %11 69 (37%) 11.01–11.76 74 (40%) 11.77–12.75 70 (38%) >12.75 54 (29%) .140
S2 (716) 0 98 (36%) 0.01–0.5 33 (40%) 0.51–1.0 77 (43%) >1 54 (30%) .077
t3-tpnf (737) %13.5 67 (36%) 13.5–14.47 84 (46%)* 1448–15.26 58 (32%) >15.26 58 (32%) .014
t5-t3 (526) %12.02 44 (33%) 12.03–13.55 66 (50%)* 13.56–15.25 59 (45%)* >15.25 41 (31%) .003
t5-t2 (526) %23.03 46 (35%) 23.04–25.63 70 (53%)* 25.64–27.51 53 (40%) >27.51 41 (31%) .001
t5-t3/t5-t2 (526) %0.51 48 (37%) 0.52–0.54 50 (38%) 0.55–0.56 66 (50%) >0.57 46 (35%) .053
t5-tpnf (526) %25.53 44 (33%) 25.54–28.09 72 (55%)* 28.1–30.01 53 (40%) >30.01 41 (31%) <.0001
t8-t5 (452) %1.76 52 (46%) 1.77–3.25 46 (41%) 3.26–5.75 61 (54%)* >5.75 40 (35%) .034
tM-t9 (94) %8.51 28 (62%) 8.52–13.28 25 (54%) 13.29–18.3 25 (56%) >18.3 22 (48%) .628
tB-tSB (171) %7.49 24 (56%) 7.5–9.3 30 (70%) 9.31–11.73 27 (63%) >11.73 20 (48%) .191
tB-tM (171) %17.3 26 (61%) 17.31–19.76 27 (63%) 19.77–23.2 22 (51%) >23.2 26 (61%) .675
tB-t9 (170) %29.67 26 (61%) 29.68–33.05 23 (55%) 33.06–37.52 28 (65%) >37.52 23 (55%) .724
t2-tpnf (792) %2.25 61 (31%) 2.26–2.5 81 (41%)* 2.51–2.8 77 (39%)* >2.81 57 (29%) .026

IVF CC2 (344) %10.75 23 (27%) 10.76–11.51 30 (35%) 11.52–12.26 35 (41%) >12.27 24 (28%) .173
S2 (329) 0.0 39 (31%) 0.1–0.5 16 (41%) 0.51–0.75 29 (35%) >0.76 28 (34%) .723
t3-tpnf (344) %13.26 21 (24%) 13.27–14.01 38 (44%)* 14.02–15.01 26 (30%) >15.02 27 (31%) .043
t5-t3 (247) %12.62 25 (40%) 12.63–14.00 24 (39%) 14.01–15.51 21 (34%) >15.52 22 (36%) .886
t5-t2 (247) %23.76 21 (34%) 23.77–25.51 27 (44%) 25.52–27.74 25 (40%) >27.75 19 (31%) .461
t5-t3/t5-t2 (247) £0.52 27 (44%)* 0.53–0.55 26 (42%)* 0.56–0.57 26 (42%)* >0.58 13 (21%) .031
t5-tpnf (247) %26.26 20 (32%) 26.27–28.14 30 (48%) 28.15–30.26 22 (36%) >30.27 20 (33%) .208
t8-t5 (219) %1.75 19 (35%) 1.76–3.25 25 (46%) 3.26–5.75 19 (34%) >5.76 23 (43%) .536
tMt9 (107) %9.25 12 (46%) 9.26–12.25 13 (46%) 12.26–17.26 15 (56%) >17.27 7 (27%) .199
tB-tSB (84) %6.90 12 (57%) 6.91–8.63 11 (52%) 8.64–11.25 9 (43%) >11.26 9 (43%) .766
tB-tM (84) %15.13 13 (62%) 15.14–18.75 9 (43%) 18.76–21.55 12 (57%) >21.56 10 (48%) .591
tB-t9 (84) %26.39 12 (57%) 26.40–31.01 10 (48%) 31.02–34.04 12 (57%) >34.05 10 (48%) .858
t2-tpnf (387) %2.25 26 (27%) 2.26–2.50 31 (32%) 2.51–2.89 36 (37%) >2.90 23 (24%) .192

Note: % ¼ percentage of implanting embryos in each quartile, hpi ¼hours post insemination; GS ¼ gestational sacs; KID ¼ known implantation data; ICSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization.
Intervals that were found to be statistically significant were compared between the different quartiles (chi-square test with Bonferroni correctionwas used for pairwise comparisons). The quartiles showing a significantly higher implantation rate aremarkedwith an asterisk
and in bold.
The quartiles showing a significantly higher implantation rate are marked with an asterisk.

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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TABLE 6

Algorithm calibration/validation results for day 2 ICSI Carmel model.

Database for developing the
algorithm

Data subset used for
validation (%)

Calibration
subset (no.)

Validation
subset (no.) AUC calibration AUC validation

ICSI day 2 GS
All KIDs (KID neg. 912
KID pos. 296)

25 906 302 0.654 0.678
33 809 399 0.655 0.673
40 725 483 0.644 0.692
50 604 604 0.659 0.667

Age%41 y KIDs (KID neg.
652

KID pos. 293

25 709 236 0.668 0.610
33 633 312 0.675 0.610
40 567 378 0.663 0.643
50 472 473 0.669 0.644

ICSI day 2 CP
All KIDs (KID neg. 923
KID pos. 257)

25 885 295 0.667 0.668
33 791 386 0.666 0.672
40 708 472 0.659 0.685
50 590 590 0.680 0.655

Age%41 y KIDs (KID neg.
663

KID pos. 254)

25 688 229 0.677 0.615
33 614 303 0.680 0.624
40 550 367 0.666 0.661
50 458 459 0.674 0.656

ICSI day 2 LB
All KIDs (KID neg. 940
KID pos. 177)

25 838 279 0.650 0.685
33 748 369 0.649 0.683
40 670 447 0.634 0.704
50 558 559 0.655 0.664

Age%41 y KIDs (KID neg.
680

KID pos. 177)

25 643 214 0.668 0.586
33 574 283 0.673 0.593
40 514 343 0.664 0.619
50 428 429 0.669 0.624

Note: ICSI ¼ intracytoplasmic sperm injection; AUC ¼ area under the characteristic curve; KID ¼ known implantation data; GS ¼ gestational sac; CP ¼ clinical pregnancy; LB ¼ live birth; neg ¼
negative; pos ¼ positive.
Tests were performed using the GS, CP, and LB KID embryos databases: ‘‘All KID embryos’’ and ‘‘KID embryos from women aged %41 years.’’ The AUC values are shown for both the scored
calibration subset (AUC calibration) and validation subset (AUC validation).

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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embryos). As can be seen in the figure, the shape of the ROC
calibration and validation curves were similar, which was
also an indicator of the reliability of the models developed.

The algorithm scoring system developed for day 2, day 3,
and day 5 ICSI Carmel models are presented in Tables 9, 10,
and 11, respectively. The variables chosen as well as the
weight and timing range values for these variables are
shown. The model formulas presented were obtained as
follows:

Day 2 ICSI Carmel model. (Table 9) includes variables of cell
division timing (t2, t3, and t4) and cell cycle intervals (cc2, s2,
vPN2, and vPN3). An additional variable introduced in this
model was ‘‘cells 44.’’ This variable refers to embryos that
reached a 4-cell division stage within %44 hours after fertil-
ization, as described by Basile et al. (16). Its purpose was to
dispose late embryos. The model algorithm is described using
the following formula:

Score¼ P(cc2)þ P(vPN2)þ P(s2)þ P(t2)þ P(cc2)þ P(t4)
þ P(cell44) þ P(t3) þ P(vPN3)

Day 3 ICSI Carmel model. (Table 10) includes variables of
cell division timing (t2, t4, and t5) and cell cycle intervals
(vPN2, cc2, s2, cc3, and s3). The model algorithm is described
using the following formula:

Score¼ P(cc2)þ P(vPN2)þ P(s2)þ P(t2)þ P(cc2)þ P(t4)
þ P(t5) þ P(s3) þ P(t5-t3)
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Day 5 ICSI Carmel model. (Table 11) includes variables of
cell division timing (t2, t5 and t9þ, tM, and tSB) and cell cycle
intervals (vPN2, cc2, s2, and s3). The model algorithm is
described using the following formula:

Score¼ P(cc2)þ P(vPN2)þ P(s2)þ P(t2)þ P(cc2)þ P(t5)
þ P(s3) þ P(t9)þP(tM) þ P(tSB)

Moreover, when we added later timing variables, such as
t5 for the day 2 algorithm or t9 for the day 3 algorithm, the
AUC value obtained wasmuch higher. However, for themodel
to allow a true comparison of embryos on day 2 or day 3, the
variables we chose for developing the algorithms were t4 for
the day 2 and t8 for day 3 models.
Results of Embedding the Models in the
EmbryoScope EmbryoViewer Incubator Software

Applying the new models to the EmbryoViewer software of
the EmbryoScope incubator was relatively simple. We have
been using the new in-house models for embryo selection
since May 2019.

When the model was applied, we noted that the models
did not score some of the embryos. We found that when an
embryo was selected for transfer or freezing before the models
defined hpi or before reaching the maximum number of cells
defined by the model, no score was accepted. For example,
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TABLE 7

Algorithm calibration/validation results for day 3 ICSI Carmel model.

Data for developing the
algorithm

Data subset used for
validation (%)

Calibration
subset (no.)

Validation
subset (no.) AUC calibration AUC validation

ICSI day 3 GS
All KIDs (KID neg. 912
KID pos. 296)

25 906 302 0.680 0.632
33 809 399 0.685 0.635
40 725 483 0.684 0.647
50 604 604 0.687 0.651

Age%41 y KIDs (KID neg.
652

KID pos. 293)

25 709 236 0.656 0.704
33 633 312 0.661 0.678
40 567 378 0.672 0.660
50 472 473 0.690 0.648

ICSI day 3 CP
All KIDs (KID neg. 923
KID pos. 257)

25 885 295 0.683 0.668
33 791 389 0.686 0.666
40 708 472 0.688 0.669
50 590 590 0.691 0.669

Age%41 y KIDs (KID neg.
663

KID pos. 254)

25 688 229 0.663 0.722
33 614 303 0.667 0.696
40 550 367 0.681 0.674
50 458 459 0.699 0.663

ICSI day 3 LB
All KIDs (KID neg. 940
KID pos. 177)

25 838 279 0.662 0.699
33 748 369 0.673 0.666
40 670 447 0.684 0.649
50 558 559 0.714 0.619

Age%41 y KIDs (KID neg.
680

KID pos. 177)

25 643 214 0.659 0.699
33 574 283 0.676 0.663
40 514 343 0.691 0.640
50 428 429 0.709 0.642

Note: ICSI ¼ intracytoplasmic sperm injection; AUC ¼ area under the characteristic curve; KID ¼ known implantation data; GS ¼ gestational sac; CP ¼ clinical pregnancy; LB ¼ live birth; neg ¼
negative; pos ¼ positive.
Tests were performed using the GS, CP, and LB KID embryos databases: ‘‘All KID embryos’’ and ‘‘KID embryos from women aged %41 years.’’ The AUC values are shown for both the scored
calibration subset (AUC calibration) and validation subset (AUC validation).
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embryos selected for transfer or freezing before 44 hpi (for
day-2 embryos) or those selected before their division into 8
cells (for day-3 embryos) were not scored. To overcome this,
we defined another version of the model, in which the
following parameters appeared as ‘‘informational’’ only and
not as a part of the score. For example, for the day 2 model,
we defined the variable ‘‘Cells 44’’ as information only in cy-
cles in which embryo selection occurred in<44 hpi so that the
scores for 4-celled embryos could be obtained even if they did
not reach 44 hpi.
DISCUSSION
Our primary objective was to assess whether it is possible to
develop an in-house laboratory-adapted model for embryo
selection in a laboratory where embryos have already been
selected for transfer using the general models (‘‘modified
Alpha/ESHRE,’’ KIDScore day 3 and day 5 models). Because
significant differences in morphokinetics were found between
the KID-positive and -negative embryos in our laboratory, it
was possible to use our specific KID data to develop a model.

Our secondary objective was to develop and validate the
in-house laboratory-adapted models. Using the EmbryoScope
Stats software, we were able to develop laboratory-specific
models for embryo selection on days 2, 3, and 5 in ICSI em-
190
bryos. The day 3 and day 5 ICSI Carmel models were comple-
mentary to the general models (KIDScore day 3 and day 5),
and they refined our ability to select the best embryo from a
cohort. There is no general model available for embryo selec-
tion on day 2; therefore, our day 2 ICSI Carmel model might
assist in selecting day-2 embryos.

Different studies have previously shown that multiple
cultural, environmental, and clinical factors influence mor-
phokinetic values (36, 39). Mumusoglu et al. (39) analyzed
the effects of patient and ovarian stimulation-related factors
onmorphokinetics. They showed that no single factor, such as
body mass, total FSH dose, duration of infertility, number of
previous cycles, antral follicle count, ovarian stimulation pro-
tocol, and estradiol trigger, elicits a systematic effect on any
morphokinetic parameter. As was also shown in our data,
women’s age was not found to be a significant parameter
(39). The culture conditions and patient characteristics in
our KID data were examined and found to be similar between
the KID-positive and -negative embryos. Consequently, the
differences observed between the KID-positive and -negative
embryos can be attributed mainly to the differences in embryo
morphokinetics.

In studies that examined specific conditions, fertilization
method (ICSI vs. IVF) (26, 40, 41) was found to be an impor-
tant factor influencing differences in embryo morphokinetics.
VOL. 2 NO. 2 / MAY 2021



TABLE 8

Algorithm calibration/validation results for day 5 ICSI Carmel model.

Data for developing the
algorithm

Data subset used for
validation (%)

Calibration
subset (no.)

Validation
subset (no.) AUC calibration AUC validation

ICSI day 5 GS
All KIDs (KID neg. 912
KID pos. 296)

25 906 302 0.788 0.830
33 809 399 0.778 0.846
40 725 483 0.751 0.872
50 604 604 0.757 0.844

Age%41 y KIDs (KID neg.
652

KID pos. 293)

25 709 236 0.811 0.745
33 633 312 0.818 0.749
40 567 378 0.805 0.774
50 472 473 0.817 0.772

ET day5 KIDs (KID neg.
113

KID pos. 112)

25 169 56 0.834 0.673
33 151 74 0.830 0.735
40 135 90 0.807 0.794
50 112 113 0.779 0.832

ICSI day 5 CP
All KIDs (KID neg. 923
KID pos. 257)

25 885 295 0.841 0.763
33 791 389 0.838 0.784
40 708 472 0.833 0.798
50 590 590 0.839 0.803

Age%41 y KIDs (KID neg.
663

KID pos. 254)

25 688 229 0.802 0.830
33 614 303 0.802 0.826
40 550 367 0.793 0.833
50 458 459 0.786 0.840

ET day5 KIDs (KID neg.
118

KID pos. 103)

25 166 55 0.823 0.787
33 148 73 0.816 0.822
40 133 88 0.807 0.834
50 110 111 0.848 0.807

ICSI day 5 LB
All KIDs (KID neg. 940
KID pos. 177)

25 838 279 0.832 0.727
33 748 369 0.816 0.788
40 670 447 0.797 0.815
50 558 559 0.792 0.805

Age%41 y KIDs (KID neg.
680

KID pos. 177)

25 643 214 0.787 0.826
33 574 283 0.801 0.792
40 514 343 0.796 0.809
50 428 429 0.791 0.817

ET day5 KIDs (KID neg.
125

KID pos. 64)

25 142 47 0.799 0.792
33 127 62 0.783 0.820
40 113 76 0.761 0.844
50 94 95 0.753 0.833

Note: ICSI ¼ intracytoplasmic sperm injection; AUC ¼ area under the characteristic curve; KID ¼ known implantation data; GS ¼ gestational sac; CP ¼ clinical pregnancy; LB ¼ live birth; neg ¼
negative; pos ¼ positive.
Tests were performed using the GS, CP, and LB KID embryos databases: ‘‘All KID embryos,’’ ‘‘KID embryos fromwomen aged%41 years,’’ and ‘‘Day 5 KID embryos.’’ The AUC values are shown for
both the scored calibration subset (AUC calibration) and validation subset (AUC validation).
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Our study also demonstrated clear differences in morphoki-
netics between the ICSI and IVF embryos. Major biases
occurred at the time of fertilization in the IVF embryos
because the time at which we added the sperm to the oocytes
(t0) in culture was not necessarily the time of fertilization.
This is probably the reason that no clear differences were
found in the cell cleavage timing between the KID-positive
and -negative IVF embryos. Consequently, information on
timing variables was not accurate enough for designing an al-
gorithm based on IVF timing data. Minor biases can also be
seen in ICSI cases that require the injection of many oocytes,
where a relatively long time period passes from the start of the
injection of the first oocyte to the injection of the last one.
However, in most cases, the injection time is short and does
not exceed more than a few minutes (10–15 minutes).

Significant differences in morphokinetics between the
KID-positive and -negative embryos were found in most cell
VOL. 2 NO. 2 / MAY 2021
division timing variables and some of the cell cycle intervals,
which allowed us to develop the model. Various studies have
shown the importance of these parameters for embryo devel-
opment and implantation. Long or short cell cycle intervals
can serve as an indicator of the probability of an embryo
for implantation (3–9, 20–24, 26, 37, 41–47). The most
striking example is a particularly short interval in the first
cell cycle (<5 hours) that can indicate direct uneven
cleavage (DUC). Direct uneven cleavage significantly
reduces the chances of an embryo for implantation (4, 8, 16,
20, 22, 36, 45).

Although this study found clear differences between the
KID-positive and -negative embryos for most of the cell divi-
sion timing variables, differences in cell cycle intervals were
found only in few of the cases. These results can probably
be explained by the fact that the embryos were already
selected for transfer using the general models. The algorithm
191



FIGURE 5

Example of algorithm development result for day 5 ICSI Carmel model in embryos with known live birth outcomes (LB KID embryos) using the
EmbryoScope Stats software. Above the image is the user-defined algorithm, tested on 67% of training data and validated on 33% holdout
data. The resulting graphical form and the AUC (ROC test) results of the training (AUC ¼ 0.816) and holdout data (AUC ¼ 0.788) can be seen
below the illustration. ICSI ¼ intracytoplasmic sperm injection; LB ¼ live birth; KID ¼ known implantation data; AUC ¼ area under the
characteristic curve; ROC ¼ receiver operating curve.
Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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TABLE 9

The algorithm scoring system developed for day 2 ICSI Carmel model.

Model type: day 2, additive

Variable Weight Min Max Description P (Variable)

cc2 ¼ t3-t2 �10.00 0.00 5 Avoid �10, if 0.0 % cc2 % 5.0
0, if 0.0 > cc2 or cc2 > 5.0

vPN ¼ t2-tpnf 3.98 1.37 3.85 Prefer 3.98, if 1.4 % vPN2 % 3.9
0, if 1.4 > vPN2 or vPN2 >

3.9
s2 ¼ t4-t3 2.92 0.27 1.00 Prefer 2.92, if 0.3 % s2 % 1.0

0, if 0.3 > s2 or s2 > 1.0
t2 2.60 25.81 27.05 Prefer 2.6, if 25.8 % t2 % 27.1

0, if 25.8 > t2 or t2 > 27.1
cc2 ¼ t3-t2 1.70 11.19 12.17 Prefer 1.7, if 11.2 % cc2 % 12.2

0, if 11.2> cc2 or cc2> 12.2
t4 1.64 33.18 37.77 Prefer 1.64, if 33.2 % t4 % 37.8

0, if 33.2 > t4 or t4 > 37.8
cells44 ¼ cells (44) 3.48 4.0 4.0 Prefer 3.48, if 4.0 % cells44 % 4.0

0, if 4.0 > cells44 or cells44
> 4.0

t3 2.08 33.45 41.05 Prefer 2.08, if 33.5 % t3 % 41.0
0, if 33.5 > t3 or t3 > 41.0

vPN3 ¼ t3-tpnf 1.46 12.05 14.83 Prefer 1.46, if 12.1% vPN3% 14.8
0, if 12.1 > vPN3 or vPN3 >

14.8
Note: ICSI ¼ intracytoplasmic sperm injection; min ¼ minimum; max ¼ maximum.
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TABLE 10

The algorithm scoring system developed for day 3 ICSI Carmel model.

Model type: day 3, additive

Variable Weight Min Max Description P (variable)

cc2 ¼ t3-t2 �10.00 0.00 5 Avoid �10, if 0.0 % cc2 % 5.0
0, if 0.0 > cc2 or cc2 > 5.0

vPN ¼ t2-tpnf 5.64 1.73 5.42 Prefer 5.64, if 1.7 % vPN2 % 5.4
0, if 1.7 > vPN2 or vPN2 >

5.4
s2 ¼ t4-t3 1.70 0.04 0.78 Prefer 1.7, if 0.0 % s2 % 0.8

0, if 0.0 > s2 or s2 > 0.8
t2 2.46 24.98 27.44 Prefer 2.46, if 25.0 % t2 % 27.4

0, if 25.0 > t2 or t2 > 27.4
cc2 ¼ t3-t2 2.08 11.25 12.51 Prefer 2.08, if 11.2 % cc2 % 12.5

0, if 11.2> cc2 or cc2> 12.5
t4 3.22 33.46 37.23 Prefer 3.22, if 33.5 % t4 % 37.2

0, if 33.5 > t4 or t4 > 37.2
t5 2.02 44.34 52.36 Prefer 2.02, if 44.3 % t5 % 52.4

0, if 44.3 > t5 or t5 > 52.4
s3 ¼ t8-t5 3.74 0 6.12 Prefer 3.74, if 0 % s3 % 6.1

0, if 0 > s3 or s3 > 6.1
t5t3 ¼ t5-t3 1.70 11.32 14.83 Prefer 1.7, if 11.3 % t5t3 % 14.8

0, if 11.3 > t5t3 or t5t3 >
14.8

Note: ICSI ¼ intracytoplasmic sperm injection; min ¼ minimum; max ¼ maximum.

Blais. Laboratory-adapted time-lapse model. Fertil Steril Sci 2021.
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of the general models used for embryo selection relies primar-
ily on time intervals (26) (Supplemental Appendix 1). Howev-
er, we chose to include some of the cell cycle intervals in the
algorithms we developed. Interval cc2 appeared twice in the
VOL. 2 NO. 2 / MAY 2021
model algorithms because it had 2 important aims. The first
was to exclude DUC embryos. To do this, an embryo undergo-
ing cleavage between 2 and 3 cells within 0–5 hours received
a negative weight of�10 points [a similar criteria was used in
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TABLE 11

The algorithm scoring system as developed for day 5 ICSI Carmel model.

Model type: day 5, additive

Variable Weight Min Max Description P (Variable)

cc2 ¼ t3-t2 �10.00 0.00 5 Avoid �10, if 0.0 % cc2 % 5.0
0, if 0.0 > cc2 or cc2 > 5.0

vPN ¼ t2-tpnf 5.32 1.71 2.87 Prefer 5.32, if 1.7 % vPN2 % 2.9
0, if 1.7 > vPN2 or vPN2 >

2.9
s2 ¼ t4-t3 4.50 0.08 0.94 Prefer 4.5, if 0.1 % s2 % 0.9

0, if 0.1 > s2 or s2 > 0.9
t2 2.46 25.81 30.10 Prefer 2.46, if 25.8 % t2 % 30.1

0, if 25.8 > t2 or t2 > 30.1
cc2 ¼ t3-t2 3.30 11.22 12.48 Prefer 3.3, if 11.2 % cc2 % 12.5

0, if 11.2> cc2 or cc2> 12.5
t5 5.18 40.53 49.29 Prefer 5.18, if 40.5 % t5 % 49.3

0, if 40.5 > t5 or t5 > 49.3
s3 ¼ t8-t5 5.00 0.23 6.16 Prefer 5, if 0.2 % s3 % 6.2

0, if 0.2 > s3 or s3 > 6.2
t9þ 2.78 62.18 87.24 Prefer 2.78, if 62.2 % t9 % 87.2

0, if 62.2 > t9 or t9 > 87.2
tM 4.44 75.97 88.14 Prefer 4.44, if 76.0 % tM % 88.1

0, if 76.0 > tM or tM > 88.1
tSB 5.50 85.49 108.06 Prefer 5.5, if 85.5 % tSB % 108.1

0, if 85.5 > tSB or tSB >
108.1

Note: ICSI ¼ intracytoplasmic sperm injection; min ¼ minimum; max ¼ maximum.
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the model by Basile et al. (8)]. Because there is currently no
general model for embryo selection on day 2, we found this
to be an important criterion for embryo deselection. The sec-
ond reason to include cc2 timing interval was for its added
value in embryo selection. We found that when the intervals
cc2, s2 vPN2, vPN3, and t5-t3 were used as inclusion criteria,
higher AUC values were accepted. By defining the range of
laboratory-specific timing for these intervals, they contribute
to the selection of embryos that have the highest chance of
implantation, thus improving our laboratory-specific models.

Interesting results were obtained for t5 cell cleavage
timing. A similar average timing was found for the KID-
positive and -negative embryos. We assumed, as reported
by Herrero et al. (42), that a short t5 cleavage timing was re-
corded for some of the embryos because these embryos had
partial DUC at the 2-cell stage (cleavage from 2 to 5 cells),
and had not cleavaged normaly from 4- to 5-cells. In this
case, a short t5 time interval was recorded, and a similar
average was obtained for the KID-positive and -negative em-
bryos. This masked the ability to distinguish between normal
and partially abnormal embryos. For this reason, although no
differences were found between the KID-positive and -nega-
tive embryos for the average t5 cleavage timing, t5 was found
to have an optimal range in the quartile test and was found to
be a dominant parameter in most cell cycle intervals. The
same phenomenon was not observed for t3 in our database
probably because we excluded embryos showing full DUC
from 1 to 3 cells.

Other models also highlight the importance of t5. The
timing of cell division t5 was defined by Meseguer et al. (4)
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as a key event in early embryo development and was chosen
to be the first timing for the classification of embryos using a
hierarchical model. They found that the implantation rate of
ICSI embryos with t5 cleavage within the best 2 quartile
ranges was 2.6 times the implantation rate for embryos
outside this range. Thus, it was the investigators’ opinion
that t5 provides the best early cleavage single criteria to select
embryos with an improved implantation potential. Chamayou
et al. (43) found that the morphokinetic parameter most
significantly associated with implantation was cc3 (t5-t3),
whereas no significant differences were found for t5 in ICSI
embryos. Embryos with a poor prognosis for in vitro develop-
ment had a wider range of cc3 values in comparison to a
group of implanted embryos. Wu et al. (46) showed that IVF
embryos that reached the best range of time interval for t5-
t4 had significantly higher implantation rates than those
outside of this range for t5-t4, again highlighting the impor-
tance of this parameter in implantation prediction. Basile
et al. (44), who studied differences in cleavage timing between
chromosomally normal and abnormal embryos, found that
embryos falling within optimal ranges for t5, cc3 (t5-t3),
and t5-t2 exhibited a significantly greater proportion of
normal embryos than those falling outside of these ranges
(44).

An embryo DUC of 2–5 cells is an interesting issue and is
also presented in the general model KIDScore algorithm using
the equation B¼ (t5� t3) / (t5� t2). According to the general
model, equation B is used for embryos that show an irregular
cleavage pattern (26). In our study, no differences in equation
B were found between the KID-positive and -negative
VOL. 2 NO. 2 / MAY 2021
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embryos for the ICSI KID embryos, but differences were found
for the IVF KID embryos. In our laboratory, we do not deselect
embryos with scores 3–4 in the KIDScore D3 model (score
range 1–5) unless there are other factors that influence the de-
cision to deselect the embryos. Even without the deselection
of embryos with scores of 3–4 in the KIDScore model, equa-
tion Bwas not found to be statistically significant in our study
and, therefore, was not included in our laboratory-specific
model. The equation of interval cc3 (t5-t3) was introduced
into our day 3 ICSI in-house model because it had signifi-
cantly contributed to the scoring of the model. Further studies
with TLS are needed to understand the influence of 2–5-cell
embryo DUC on implantation and LB.

An improved predictability of the laboratory-specific
models was observed from day 2–3 to day 5. The AUC values
were 0.657 and 0.673 for the day 2 and day 3 models, respec-
tively, and 0.803 for the day 5 model.

The AUC values achieved in our laboratory-specific
model were similar and even higher than the general appli-
cable KIDScore model’s AUC values, as shown in our study
and several other studies (13, 26, 48). Petersen et al. (26)
and Liu et al. (48) showed that in the KIDScore D3 model,
the implantation potential of embryos was predicted with
AUC values of 0.650 and 0.614, respectively. Reignier et al.
(13) demonstrated AUC values of 0.59 and 0.60, respectively,
for ROC curves for both KIDScore day 5 versions 1 and 2.

Meseguer et al. (4) and Basile et al. (8) developed algo-
rithms in which all kinetic variables included were up to
day 2 of development. They agreed that the use of a day-2 al-
gorithm did not necessarily replace blastocyst culture with
better embryo selection. Aparicio-Ruiz et al. (17) also used
laboratory-specific day-2 morphokinetic parameters (t2-t4)
for day-3 and day-5 embryo selection and obtained an AUC
value of 0.65. Based on these studies, it can be concluded
that a combination of blastocyst culture and selection based
on morphology and early kinetic markers seems to be the
best approach for improving clinical outcomes (4, 8, 17).

Although previous studies have emphasized the impor-
tance of early morphokinetic markers, more recent studies
have demonstrated the importance of later morphokinetic
markers. Late morphokinetic timing parameters can suggest
the ploidy of embryos. Mumusoglu et al. (39) demonstrated
a significant delay in 10 morphokinetic timings (PNa, t2,
t7-tEB, and t9-t2) when aneuploid blastocysts were compared
with euploid blastocysts. However, when patient- and ovarian
stimulation-related factors were taken into account, only 5
late parameters (t9, tM, tSB, tB, and tEB) remained significant
for ploidy status. They noted that aneuploid embryos ap-
peared to have a significantly delayed time for blastocyst
development at the postcleavage stage. Campbell et al. (25)
and Desai et al. (20) showed in their studies that late kinetic
parameters appeared to be associated with the likelihood of
euploidy. Campbell et al. (25) developed an aneuploidy risk
model algorithm based on late morphokinetic parameters
(tSB and tB), with AUC values of 0.75 for CP and 0.74 for
LB. The investigators concluded that time-lapse imaging us-
ing defined morphokinetic data could be used to classify em-
bryos according to their risk of aneuploidy, without
performing biopsy and preimplantation genetic screening
VOL. 2 NO. 2 / MAY 2021
(PGS), and that this correlated well with clinical outcomes.
Desai et al. (20) concluded that early kinetic markers did not
predict normal chromosomal content but only the ability to
form blastocysts. They concluded that although DUC and
other dysmorphisms, like irregular chaotic division, had a
high negative predictive value regardless of other blastocyst
kinetic parameters included in the selection model, late ki-
netic parameters, like tSB, tEB, and tEB-tSB, are predictive
of euploidy. Similar results were shown by Rienzi et al. (29),
who demonstrated the importance of the time of morulation
(tM) in predicting a euploid blastocyst’s reproductive compe-
tence based on preimplantation genetic testing for aneu-
ploidy. Basil et al. (18) suggested that morphokinetics
should not be considered a competitive technology or replace-
ment to preimplantation genetic testing for aneuploidies or
other technologies but rather a complimentary technology.
The investigators suggested that time-lapse be used as an op-
portunity to improve selection even within a pool of euploid
embryos (18). We adopted this approach and argued that a
laboratory-optimized in-house model serves as an important
tool, in addition to other embryo-selection tools, in accurately
predicting our ability to select embryos.

As previously noted, our model also showed an increase
in the predictability of the models from days 2–3 to day 5
possibly because it was reasonable to assume that it was asso-
ciated with ploidy. Moreover, a fully automated deep learning
model for day-5 embryos has recently been described and ap-
pears to be able to predict a pregnancy based on a positive
fetal heart beat, with an extremely high AUC of 0.93 (49).
Although artificial intelligence (AI) algorithms for time-
lapse embryo selection are being developed, these methods
are not yet readily available in most IVF laboratories. A
laboratory-specific model seems to be, at present, more
feasible for widespread use. It will be interesting to follow
the AI model development and its implementation in IVF
laboratories.
CONCLUSIONS
From a clinical perspective, a model based on in-house labo-
ratory-specific morphokinetics was found to be complemen-
tary to the general models for embryo selection and serves as
an important tool for improving single embryo selection. The
present model developed is not only based on implantation
results but has also been tested and validated using live birth
data. The in-house model refines the ability to objectively
choose an embryo that has the highest chance for implanta-
tion and live birth under the specific environmental and clin-
ical condition in laboratories. The ability to identify an
embryo with the highest implantation potential would likely
increase the widespread practice of single ET.

From a laboratory practical aspect, developing an in-
house laboratory-specific model requires many stages of sort-
ing and characterization of the data. It demands accurate
annotation and statistical analysis for every parameter alone
and in combination to evaluate which parameter should be
included in the model. The model developing process, as
described, could facilitate and improve the process of in-
house model development in other laboratories.
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