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Abstract The selection of embryos based on morphology is still the core of daily laboratory practice in IVF/intracytoplasmic sperm
injection. At present, the selection of embryos is primarily based on experience and local protocols. Since an evidence-based ranking
strategy for embryos on day 3 is currently lacking, this work constructed a multivariable prediction model to rank embryos accord-
ing to their implantation potential. A total of 6021 fresh embryo transfers between January 2004 and July 2009 were included, eight
potential predictive factors were evaluated and a prediction model was developed using multivariable logistic regression. The model
was externally validated with data from couples treated between August 2009 and September 2011 in the same clinic. Five factors
were included in the final prediction model: early cleavage, number of blastomeres on days 2 and 3 and morphological score and
presence of morula on day 3. With validation, the model showed moderate discriminative capacity (c-statistic 0.70) and calibrated
well and was able to distinguish embryos with high ongoing implantation potential from embryos with moderate or low ongoing im-
plantation potential. The model can be used by embryologists as an objective tool to rank embryos according to implantation po-
tential, thereby aiding the selection of embryos for transfer.
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Introduction

In the early days of IVF, pregnancy rates per embryo trans-
fer were very low (Edwards and Steptoe, 1983). The only way
to increase pregnancy rates at that time was the transfer of
large numbers of embryos (Gleicher and Barad, 2006). Over
the years, implantation rates per embryo improved and the
transfer of these large numbers of embryos led to high mul-
tiple pregnancy rates (Human Fertilisation and Embryology
Authority (HFEA), 2007; Kingsland et al., 1990; Steptoe et al.,
1986). To reduce multiple pregnancy rates, embryo transfer
policies restricting the number of embryos to be trans-
ferred were introduced. This meant that selection of the
embryo(s) with the highest chance of implantation became
of paramount importance in IVF, especially since the success
rates of cryopreservation of supernumerary embryos were still
low at the start of cryopreservation programmes (Human
Fertilisation and Embryology Authority (HFEA), 2007).

In the last decade, cryopreservation of embryos has become
increasingly successful and this has placed embryo selection
in a new context (Human Fertilisation and Embryology
Authority (HFEA), 2007; Mastenbroek et al., 2011). Optimal
selection of embryos can help to minimize the time to preg-
nancy by transferring the embryo with the highest implan-
tation potential as early as possible. Transferring only one
embryo if there is a high chance of implantation could also
help to achieve acceptable pregnancy rates while minimiz-
ing the chances of multiple pregnancy.

Ever since the start of IVF, the selection of embryos has
been largely based on morphological characteristics of the
embryo. Additional methods for embryo selection, such as se-
lection based on chromosomal status (preimplantation genetic
screening) and metabolomic profiles of culture media, have
been introduced, but upon proper evaluation these methods
have been shown to be unable to increase pregnancy rates
(Hardarson et al., 2012; Mastenbroek et al., 2007; Vergouw
et al., 2011). Morphological selection of embryos thus remains
the core of daily laboratory practice in IVF/intracytoplasmic
sperm injection (ICSI).

The morphological selection of embryos is largely based
on clinical experience and local protocols (ESHRE, 2011; Holte
et al., 2007). Several authors have proposed prediction models
to rank embryos according to their implantation potential.
Unfortunately, most of these models were developed on small
data sets and were not externally validated (Giorgetti et al.,
1995; Holte et al., 2007; Racowsky et al., 2009, 2011; Steer
et al., 1992; Van Royen et al., 1999, 2001; Ziebe et al., 1997).

Based on data from a large cohort of consecutively treated
IVF/ICSI patients, this study constructed a new multivari-
able prediction model to rank embryos according to their im-
plantation potential.

Materials and methods

This study collected data of consecutive IVF/ICSI embryo trans-
fers on day 3 after oocyte retrieval performed between
January 2004 and July 2009 in the Centre for Reproductive
Medicine of the Academic Medical Centre, University of Am-
sterdam, Amsterdam, the Netherlands for the development
of the model. For validation of the model, data of embryo

transfers performed between August 2009 and September 2011
at the same centre were prospectively collected. All IVF/
ICSI embryo transfers were included, regardless of the cycle
number of the couple undergoing the treatment.

Under the legal requirements for clinical research in the
Netherlands, this study was exempt from institutional review
board (IRB) approval.

Patients

All couples had been trying to conceive for at least 12 months
and underwent a basic fertility workup according to the guide-
lines of the Dutch Society of Obstetrics and Gynecology (NVOG
(Dutch Society of Obstetrics and Gynaecology), 2004). The in-
dication to start IVF or ICSI was determined according to the
Dutch IVF guideline (NVOG (Dutch Society of Obstetrics and
Gynaecology), 1998). If subfertility was caused by tubal pa-
thology, severe endometriosis or severe oligozoospermia (post-
wash total motile sperm count <3 million) IVF/ICSI was offered
directly (Repping et al., 2002). In case of one-sided tubal pa-
thology, minimal endometriosis, cervical hostility, mild male
oligozoospermia or unexplained subfertility, at least six in-
trauterine inseminations were applied before IVF/ICSI was
offered. In case of ovulation disorders, mainly caused by poly-
cystic ovary syndrome, 12 cycles of ovulation induction were
applied before IVF/ICSI was offered. The upper female age
limit for IVF/ICSI treatment was 43 years.

IVF/ICSI procedures

Women underwent ovarian stimulation after down-regulation
with the gonadotrophin-releasing hormone agonist triptorelin
(Decapeptyl; Ferring, Hoofdorp, The Netherlands) in a long
protocolwith amidluteal start. Ovarian stimulationwas started
on cycle day 5with recombinant FSH (Gonal-F; Serono Benelux,
London, UK; or Puregon; MSD, Oss, the Netherlands) or human
menopausal gonadotrophin (Menopur; Ferring) in daily doses
ranging from75 to 450 IUdepending on the antral follicle count.
Oocyte maturation was induced by 10,000 IU human chori-
onic gonadotrophin (Pregnyl; MSD). Cumulus–oocyte com-
plexes were recovered by transvaginal ultrasound-guided
follicle aspiration 36 h thereafter. Oocytes were insemi-
nated with 10,000 or 15,000 progressively motile spermato-
zoa (IVF) or injected with a single spermatozoon (ICSI) 2–4 h
after follicle aspiration. Embryoswere cultured in human tubal
fluid (HTF; Gynotec, Malden, The Netherlands) supple-
mented with 15% pasteurized plasma protein solution (GPO;
Sanquin, Amsterdam, The Netherlands) or G5-PLUS medium
(Vitrolife,Göteborg, Sweden) containing human serumalbumin
at 37°C and 5% (HTF) or 6% (G5-PLUS) CO2 in air. Embryo trans-
ferwasperformedonday3after oocyte retrievalwith aWallace
catheter (Smiths Medical, Rosmalen, The Netherlands). Luteal
phase was supported by progesterone intravaginally 200 mg
b.i.d. (Utrogestan Besins Healthcare, Brussels, Belgium). An
HCG blood test was performed 18 days after oocyte re-
trieval.

Morphological scoring

Each embryo was cultured individually. Pronuclear scoring was
performed 17–22 h after insemination/injection and early
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cleavage was scored 23–28 h after insemination/injection. On
day 2 (41–46 h after insemination/injection) and day 3 (65–
70 h after insemination/injection), the number of blasto-
meres was assessed and each embryo was given a
morphological score, based on the degree of fragmentation
of the embryo and the uniformity of the blastomeres (Puissant
et al., 1987). The embryo was given a score of 1 (no frag-
mentation), 2 (<20% fragmentation), 3 (20–50% fragmenta-
tion) or 4 (>50% fragmentation). If the blastomeres of the
embryo were nonuniform in size for their developmental stage
(i.e. the 2-, 4- or 8-cell stage), the morphological score was
augmented with one point, with 4 remaining the lowest pos-
sible score. If on day 3 the embryo showed signs of compac-
tion, the embryo was scored as a morula and given a grade
based on the degree of compaction (1 = full compaction,
2 = 50–99% compaction, 3 = <50% compaction).

Number of embryos transferred

Before July 2006, double-embryo transfer was performed in
all women unless there was a medical indication to limit the
number of transferred embryos to one. After July 2006, an
individualized transfer policy was adopted. Single-embryo
transfer was performed in women aged <35 years undergo-
ing their first cycle of IVF/ICSI with at least one top-quality
embryo. Double-embryo transfer was performed in women
aged <35 who did not have a top-quality embryo in the first
cycle, in women aged <35 who failed to get pregnant in their
first cycle of IVF/ICSI and in women aged 35–38 years. In
women aged ≥39, three embryos were transferred. These
strategies were based on a combination of the Practice Com-
mittee of the American Society for Reproductive Medicine
guidelines and the Belgian embryo transfer legislation (ASRM,
2004, 2006).

Predictors

Pronuclear score, early cleavage, number of blastomeres on
days 2 and 3, morphological score on days 2 and 3 and the
progression of the number of blastomeres from day 2 to
day 3 were evaluated as potential predictors for ongoing
implantation. Since this work wanted to develop a model to
rank embryos, not to calculate the chances of success, only
embryo parameters evaluated, leaving out female and male
characteristics; within each individual cycle, couple and treat-
ment characteristics will be identical for all embryos and they
are of no help in ranking embryos according to their implan-
tation potential.

Outcome

The primary outcome was ongoing implantation, defined as
the implantation of an embryo that resulted in an ongoing
pregnancy with cardiac activity at a gestational age of at least
11 weeks. Ongoing implantation was determined in the case
of the presence of one fetus after the transfer of a single
embryo, two fetuses if two embryos had been transferred and

three fetuses with cardiac activity if three embryos had been
transferred.

Statistical analysis

For the development of the model, only embryos with indi-
vidual traceability were used. These were cycles with single-,
double- or triple-embryo transfer that had resulted in either
no implantation or transplantation of all transferred embryos.
Monozygotic twins were excluded from the analysis. Embryos
on which preimplantation genetic screening was performed
were also excluded. The embryo was the unit of analysis in
model development. This data set is the development data
set with traceable embryos.

Some of the candidate predictors hadmissing values. Simple
exclusion of couples with missing values on one or more vari-
ables commonly causes biased results and decreases statis-
tical efficiency (Greenland and Finkle, 1995). Missing values
in the data were completed by multiple imputation using Sta-
tistical Package for Social Sciences version 18.0 (SPSS, USA).
This method uses all available data to impute the missing
values based on the correlation between each variable with
missing values and all other variables.

The linearity of the associations between the continuous
variables, number of blastomeres and the categorical vari-
able morphological score and the probability of an ongoing
implantation were checked using restricted cubic spline func-
tions in logistic regression and visual inspection. Based on these
spline functions, variables were transformed to better ap-
proach linearity.

For each candidate predictor, this work performed a
univariable logistic regression analysis and estimated the cor-
responding unconditional odds ratios, calculating 95% confi-
dence intervals (CI) and P-values. Although hypothesis testing
is usually performed with a significance level of 5%, a differ-
ent significance level for variable section in model building
is commonly used, as the incorrect exclusion of a factor would
be more deleterious than the inappropriate consideration of
one factor too many (Steyerberg et al., 1999). The current
work considered all prognostic variables reaching a signifi-
cance level of 30% in univariable analysis and built a multi-
variable model with all these variables. For reasons of
parsimony, variables were removed from the model if their
removal did not significantly reduce model fit, using the gen-
eralized likelihood ratio test statistics and a 5% significance
level.

This work additionally evaluated whether the choice of ICSI
rather than IVF had an effect on embryo selection. This would
be the case if there were a significant interaction between
the selected treatment and the selected predictive
variables.

In deciding between competing expressions of related pa-
rameters, Akaike’s information criterion (AIC) was used in vari-
able selection (Steyerberg, 2009). The model with the best
AIC was selected as the final model. Additionally, all poten-
tial predictive factors for interactions were evaluated using
an interaction term.

To prevent overfitting and a too optimistic impression of
model performance, a linear shrinkage factor was esti-
mated, based on model fit and the number of parameters
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(Steyerberg, 2009). Coefficients in the model were then cor-
rected by this shrinkage factor.

Performance of the final model

The performance of the final model was first evaluated by as-
sessing the ability of the model to distinguish between embryos
or sets of embryos that achieved an ongoing implantation and
those that did not. To evaluate discrimination of the model,
the area under the receiver operating characteristic curve,
also known as the c-statistic, was calculated. The c-statistic
expresses the probability that, in any pair of embryos in which
one implanted and the other did not, the embryo that im-
planted actually had a higher score.

To extrapolate the implantation rates from the data set
with individual embryo traceability to the total data set, a
correction factor was used. The correction factor was cal-
culated as the ratio of the overall implantation rate (the
number of implantations relative to the number of trans-
ferred embryos in the total data set) versus the implanta-
tion rate in the individual traceability data set (the number
of implantations relative to the number of transferred embryos
in the individual traceability data set).

The implantation probability was calculated for each trace-
able embryo in the development data set and the validation
data set. Ideally, these probabilities should show a wide range,
making it easier to rank embryos based on their implanta-
tion potential.

To evaluate agreement between calculated probabilities
of an ongoing implantation and observed proportions of
ongoing implantation, the Hosmer–Lemeshow goodness-of-
fit test statistic was calculated. In addition, the mean cal-
culated probabilities of ongoing implantation in disjoint
subgroups defined by quintiles were compared with the ob-
served ongoing implantation rate in the corresponding groups.
The predicted proportion and the observed proportion of
ongoing implantations (for traceable embryos) were com-
pared by plotting the observed ongoing implantation rate
versus the mean probability in each of the groups, as calcu-
lated from the model.

To evaluate any miscalibration, this work also fitted a cali-
bration model using logistic regression, with the linear com-
bination of variables in the prediction model as the only
variable (Steyerberg, 2009; Steyerberg et al., 2001).

External validation of the model

This work performed an external, temporal validation
(Steyerberg, 2009). The performance of the model was evalu-
ated for more recent embryo transfers on day 3 after oocyte
retrieval, performed between August 2009 and September 2011
in the Centre for Reproductive Medicine of the Academic
Medical Centre, the Netherlands. This evaluation was per-
formed in the validation data set with traceable embryos. This
work also performed validation on the complete develop-
ment and validation sets (on a transfer level) containing all
transferred embryos. The probability of success in transfer
was calculated based on the calculated probabilities of the
embryos transferred. The transfers were then ranked in terms

of the calculated probabilities and assigned to subgroups,
based on quintiles. The predicted proportion and the ob-
served proportion of success (for all transfers) were com-
pared by plotting in each group the observed ongoing
implantation rate versus the mean probability, as calcu-
lated from the model.

Updating the model

After the external validation, the model was updated based
on all available data through recalibration (Karp et al., 2004;
Toll et al., 2008). The linear combination of variables in the
model were fitted as the only variable in a logistic regres-
sion model, using all traceable embryos in the development
set and the validation set. Based on the estimated slope and
intercept of that model, the intercept and coefficients of the
prediction model were adjusted to create a final, updated
model.

Results

Between January 2004 and July 2009, 3143 embryo trans-
fers had been performed, transferring a total of 6021 embryos
(mean 1.9 embryos per transfer). The 3143 transfers led to
at least one viable intrauterine pregnancy of at least 11 weeks
in 713 cases (23%). Of the 6021 transferred embryos, 848 im-
planted: a total ongoing implantation rate of 14%. In 247 trans-
fers (374 embryos), all embryos implanted; in 466 transfers
(993 embryos), fewer embryos implanted than were trans-
ferred; and in 2430 transfers (4654 embryos), no embryos im-
planted (Supplementary Figure S1 in the online version at
doi:10.1016/j.rbmo.2014.04.016, available online). A total of
5028 transferred embryos had exact traceability and were used
further for model development.

Between August 2009 and September 2011, 1666 addi-
tional embryo transfers were performed, transferring a total
of 3061 embryos (mean 1.8 embryos per transfer). The ongoing
pregnancy rate in this validation set was 21% (351/1666). Of
the 3061 transferred embryos, 405 implanted: a total ongoing
implantation rate of 13%. In 152 transfers (199 embryos), all
embryos implanted; in 199 transfers (443 embryos), fewer
embryos implanted than transferred; and in 1315 transfers
(2419 embryos), no embryos implanted (Supplementary
Figure S1 in the online version at doi:10.1016/
j.rbmo.2014.04.016). A total of 2618 transferred embryos
had exact traceability and were used further for model
development.

The baseline characteristics of all embryo transfers and
the data sets with traceable embryos are summarized in
Supplementary Table S1 in the online version at doi:10.1016/
j.rbmo.2014.04.016, both for the development set and for the
validation set. One variable had missing values: early cleav-
age (26% missing).

Analysis with spline functions demonstrated a nonlinear as-
sociation between the number of blastomeres on days 2 and
3 after oocyte retrieval and ongoing implantation. Both vari-
ables were transformed to fit the data better. The number
of blastomeres on day 2 was recoded as the absolute value
of the deviation from 4; an embryo with six blastomeres was
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recoded to a score of 2 (6 minus 4) and an embryo with three
blastomeres was recoded to a score of 1 (4 minus 3). Simi-
larly, the number of blastomeres on day 3 was recoded as the
absolute value of the deviation from 8. All embryo morphol-
ogy scores could adequately be described by linear func-
tions (Supplementary Figure S2 in the online version at
doi:10.1016/j.rbmo.2014.04.016).

In univariable analysis, early cleavage, number of blasto-
meres on days 2 and 3, morphological score on days 2 and 3
and progression from 4 blastomeres in day-2–8 blastomeres
on day 3 were found to be significantly associated (all P < 0.01
at a 30% significance level) with ongoing implantation (Supple-
mentary Table S2 in the online version at doi:10.1016/
j.rbmo.2014.04.016). The pronuclear score and the presence
of morula on day 3 were not significantly associated with
ongoing implantation.

After the removal of variables from the resulting multi-
variable model without loss in goodness of fit, four factors
were found to be significantly associated with ongoing im-
plantation: number of blastomeres on day 2, number of blas-
tomeres on day 3, the morphological score on day 3 and
presence of morula on day 3 (all P < 0.001). Early cleavage
was not significantly associated with ongoing implantation.
These factors were included in the final multivariable logis-
tic regression model. None of the evaluation interactions
between these terms was statistically significant and no in-
teraction terms were included in the final model. There were
no significant interactions between treatment (ICSI or IVF) and
the predictive variables. This means that the ranking of
embryos is not affected by the use of ICSI rather than IVF. The
goodness-of-fit of the final model was compared with a model
that consisted of day-3 parameters only (i.e. number of blas-
tomeres and morphological score on day 3). The final model

fitted the data significantly better than the other models (like-
lihood ratio test; P < 0.001).

Figure 1 depicts the spread in calculated probabilities in
the development and validation sets with traceable embryos.
The probabilities for both data sets ranged from 0.00 to 0.39,
with a mean of 0.14, which corresponds to the overall im-
plantation rate in this selected set of embryos.

The model had a moderate discriminative capacity in the
development set with traceable embryos. The c-statistic was
0.73 (95% CI 0.70 to 0.75). There was good calibration; the
goodness-of-fit test showed no significant miscalibration, the
slope of the linear predictor (calibration slope) was 1.02 (95%
CI 0.87 to 1.18) and the calibration intercept was 0.05 (95%
CI –0.31 to 0.42). The calibration plot showed that the model
calibrated well (Figure 2A).

Discriminative capacity in the validation set with trace-
able embryos was similar to that in the development set, with
a c-statistic of 0.70 (95% CI 0.67 to 0.74). In the validation
set, the model also calibrated well (Figure 2B). The calibra-
tion slope was 0.89 (95% CI 0.69 to 1.09) and the calibration
intercept was –0.26 (95% CI –0.74 to 0.24).

The performance of the model was also evaluated for all
embryo transfers. The model calibrated well both in the com-
plete development set and validation set (Figure 2C and D).

The updated final model and a simplified embryo score are
presented in Table 1. The total score can be calculated with
the following formula: Total score = 103 + (2 × early cleav-
age (yes = 1, no = 0)) + (–3 × blastomeres on day 2 deviating
from 4) + (–3 × blastomeres on day 3 deviating from 8
(morula = 0)) + (–5 × morphological score on day 3
(morula = 0)) + (–11 × morula on day 3 (yes = 1, no = 0)).

The higher the total score, the higher the ongoing
implantation potential of the embryo. Table 2 depicts the

BA

Figure 1 Distribution of the calculated probabilities in the development set and validation set with traceable embryos. (A) Devel-
opment set. (B) Validation set.
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hypothetical case of a couple that has 10 embryos after an
IVF/ICSI cycle. Their embryos are ranked according to
their implantation potential, as calculated with the model.
An embryo with early cleavage, 4 blastomeres on day 2
and 8 blastomeres on day 3 with a morphological score of 1

on day 3 has a total score of 100 (103 + (2 × 1) + (–3 × 0) +
(–3 × 0) + (–5 × 1) + (–11 × 0)) (Table 2, embryo 10). The
embryo with the highest total score has the highest
chance of implantation compared with the other nine
embryos.
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Figure 2 Calibration plots showing associations between calculated and observed ongoing embryo implantation rates. (A) Devel-
opment set with traceable embryos. (B) Validation set with traceable embryos. (C) Validation of complete development set. (D) Vali-
dation of complete validation set. To calculate the actual implantation rate (IR) for panels A and B, the calculated probabilities for
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(A) Corrected calculated probabilities of an ongoing implantation ranged from 0.00 to 0.39 (mean 0.14). (B) Corrected calculated
probabilities of an ongoing implantation ranged from 0.00 to 0.39 (mean 0.14). (C and D) These are the corrected calculated
probabilities.
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Discussion

This study developed a prediction model to rank embryos
within a single IVF/ICSI cycle of a couple according to their
ongoing implantation potential. The model had moderate dis-
criminative capacity and calibrated well, both in the devel-
opment and in a separate validation set, with data that had
not been used for the development of the model.

One of the strengths of this study is that it evaluated seven
embryo predictors in consecutive transfers, using only embryos
with exact traceability. The model was developed in a large
data set (>6000 embryos) and validated thoroughly using more
recent data, collected at the same clinic after the develop-
ment of the model.

Themoderatediscriminative capacity implies that themodel
is not able to distinguish perfectly between embryoswith small
differences in ongoing implantation potential. Yet perfect pre-
diction is not the goal of this embryo selection model: the
primary goal is not to predict with absolute certainty whether
an embryo will implant, but to rank embryos based on their
ongoing implantation potential within a single treatment cycle
of a couple. Although the ideal outcome of the model would
be the number of live births, ongoing implantation rate was
used as the outcome of interest. Whether implementation of
thismodel ultimately improves ongoing implantation rates and

time to pregnancy has not yet been evaluated and is a topic
for future research. Since <2% of all ongoing pregnancies result
in late miscarriage or still birth, the model is not expected to
change fundamentally when using the number of live births
as outcome measure (Regan and Rai, 2000).

When scoring the embryos, there was a range in timing of
scoring of maximally 5 h. This range could potentially lead to
different classification of embryos. Yet despite the time dif-
ference of 5 h, early cleavage is still a significant predictive
factor in the model. If the time difference had been less and
data would more homogeneous, early cleavage would prob-
ably have been an even better predictor.

Also the model had an acceptable discriminative capac-
ity and calibrated perfectly even after external validation in
spite of this time difference. This work used data of a single
centre only, so the generalizability of themodel to other clinics
has to be evaluated more extensively in future studies (geo-
graphical validation). As the aim of the model was to rank the
embryos acquired after an IVF/ICSI cycle of a couple and not
to calculate the exact implantation rate of an individual
embryo, higher or lower implantation rates should not influ-
ence the performance of the model. Over the years that the
data were collected, there were two significant changes in
the study centre: the embryo transfer policy shifted more
towards single-embryo transfer (as seen by the lower number

Table 1 Multivariable analysis.

Predictor
Updated model Embryo score

Beta (β) P-value

Intercept –1.0579 103
Early cleavage 0.2492 NS 2
No. of blastomeres on day 2 (deviation from 4)a –0.3324 <0.001 –3
No. of blastomeres on day 3 (deviation from 8)b –0.3128 <0.001 –3
Morphological score on day 3c –0.5305 <0.001 –5
Morula on day 3d –1.1940 <0.001 –11

NS = not significant (P > 0.05).
aNo. of blastomeres = absolute value (no. of blastomeres – 4).
bNo. of blastomeres = absolute value (no. of blastomeres – 8); morula = 0.
cMorula = 0.
dPresence of morula = 1; no morula = 0.

Table 2 Hypothetical example of embryo ranking 3 days after oocyte retrieval.

Embryo
Early
cleavage

No. of blastomeres
on day 2a

No. of blastomeres
on day 3b

Morphological
score on day 3

Morula on
day 3

Total
score

1 No 2 3 3 No 67
2 No 3 5 3 No 76
3 No 4 12 2 No 81
4 No 5 7 2 No 87
5 No 3 NA NA Yes 89
6 Yes 4 9 2 No 92
7 No 4 8 2 No 93
8 Yes 4 NA NA Yes 94
9 No 4 8 1 No 98
10 Yes 4 8 1 No 100

NA = not applicable.
aNo. of blastomeres transformed to absolute value (no. of blastomeres – 4).
bNo. of blastomeres transformed to absolute value (no. of blastomeres – 8); morula = 0.
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of embryos transferred in the validation set) and there was
a switch in culture media (HTF to Vitrolife). Despite these
changes, the model still had near-perfect calibration and ac-
ceptable discriminative capacity both after internal and ex-
ternal validation, indicating that these changes did not affect
the performance of the model.

As indicated in the introduction, several other embryo im-
plantation models have been developed in the past. Previ-
ous studies used much smaller data sets and not all used data
of embryos with exact traceability of the individual embryos
(Giorgetti et al., 1995; Holte et al., 2007; Racowsky et al.,
2009; Steer et al., 1992; Van Royen et al., 1999, 2001; Ziebe
et al., 1997). Several studies did not validate their model
(Giorgetti et al., 1995; Holte et al., 2007; Racowsky et al.,
2009; Steer et al., 1992; Ziebe et al., 1997). As prediction
models may not perform as well in a new data set as in the
development set, external validation of models is essential
to support general applicability of the model (Steyerberg,
2009). It also enables further fine tuning of the model by up-
dating the weight of each variable.

An additional problem with some other embryo implan-
tation models is that they included patient characteristics into
the model (Racowsky et al., 2009, 2011). As patient charac-
teristics for each of these embryos are identical (all embryos
are from the same couple), it is misleading to include these
characteristics. They will seem to improve model fit, without
actually contributing to the ranking potential. Some of these
patient characteristics, such as age, are much stronger pre-
dictors than embryo parameters, so including these in a model
would result in an overestimation of the discriminative ca-
pacity of the model in distinguishing between embryos of the
same woman in which female age is identical.

There is also an ongoing discussion as to whether it is better
to score embryos only on day 3 or on both day 2 and day 3
(Racowsky et al., 2009). The current work compared the final
model to a model that consisted of day-3 parameters only (i.e.
number of blastomeres and morphological score). The final
model fitted the data significantly better than the day-3 model
(P < 0.001). Therefore, an implantation model that includes
day-2 and day-3 variables has better predictive perfor-
mance than models that exclude these variables. Whether
scoring embryos on day 2 is cost-effective and results in higher
pregnancy rates has to be evaluated in future studies.

The association between the five identified embryo factors
and embryo implantation is biologically plausible: embryos
that demonstrate early cleavage are known to be more likely
to implant because they are likely to cleave more evenly,
which is strongly correlated with a lower incidence of mitotic
chromosomal errors and therefore a higher chance of im-
plantation (Hardarson et al., 2001). The current analyses
showed that faster- and slower-cleaving embryos have a lower
chance of implantation. The biological explanation could be
that embryos that cleave directly into more than 2 cells and
embryos that cleave too slowly or too fast also have signifi-
cantly more chromosomal abnormalities (Hardarson et al.,
2006; Magli et al., 2007). In addition, mouse embryos that
cleave faster have recently been shown to have greater per-
turbations in genomic imprinting and metabolic marker ex-
pression (Market Velker et al., 2012). The degree of
fragmentation of an embryo is strongly correlated with chro-
mosomal mosaicism and embryos that display fragmenta-
tion are less likely to implant (Munne and Cohen, 1998).

Early cleavage (day 1) and the number of blastomeres on
day 2 are important predictors in this model, implying that
embryo selection should not be solely based on embryo pa-
rameters assessed on day 3. Culturing embryos individually
and scoring them on each day therefore allows for better
embryo selection. Newly developed real-time embryo moni-
toring systems enable the continuous monitoring of embryos
and could assist in accurate determination of the timing of
all cleavages (Kirkegaard et al., 2012). In the absence of suf-
ficiently large randomized clinical studies, it remains to be
elucidated whether embryo selection using dynamic param-
eters improves clinical outcome or whether it has addi-
tional predictive capacity for implantation. Before such
randomized controlled studies are performed, morphologi-
cal selection based on daily evaluation of the embryos seems
to remain at the core of current laboratory practice in IVF/
ICSI. In addition, it is important to mention that trials that
compare real-time embryo analysis to standard daily moni-
toring also indirectly compare the quality of different incu-
bators, because incubators used for real-time analysis differ
from incubators used for standard IVF/ICSI. Thus, to truly
assess the (cost–)benefit of real-time analysis, a trial should
be performed comparing real-time to standard analysis using
the same incubator for both arms of the trial.

Combining a multivariable model that takes into account
both the prognostic profile of the patient and the ranking of
the embryos could be an important step towards a patient-
tailored embryo transfer strategy. Such a combined model
would enable calculation of ongoing implantation chances and
multiple ongoing implantation chances. This is especially rel-
evant in the situation where a decision has to be made to
transfer one or two embryos. Currently, embryo quality is
mostly dichotomized into top-quality and non-top-quality
embryos. This study shows that embryos can be ranked more
precisely based on their ongoing implantation potential and
that dichotomizing embryo quality is most likely an oversim-
plification of reality.

In the meantime, the model presented here can be used
by embryologists as an objective tool to rank embryos by their
ongoing implantation potential and to select the embryo(s)
with the highest ongoing implantation potential for trans-
fer. The model can also can help to create a more-uniform
embryo selection strategy for all laboratories transferring
embryos on day 3 after oocyte retrieval.
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