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Abstract

Purpose To dynamically assess the evolution of live birth predictive factors’ impact throughout the in vitro fertilization
(IVF) process, for each fresh and subsequent frozen embryo transfers.

Methods In this multicentric study, data from 13,574 fresh IVF cycles and 6,770 subsequent frozen embryo transfers were
retrospectively analyzed. Fifty-seven descriptive parameters were included and split into four categories: (1) demographic
(couple’s baseline characteristics), (2) ovarian stimulation, (3) laboratory data, and (4) embryo transfer (fresh and frozen).
All these parameters were used to develop four successive predictive models with the outcome being a live birth event.
Results Eight parameters were predictive of live birth in the first step after the first consultation, 9 in the second step after the
stimulation, 11 in the third step with laboratory data, and 13 in the 4th step at the transfer stage. The predictive performance
of the models increased at each step. Certain parameters remained predictive in all 4 models while others were predictive
only in the first models and no longer in the subsequent ones when including new parameters. Moreover, some parameters
were predictive in fresh transfers but not in frozen transfers.

Conclusion This work evaluates the chances of live birth for each embryo transfer individually and not the cumulative out-
come after multiple IVF attempts. The different predictive models allow to determine which parameters should be taken into
account or not at each step of an IVF cycle, and especially at the time of each embryo transfer, fresh or frozen.
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Introduction

Numerous parameters are well known to be prognostic fac-
tors of IVF success. Over the last two decades, predictive
models have been proposed in order to take into account
these parameters in their whole. These methodologies have
become increasingly more interesting due to (i) the ever-
larger amount of data available and (ii) the ever-increas-
ing computational power allowing extraction of valuable
information from these large amounts of data. Early works
focused on predicting the outcome of IVF treatments in fresh
cycles, starting with the direct identification of influencing
factors [1] to the simultaneous inclusion of a range of anam-
nestic couple characteristics [2], every time providing more
accurate assessments of the outcomes. Subsequently, predic-
tive models estimated individualized cumulative chances of
a first live birth over multiple complete cycles of IVF involv-
ing fresh and subsequent embryo transfers [3, 4]. This last
model provided live birth predictions after 6 IVF cycles at
two time points: the first before undergoing IVF with inte-
gration of patient characteristics before treatment; and the
second, after completion of the first complete IVF cycle,
including fresh and subsequent frozen embryo transfers.
More recently, a model was proposed where the probability
of live birth after the oocyte retrieval was readjusted with the
addition of two parameters, the number of oocytes retrieved
and the number of embryos obtained, thereby updating the
live birth probability during IVF [5].

The aim of this work is to investigate which and at which
stage such potentially predictive factors do in fact help in the
estimation of the live birth probability (LBP) at each fresh
and frozen cycle transfer. In order to achieve this goal, we
created a four-step process to select the statistically signifi-
cant predictive parameters of the LBP at each step of the
IVF procedure.

Materials and methods

Our approach, although intimately driven by clinical prac-
tice, is deeply grounded in data and analytical process via
machine learning techniques. Hence, our first step was to
gather and curate a database of patients with the entire I[IVF
process of each couple.

Data

Anonymous data from 5 IVF French centers (3 public and
2 private), including in vitro fertilization (IVF) and intra-
cytoplasmic sperm injection (ICSI) with fresh and subse-
quent frozen embryo transfers (FET), were retrospectively
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extracted from January 2014 to December 2017. Cycles
with no oocytes retrieved or no embryos obtained were also
included. Frozen embryo transfers for which the originated
IVF/ICSI cycles were not available were excluded. The rank
parameter kept track of the cycle number for each couple,
allowing us to properly associate cycles to each returning
couple. Donor cycles (oocytes or sperm) and oocytes or
embryos cryopreservation cycles were not included.

Data extracted in each participating center are listed in
Table 1. An exhaustive phase of data cleansing was per-
formed in order to ensure (i) data uniformity between the 5
centers, (ii) conventions matching, (iii) proper treatment of
missing data, and (iv) further manual verifications as neces-
sary. Parameters with more than 10% missing values were
removed from the dataset and the “mice” R package was
used to impute the remaining missing values, assuming that
the missing data were missing at random. Multicollinear-
ity was checked at this step: before running any model, we
removed parameters that were strongly correlated (we chose
a threshold of 0.8), keeping only one of them. The choice of
which variable to keep was driven by the AUC (when there
was a measurable impact) and by expertise (when there was
not).

A particular attention was given to homogenize embryo
quality grading between participating centers. For simplic-
ity sake, embryos at the cleavage stage were classified into
4 categories. Category A comprised embryos with typical
blastomere numbers and less than 10% fragmentation; cat-
egory B embryos included typical blastomere numbers and
less than 30% fragmentation; category C embryos included
atypical blastomere numbers and/or between 30 and 50%
fragmentation; and category D embryos had more than 50%
fragmentation and/or multi-nucleation. For blastocyst grad-
ing, the quality assessment was based on Gardner’s classi-
fication [6, 7]. Blastocysts were classified into two groups:
(1) “good quality” blastocysts (from B3 to B6 with at least
one score greater than or equal to “B” for inner cell mass
(ICM) and/or trophectoderm) and (2) all other blastocysts
(“poor quality” group).

In the dataset, all the numerical parameters could
be treated as such, but in some cases, we chose to cre-
ate categories: age (18-24.9, 25-29.9, 30-34.9,
35-36.9, 37-39.9.9, > 40 years); BMI (<25, 25-29.9,
30-34.9,>35 kg/mz); antimiillerian hormone, AMH, (<1,
1-1.5, 1.51-2.5, 2.51-5, > 5.1 ng/ml); antral follicle count,
AFC, (<5, 6-10, 11-15,> 15); initial gonadotrophin dose
(<150, 151-225, 226-300, > 300 UI per day); and endo-
metrial thickness (<7, 7-10,> 10 mm). This facilitates the
clinical interpretation of the results by aligning them with
common practice in the literature.

The end-point chosen to build the predictive models
was a live birth event. Data from all 5 centers were subse-
quently combined to yield a single, anonymized, and reliable
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Table 1 Fifty-seven parameters included in the 4 steps of the IVF process for the development of 4 predictive models

Age (years) /woman, man
BMI (kg/m2)/ woman, man

Smoking status (yes/no) / woman, man

Step1 Uterine abnormality (malformation, myomas, synechias)
Tubal status , ovulatory status
Endometriosis (yes/no)

Previous couple's pregnancies and/or children

Antral Follicle Count AFC (Day3 ultrasonography)

Sperm characteristic: concentration, motility, morphology

Demographic and clinical baseline characteristics: 13 parameters

Infertility duration (years) , Infertility cause (uterine, tubal, endometriosis, male, unexplained)

Firstlab and sonography assessments: 8 parameters
Anti Mullerian Hormone AMH (ng/ml), Basal FSH (UI/L), LH(UI/L), testosterone (ng/ml)

ART Technique: IVF or ICSI, Difficulty of the technique
Protocol (agonist/antagonist/others)

Step2 Initial and Total gonadotrophin dose (Ul/day)

Number of stimulation days

Ovarian stimulation : 15 parameters

Hormonal assessments during the stimulation : At Day 1, 6 and Trigger day (Estradiol, LH and progesterone)

Number of oocytes retrieved, number of mature oocytes

Number of embryos obtained

Step3

Results after the oocyte retrieval: 11 parameters

Total number of cleavage stage embryos obtained at day 2 or day 3 after the oocyte retrieval
Number of cleavage stage embryos obtained for each embryo quality category : A, B,C,D
Total number of blastocysts obtained at day 5 or day 6 after the oocyte retrieval

Number of blastocysts obtained with respect to blastocyst quality: good or poor quality

Transfer rank

Endometrial thickness on the day of progesterone start (mm)
Embryo transfer stage (cleavage or blastocyst)

Embryo transfer: 10 parameters

Protocol if FET (hormonal preparation, ovarian stimulation, natural cycle)

Number of cleavage stage embryos transferred for each embryo quality category : A, B, C,D

Number of blastocysts transferred with respect to blastocyst quality: good or poor quality

database where FET were connected to their corresponding
IVF or ICSI.

Creation of the 4 steps of the IVF process

The database was built to include all the parameters avail-
able from the entire IVF process of each patient, from their
first infertility consultation to the final embryo transfer (57
parameters in total). This longitudinality of data was divided
into four categories, corresponding to the four steps of the
IVF process, subsequently corresponding to four iterations
of our predictive model (Table 1):

1. Demographic: at the first couple consultation, demo-
graphic parameters as well as the first clinical and bio-

logical data were collected (1st step) allowing the devel-
opment of the first predictive model (model 1). Tubal
indication in this study included couples for whom a
tubal issue was the main problem: uni- or bilateral sal-
pingectomy. Hydrosalpinx were treated surgically prior
to IVF process. Cycles with no oocytes or embryos
obtained were included at this step.

Stimulation: the patients then underwent an ovarian
stimulation and corresponding parameters were recorded
(2nd step), allowing the development of the second
predictive model (model 2). Similarly, cycles with no
oocytes or embryos obtained were included.
Laboratory: the corresponding parameters were col-
lected after the oocyte retrieval, such as the number
of oocytes as well as number and quality of embryos
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obtained (3rd step), allowing the development of the
third predictive model (model 3). Cycles with no oocytes
or embryos obtained were excluded at this step.

4. Transfer: finally, for patients achieving an embryo trans-
fer, parameters collected at the embryo transfer step (4th
step) allowed the development of the fourth predictive
model (model 4). Cycles with no oocytes or embryos
obtained were excluded.

The predictive power of the different parameters on live
birth probability was calculated at each of these 4 IVF steps.
Couples failing to reach a step were no longer included in
the subsequent models.

For the subsequent FET, data from steps 1, 2, and 3
were extracted from the originated IVF or ICSI cycles, then
the transfer parameters specific to the frozen cycles were
added, which allowed the prediction of live birth at each
FET (model 4 for FET).

Multivariate model creation and validation:
statistical analysis

The development of the four models followed the recom-
mended TRIPOD checklist for both the methods and the
results [8]. LBP was estimated at each IVF step by imple-
menting four generalized logistic regression multivariate
models in R (a univariate analysis was also performed for
completeness, although the results are not reported here
since they are superseded by the multivariate ones). The data
were split into training and testing sets over multiple folds.
Within each training fold, the models were created using a
second fivefold partition and backward selection with cross-
validation at each iteration. At the start of the process, all
the parameters of the selected category were included, and
eventually, only the most predictive ones were selected in
the final models. Finally, these models were evaluated over
the testing folds, and the performance of the median model
is reported here.

The four models resulting from this process were evalu-
ated for their predictive power via the receiver operating
characteristic (ROC) curves and associated area under the
curves (AUC, or C-statistics). The results presented subse-
quently include calibration plots, all the adjusted odd ratios
of the parameters that survived our selection process (aOR),
their 95% confidence intervals (CI), the corresponding ROC
curves and associated AUC, and p-value for each predictive
factor. A p<0.05 was considered to be statistically signifi-
cant. Note that an aOR equal to one indicates that the cor-
responding level is the reference in our model.

Calibration plots were created for all four models, sum-
marized in Fig. 1, showing a good agreement between the
observed and predicted individual live birth probabili-
ties. The calibration plots were created by splitting the
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Fig.1 Calibration plots showing the good agreement between the
predicted live birth probability and the computed one within each
corresponding decile

population into deciles and computing the average prob-
ability of life birth within each population (Fig. 1).

Ethical approval

Before undergoing an IVF procedure, patients sign a writ-
ten consent form allowing anonymous data to be used for
retrospective studies. Only patients having given their
written consent were included in our study.

The study was approved by our Institutional Review
Board (IRB) on the 13th of September 2018.

Results

A total of 13,574 fresh and 6770 frozen cycles are included
in our study, from 8684 couples. The general character-
istics of the population provided by the 5 IVF centers are
described in Table 2.

The global results concerning pregnancy and live birth
rates of the studied population are shown in Table 3. In
fresh transfers, the overall pregnancy and live birth rates
per transfer were 31.7% and 23.2%, respectively. For fro-
zen embryo transfers, pregnancy and live birth rates per
transfer were 27.5% and 18.9%, respectively. These results
are comparable to those of the French National Registry
during the same period [9].
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Table 2 General characteristics 13574 Frosh transfers
and laboratory parameters of the Number of cycles 6770 Frozen transfers
studied population
Mean Age of women in years (min-max) 34.4(18.3-45.5)
Infertility Type (%)
Unexplained 26.5
Tubal 8.8
Male 44.5
Endometriosis 45
Ovulatory 15.5
Mean infertility duration in years (min-max) 4.94(0.5-12)
ART Technique (%)
IVF 47
ICSI 53
Protocol (%)
Antagonist (%) 79
Others (%) 21
Mean number of mature oocytes retrieved (min-max) 8(1-52)
Mean number of embryos obtained (min-max) 5.9 (1-47)
Mean number of cleavage stage embryos transferred 1.46
Mean Number of blastocysts transferred 113
Mean trans fer rank (min-max) 3(1-16)
Table 3 C!inical outcomes in FRESH CYCLES FROZEN CYCLES
fresh and frozen cycles
N=13574 N=6770
Pregnancy rate per cycle (%) 26.3 26.7
Pregnancy rate per transfer (%) 31.7 275
Miscarriage rate (%) 24.0 29.2
Live birth rate per cycle (%) 193 184
Live birth rate per transfer (%) 232 18.9
Twin pregnancy rate (%)* 134 54
Single embryo transfers (%) 53 74
Double embryo transfer (%) 46 24
Transfer of more than 2 embryos (%) 1 2

“Twin pregnancy rate was calculated dividing the number of twin pregnancies by the total number of

pregnancies

Predictive parameters of live birth at each step
of the IVF process: fresh transfers

The multivariate odd ratios for all the models and their con-
fidence intervals are presented individually for each model in
Tables 4, 5, 6, and 7. Table 8 summarizes the results from all
four models and allows the comparison between each model,
identifying how the predictive impact of each significant
parameter evolves throughout the IVF process.

Model 1 (Table 4) At step 1, after the first consultation, the
demographic and the first clinical and biological parameters
were used to create model 1. Table 4 shows that 8 param-
eters were statistically predictive of LB. The odds of live
birth decreased with increasing age and woman’s BMI. The

ovarian reserve markers predicted lower chances of live
birth for women with poor AMH and AFC at this first step.
Longer infertility duration also indicated poorer prognosis.
Conversely, a history of previous pregnancy in the couple
was a good predictor of success (OR=2.58, 95% CI 1.55-
4.31). Aetiology of infertility played a role with lower results
for tubal disease (OR 0.70, 95% CI 0.63-0.78), ovulatory
disorder (aOR 0.81, 95% CI 0.71-0.94), and endometriosis
(OR 0.74, 95% CI 0.62-0.90), as well as the presence of a
uterine abnormality (OR 0.59, 95% CI 0.42-0.81).

Model 2 (Table 5) At the second step, ovarian stimulation
parameters were added to the demographic ones in order
to create model 2. Nine parameters were predictive at this
step. Age, BMI, AFC, previous couple’s pregnancy, uterine
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s i Vi

intervals (CI) for model Parameters aOR CI5% CI95%

1 statistically significant Woman's age < 35 (years) ref

demographic and initial clinical Woman's age 35-37 078 0,69 0.88

and biological parameters to

predict live birth at step 1 Woman's age 37-40 0.57 0.50 0.64
Woman's age >40 0.27 0.23 0.33
Woman's BMI <25 (kg/m2) ref
Woman's BMI 25-30 0.83 0.74 0.94
Woman's BMI >30 0.59 0.44 0.79
AMH <1 0.83 0.73 0.95
AMH 1-1.5 0.79 0.66 0.95
AMH 2-5 (ng/ml) ref
AMH >5 1.24 1.11 1.38

Demographic AFC<5 0.67 0.54 0.84

AFC5-10 ref
AFC 10-15 1.29 1.15 1.45
AFC>15 1.35 1.21 1.51
Infertility duration < 1,5 years ref
Infertility duration 1.5-3 years 0.89 0.80 0.98
previous couple's pregnancy 2.58 1.55 431
Etiology-Idiopathic ref
Etiology-Endometriosis 0.74 0.62 0.90
Etiology-Ovulatory disorder 0.81 0.71 0.94
Etiology-Tubal factor 0.70 0.63 0.78
Uterine abnormalities 0.59 043 0.81
Uterine fibroids 0.59 042 0.83

abnormality, and tubal disease remained predictive. The use
of high gonadotrophin doses (> 300 Ul/day) and the need to
increase the daily dose displayed a negative impact on LBP
in fresh transfers. The highest the LH was on the trigger day,
the lower was the live birth probability.

Model 3 (Table 6) At the third step, laboratory parameters
were added, making a list of 19 possible predictors; 11
remained predictive in this 3rd model, as shown in Table 6.
The population with no embryos (1303 cycles) was removed
from this model since this information becomes available at
this stage. Age, BMI, previous couple’s pregnancy, uterine
and tubal abnormality, high gonadotrophin dose, and LH
level on triggering day remained continuously predictive for
fresh embryo transfers. Progesterone levels on day 6 of the
stimulation appeared significant at this step. The number of
oocytes, the number and quality of the embryos obtained,
and the embryo stage (cleavage or blastocyst) were new pre-
dictive parameters of live birth.

Model 4 (Table 7) Finally, at the fourth and last step for
fresh embryo transfers, all the parameters available were
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considered as possible predictors, but only 13 ended up
being selected by our process as statistically significant in
predicting LBP, yielding model 4. The population with no
transferred embryos (1448 cycles) was removed from this
model since this information becomes available at this stage.
Age, BMI, male factor, uterine abnormality, high gonado-
trophin dose, day 6 progesterone, number, quality, and stage
of the embryos obtained remained predictive. Most of the
transfer parameters also remained predictive: endometrial
thickness on the day of progesterone start, quality and stage
of the embryo transferred, and transfer rank. The number of
embryos transferred appeared significant only for cleavage
stage embryos but not for blastocysts. This is explained by
the specific clinical practice of all the centers involved in
the study, whereby the transfers at the blastocyst stages were
almost always single transfers. As a result, the number of
blastocysts transferred, almost always 1, ends up having no
predictive power and therefore does not appear in our model.

Evolutivity of significant parameters (Table 8) An impor-
tant implication of our study is that we could go beyond the
interpretation of each single model and compare them side
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Table 5 Adjusted odd ratios

i Model 2
(aOR) and their confidence
intervals (CI) of model Parameters aOR CI5% CI195%
2 statistically significant Woman's age <35 (years) ref
demographic and stimulation Woman's age 35-37 0.77 0.68 0.87
parameters to predict live birth
at step 2 Woman's age 37-40 0.57 0.50 0.64
Woman's age >40 0.27 0.22 0.32
Woman's BMI <25 (kg/m2) ref
Woman's BMI 25-30 0.85 0.76 0.96
Woman's BMI >30 0.637 0.48 0.85
. |AFC<S 0.55 0.50 0.62
Demographic
AFC5-10 ref
AFC10-15 1.17 1.04 1.31
AFC>15 1.29 1.15 1.43
previous couple's pregnancy 2.55 1.50 4.12
Etiology-Idiopathic ref
Etiology-Tubal factor 0.81 0.72 0.90
Uterine abnormalities 0.61 0.44 0.84
Uterine fibroids 0.64 0.45 0.90
Initial gonadotrophine dose <150 (Ul/day) ref
. . Initial gonadotrophine dose > 300 0.57 0.47 0.67
Stimulation - - - - -
dose increase during stimulation 0.87 0.77 0.97
LH on Trigger day 0.94 0.91 0.96
Table 6 Adjus.ted odd ratios Model 3
(aOR) and their confidence
intervals (CI) of model Parameters aOR CI5% CI95%
3 statistically significant Woman's age <35 (years) ref
demographic, stimulation, and Woman's age 35-37 0.82 0.72 0.93
laboratory parameters to predict
live birth at step 3 Woman's age 37-40 0.62 0.54 0.70
Woman's age >40 0.30 0.25 0.36
Woman's BMI < 25 (kg/m2) ref
Woman's BMI 25-30 0.85 0.75 0.96
Demographic |Woman's BMI>30 0.72 0.60 0.85
previous couple's pregnancy 2.58 1.55 4.31
Etiology_Idiopathic ref
Etiology-Male factor 1.21 1.10 1.34
Etiology-Tubal factor 0.84 0.74 0.95
Uterine abnormalities 0.57 0.41 0.78
Uterine fibroids 0.64 0.45 0.91
Initial gonadotrophine dose < 150 (Ul/day) ref
. R Initial gonadotrophine dose > 300 0.65 0.54 0.78
Stimulation
LH on Trigger Day 0.94 0.92 0.97
Progesterone at Day 6 of stimulation 0.66 0.49 0.88
Number of oocytes retrieved 1.04 1.03 1.05
Number of embryos quality A obtained 1.21 1.13 1.29
Laboratory Number of embryos qual?ty B obta?ned 1.20 1.16 1.24
Number of embryos quality C obtained 1.14 1.12 1.16
Number of embryos quality D obtained 1.06 1.03 1.09
Number of Blastocysts obtained 1.08 1.04 1.13
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Table 7 Adjus}ed odd ratios Model 4
i(ﬁgfv)a?:?é?)e;rfﬁgggf nee Parameters aOR CI5% CI95%
4 statistically significant Demographic |Woman's age <35 (years) ref
demographic, stimulation, and Woman's age 35-37 0.79 0.69 0.90
laboratory parameters to predict Woman's age 37-40 0.57 0.50 0.64
live birth at step 4 Woman's age >40 026 0.22 0.32
Woman's BMI < 25 (kg/m2) ref
Woman's BMI 25-30 0.85 0.75 0.96
Woman's BMI>30 0.70 0.58 0.84
Etiology_Idiopathic ref
Etiology-Male factor 1.29 1.18 1.42
Uterine abnormalities 0.60 0.43 0.84
Uterine abnormalities 0.64 0.45 0.91
Initial gonadotrophine dose < 150 (Ul/day) ref
Initial gonadotrophine dose 150-225 0.79 0.68 0.93
Stimulation |Initial gonadotrophine dose 225-300 0.78 0.67 0.91
Initial gonadotrophine dose >300 0.52 0.42 0.64
Progesterone at Day 6 of stimulation 0.66 0.49 0.90
Number of embryos quality A obtained 1.21 1.13 1.29
Number of embryos quality B obtained 1.09 1.04 1.13
Laboratory [Number of embryos quality C obtained 1.08 1.06 1.09
Number of embryos quality D obtained 1.05 1.03 1.08
Number of Blastocysts obtained 1.15 1.10 1.21
Transfer rank 0.93 0.90 0.97
Endometrial thickness 7-10 mm ref
Endometrial thickness > 10 mm 1.31 1.16 1.48
Day of transfer D2D3 (Day2 or Day3 after retrieval) 1.00
Transfer Day of transfer DSD6 (Day5 or Day 6 after retrieval) 5.01 3.80 6.62
Single embryo transfer ref 5.77 7.71
Double embryo transfer 3.61 2.77 4.71
Number of embryos quality A transferred 3.90 3.05 4.70
Number of embryos quality B transferred 3.15 291 3.69
Number of embryos quality C transferred 2.59 2.08 2.98

by side to see which parameters remain predictive through-
out the IVF cycle, to observe the evolution of their impact,
or which parameters appear/disappear in the face of other
parameters being available. Table 8 is organized for that
purpose, allowing the comparison of each model. Hence,
Table 8 reveals that woman’s age and BMI show a stable
predictive impact on live birth in all four models/steps of the
IVF process. Ovarian reserve markers, AMH and AFC, are
predictive in the first models, but their predictability disap-
pears as more parameters become known in the successive
models. Most causes of infertility are predictive in the early
steps of the IVF process but their predictabilities disappear
as the IVF process advances. High initial gonadotrophin
dose remains negatively correlated with LBP in fresh trans-
fers. Increase in gonadotrophin dose is predictive in model 2
but no longer so in the subsequent models. Lastly, the num-
ber of oocytes obtained is a significant predictor in model
3 but not anymore once the number of embryos is known.

@ Springer

Each of the four models was used to compute a corre-
sponding ROC and AUC, summarized in Fig. 2, allowing
a direct comparison of the models’ predictive power. The
first curve (AUC =0.64) corresponds to model 1, using only
demographic parameters (step 1). The second (AUC =0.65),
third (AUC=0.70), and fourth curves (AUC=0.74) show
an increasing predictive power of the models as additional
parameters are being added at each step of the IVF process
(Fig. 2).

Predictive parameters of live birth at each step
of the IVF process: FET

The same process as presented above was repeated for
frozen embryo transfers. Although our population was
relatively small, the results obtained were statistically
significant. The main difference between fresh and fro-
zen transfers was that the parameters from steps 1, 2, and
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Table 8 Adjusted odd ratio Model 1 Model 2 Model 3 Model 4
(aOR) evolution of the selected Parameters a0OR a0OR a0OR aOR
parameters for all four models Woman's age < 35 (years) ref ref ref ref
(corresponding confidence Woman's age 35-37 0.78 0.77 0.82 0.79
intervals are provided in Woman's age 37-40 0.57 0.57 0.62 0.57
Tables 4, 5, 6, and 7) Woman's age >40 027 027 0.30 0.26
Woman's BMI < 25 (kg/m2) ref ref ref ref
Woman's BMI 25-30 0.83 0.85 0.85 0.85
Woman's BMI >30 0.59 0.64 0.72 0.70
AMH <1 0.83
AMH 1-1,5 0.79
AMH 2-5 (ng/ml) ref
AMH >5 1.24
AFC<5 0.67 0.55
Demographic AFC 5-10 ref 1.00
AFC10-15 1.29 1.17
AFC>15 1.35 1.29
Infertility duration < 1,5 years ref
Infertility duration 1.5-3 years 0.89
previous couple's pregnancy 2.58 2.55 2.58
Etiology_Idiopathic ref
Etiology-Endometriosis 0.74
Etiology-Male factor 1.21 1.29
Etiology-Ovulatory disorder 0.81
Etiology-Tubal factor 0.70 0.81 0.84
Uterine abnormalities 0.59 0.61 0.57 0.60
Uterine fibroids 0.59 0.64 0.64 0.64
Initial gonadotrophine dose < 150 (Ul/day) ref ref ref
Initial gonadotrophine dose 150-225 0.79
Initial gonadotrophine dose 225-300 0.78
Stimulation Initial gonadotrophine dose > 300 0.57 0.65 0.52
dose increase during stimulation 0.87
LH on Trigger day 0.94 0.94
Progesterone at Day6 of stimulation 0.66 0.66
Number of oocytes retrieved 1.04
Number of embryos quality A obtained 1.21 1.10
Laboratory Number of embryos quality B obtained 1.20 1.09
Number of embryos quality C obtained 1.14 1.08
Number of embryos quality D obtained 1.06 1.05
Number of Blastocysts obtained 1.08 1.15
Transfer rank 0.93
Endometrial thickness 7-10 mm ref
Endometrial thickness > 10 mm 1.31
Day of transfer D2D3 (Day?2 or Day?3 after retrieval) ref
Transfer Day of transfer D5D6 (Day5 or Day6 after retrieval) 5.01
Single embryo transfer ref
Double embryo transfer 3.65
Number of embryos quality A transferred 3.90
Number of embryos quality B transferred 3.15
Number of embryos quality C transferred 2.59

3 were already known at the time of the frozen embryo
transfer. Consequently, FET models only spanned steps 3
and 4, yielding only two models instead of four. Table 9
summarizes these results and again, should be read both
vertically (interpretation of each model) and horizontally
(comparing each model).

Table 9 shows that woman’s age at the time of oocyte
retrieval, her BMI, infertility duration, uterine abnormality,
quality, number, and stage of the embryos obtained remain
predictive parameters. Age appears to negatively impact
LBP at later years and BMI beyond 30 kg/m*. Endometrial
thickness, quality, and stage of the embryos transferred are
also predictive for FET (Table 9).

Similar to the fresh transfers, the ROC curves show an
improvement in the accuracy of the models to predict live
birth after a frozen transfer. The first curve (AUC =0.65)
corresponds to the model including data from the first 3
steps of the IVF cycle (demographic, stimulation, and labo-
ratory data). The second curve (AUC=0.67) corresponds to
the model including FET transfer parameters as well (Fig. 3).

Examples of how the models can be used to predict
live birth probabilities

As an example of the evolutivity of the models, a 40-year-
old woman whose baseline characteristics give her 17.2%
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Fig.2 Receiver operating characteristic curve (ROC) for the 4 mod-
els for fresh embryo transfers, with their corresponding area under the
curve (AUC)

LBP for her first fresh transfer if her AMH is 2 ng/ml at step
1, has 14.7% recalculated chances if 6 oocytes are retrieved,
and 28% if 10 are collected. If that same woman has an
AMH of 1.5 ng/ml, her LBP drops to 10% at step 1, but
increases to 14.6% and 27% if 6 and 10 oocytes are retrieved,
respectively.

As another example, Fig. 4 shows how live birth prob-
abilities can be recalculated by the model at the transfer step
according to the number and quality of embryos to be trans-
ferred in women of different age categories, but with the

Table 9 Models for frozen
embryo transfers (FET):

same steps 1, 2, and 3 characteristics (here, for 10 retrieved
oocytes).

Discussion

Our work determined the predictive factors of live birth that
have to be or not taken into account at each step of an IVF
cycle. For this purpose, we investigated the largest number
of parameters known today, and isolated only the significant
ones. Interestingly, we show that the predictive impact of
these parameters is not static but evolves throughout the IVF
cycle. Some factors that are predictive of live birth at the
first step of the IVF attempt (at the time of the first infertil-
ity evaluation) are no longer predictive at later steps due
to the integration of other factors. Moreover, some couples
may fail at any step of the treatment, so the study population
evolves for each model. Additionally, the live birth prob-
abilities were determined for each embryo transfer, fresh
or frozen, while most of the published predictive models
assessed live birth chances after the first fresh transfer, or
provide cumulated probabilities at the end of a complete IVF
journey [1, 2, 10-14].

The integration of all couples’ available parameters into
each model reveals those predictive at each step, and how
their predictive impact evolves.

As expected, we observe women’s age as being the most
determining factor at each step of the IVF process for fresh
transfers [15]. Interestingly, however, for FET, the predic-
tive impact of women’s age at the time of embryo freez-
ing appears at a more advanced age than for fresh transfers.
Receiving at least one FET is conditional upon having at
least two good quality embryos (except for the few cases of
all freeze processes of only one embryo) and selecting better

adjusted odd ratios (aOR)
and their confidence intervals
(CI) of statistically significant
demographic, stimulation,
laboratory, and frozen transfer

parameters

@ Springer

Model 3 FET Model 4 FET

Parameters aOR CI5% CI95% aOR CI5% CI95%

Woman's age <35 (years) ref ref

Woman's age 37-40 0.57 0.44 0.75 0.54 0.42 0.71

Woman's age > 40 0.30 0.20 0.46 0.27 0.18 041

‘Woman's BMI 25 (kg/m2) ref ref

‘Woman's BMI 30-35 kg/m2 0.51 0.34 0.77 0.51 0.34 0.76

Demographic - N

Infertility duration < 1,5 years ref ref

Infertility duration > 5 years 0.64 0.47 0.89 0.59 0.43 0.81

Infertility duration 3-5 years 0.67 0.50 0.91 0.65 0.49 0.86

Etiology-Idiopathic ref

Etiology-Ovulatory disorder 0.67 0.49 0.90

Previous couple's pregnancy 2.58 1.5 4.31 221 1.32 3.70

Uterine abnormalities 0.30 0.14 0.65 0.31 0.14 0.67

Number of cleavage stage embryos quality A obtained 122 111 1.34 1.19 1.06 1.33
Laboratory Number of cleavage stage embryos quality B obtained 1.07 1.01 1.13

Number of cleavage stage embryos quality C obtained 1.03 1.01 1.06 1.03 1.01 1.06

Nb of blastocysts obtained 1.22 1.15 1.29 1.15 1.07 1.23

Freezing at cleavage stage ref

Freezing at blastocyst stage 2.80 1.89 4.14
Transfer Number of cleavage stage embryos quality A transferred 1.98 132 298

Number of cleavage stage embryos quality B transferred 1.97 1.57 248

Number of cleavage stage embryos quality C transferred 1.56 1.20 2.01
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Fig.3 Receiver operating characteristic curve (ROC) for the 2 mod-
els for frozen embryo transfers, with their corresponding area under
the curve (AUC)

prognosis patients, possibly explaining the delayed impact
of age on live birth in FET.

The results also show a stable negative impact of female
obesity on the LBP for fresh transfers. This effect on IVF
results is well documented, probably due to an impaired
endometrial receptivity [16—19]. However, for frozen
embryo transfers, only BMIs beyond 30 kg/m? impact
chances of live birth in our study. The literature regarding
this subject is still conflicting: some authors published lower
results in FET in a freeze all policy in overweight women
whereas a recent study found similar live birth rates after

Fig.4 An example of step 4
(transfer step) live birth prob- 30%- T
ability prediction with respect

to age and number and quality

of cleavage stage embryos to 25%-
transfer in women having 10

retrieved oocytes. Quality B

embryos included typical blas- :?
tomere numbers and less than - 20%-
30% fragmentation; C embryos ig:
included atypical blastomere =
numbers and/or between 30 and £ 15%-
50% fragmentation %
.5
10%-

5%-

Less thar; 35 years

frozen blastocyst transfers for obese patients as compared
to normal weight patients [20, 21].

In FET, we observe that female age and BMI have the
strongest impact when pushed to their higher ranges, older
or obese women. We hypothesize that having cryopreserved
embryos translates into better oocyte or embryo quality,
pushing back the limit of age and BMI where these param-
eters impact live birth. However, future properly designed
studies are needed to confirm this hypothesis. In this study,
male’s age and BMI did not appear as significant predictive
factors.

Our results also show that ovarian reserve markers, AMH
and AFC, are predictive of live birth before the number of
oocytes is known, but no longer after the oocyte retrieval.
AMH is well-known to be strongly associated with ovar-
ian response and oocyte yield [22], but its ability to predict
live birth remains conflicting. Indeed, the studies reporting
AMH as an independent predictive factor of live birth in
fresh and frozen embryo transfers have only found a poor
predictive accuracy [23-25], not yielding any additional
value on top of age [26]. Our results are in agreement with a
recent publication concluding that AMH is a good biomarker
for oocyte quantity but not for oocyte quality [27]. Addi-
tionally, we show that when the number and quality of the
embryos obtained becomes known, the number of oocytes
retrieved is no longer predictive of live birth. This confirms
the importance of the embryo cohort on chances of live birth
for each transfer.

Our results also show a strong impact of the daily and
total gonadotrophin doses used for the ovarian stimulation
after fresh embryo transfers. Model 3 shows an OR of
0.65 (95% CI 0.54-0.78) for women receiving more than
300 Ul/day as compared to those receiving < 150 Ul/day.
This negative impact has also been demonstrated in more
than 650 000 ART cycles with a decreased live birth rate

LBP when 10 oocytes are retrieved

Transferred Embryos
@ =8
W 2c
o s
A 1

37—40'years More than 40 years

35-37'years
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in fresh transfers with increasing total FSH dose [28, 29].
Notably, however, this negative impact was not found in
the model for the frozen embryo transfers. These results
support the hypothesis of a deleterious effect of high gon-
adotrophin doses on endometrial receptivity [30]. Increas-
ing FSH doses appears also deleterious while duration of
ovarian stimulation did not appear as a significant factor.

Concerning progesterone, a negative effect of high pro-
gesterone level on stimulation day 6 in fresh transfers was
observed in our models, suggesting a known deleterious
effect of premature progesterone elevation on endometrial
receptivity [31]. The deleterious effect of high progester-
one level on the trigger day has been well documented [32,
33]. We did not observe this negative impact on trigger
day because all the patients with a progesterone > 1.5 ng/
ml on the hCG day benefit from a freeze all approach in
the participating centers.

Recent reviews show that numerous predictive models,
most concerning fresh cycles, exist today in reproductive
medicine as a counselling tool to inform patients on their
chances of live birth [34-36]. However, such adaptive
models like ours might also have beneficial purposes for
couples. For instance, illustrating the modification in live
birth probability associated with changes in lifestyle might
help couples initiate weight loss strategies or refrain from
smoking. This could be explored in further prospective
studies.

Contrary to the first predictive models, the latest tends
toward readjusting live birth probabilities at different time
points of the IVF process. The last published model aimed to
predict cumulative live birth after three complete IVF cycles
at two time points: before starting the first IVF cycle and
after the first complete IVF cycle, including FET, just before
starting the second cycle; the aim of these models is to allow
couples to make the most informed decision possible [3-5,
13, 37]. Our work evaluates live birth chances individually
for each embryo transfer and not after multiple IVF attempts.
The objective is to determine the most predictive parameters
that have to be taken into account at each step of the IVF
process and for each transfer.

The accuracy of LBP increases with the addition and
reintegration of all the numerous available couples’ param-
eters at each step of the IVF process. Additionally, this very
highly curated database ensures that all the information used
is complete. The main limitation of our work remains the
limited number of participating centers and therefore the
limited number of cycles included. Our model was devel-
oped using IVF data from French centers exclusively. Since
the infertile population in France might be slightly differ-
ent than in other countries (i.e., BMI, ethnicity, smoking
status...), our models would benefit from being confirmed
by external international validation, which is planned in a
future work [38].

@ Springer

The objective of our models is to determine in daily prac-
tice the important influencing parameters at different time
points, and especially at the time of the embryo transfers.

To conclude, these evolutive models allow the identifica-
tion of parameters that are predictive or not of live birth and
that clinicians could take into account at the different steps
of IVF, and for each embryo transfer, fresh or frozen.
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