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This IPD-MA aimed to develop a model predicting live birth and treatment risks in IVF/ICSI for different gonadotropin starting doses; the model
performed poorly in predicting live birth but effectively assessed treatment risks, offering a possible tool for individualized dose selection.

The ovarian response to gonadotropin stimulation varies widely among women, and could impact the probability of
live birth as well as treatment risks. Many studies have evaluated the impact of different gonadotropin starting doses, mainly based
on predictive variables like ovarian reserve tests (ORT) including anti-Mtllerian hormone (AMH), antral follicle count (AFC), and basal
follicle-stimulating hormone (bFSH). A Cochrane systematic review revealed that individualizing the gonadotropin starting dose
does not affect efficacy in terms of ongoing pregnancy/live birth rates, but may reduce treatment risks such as the development of
ovarian hyperstimulation syndrome (OHSS). An individual patient data meta-analysis (IPD-MA) offers a unique opportunity to de-
velop and validate a universal prediction model to help choose the optimal gonadotropin starting dose to minimize treatment risks
without affecting efficacy.

The objective of this IPD-MA is to develop and validate a gonadotropin dose-selection model to guide
the choice of a gonadotropin starting dose in IVF/ICSI, with the purpose of minimizing treatment risks without compromising live
birth rates.

Electronic databases including MEDLINE, EMBASE, and CRSO were searched to identify eligible studies. The last
search was performed on 13 July 2022. Randomized controlled trials (RCTs) were included if they compared different doses of gona-
dotropins in women undergoing IVF/ICSI, presented at least one type of ORT, and reported on live birth or ongoing pregnancy.
Authors of eligible studies were contacted to share their individual participant data (IPD). IPD and information within publications
were used to determine the risk of bias. Generalized linear mixed multilevel models were applied for predictor selection and model
development.

A total of 14 RCTs with data of 3455 participants were included. After extensive modeling, women aged 39 years and
over were excluded, which resulted in the definitive inclusion of 2907 women. The optimal prediction model for live birth included
six predictors: age, gonadotropin starting dose, body mass index, AFC, IVF/ICSI, and AMH. This model had an area under the curve
(AUC) of 0.557 (95% confidence interval (CI) from 0.536 to 0.577). The clinically feasible live birth model included age, starting dose,
and AMH and had an AUC of 0.554 (95% CI from 0.530 to 0.578). Two models were selected as the optimal model for combined treat-
ment risk, as their performance was equal. One included age, starting dose, AMH, and bFSH; the other also included gonadotropin-
releasing hormone (GnRH) analog. The AUCs for both models were 0.769 (95% CI from 0.729 to 0.809). The clinically feasible model for
combined treatment risk included age, starting dose, AMH, and GnRH analog, and had an AUC of 0.748 (95% CI from 0.709 to 0.787).

The aim of this study was to create a model including patient characteristics whereby gonadotropin starting
dose was predictive of both live birth and treatment risks. The model performed poorly on predicting live birth by modifying the FSH
starting dose. On the contrary, predicting treatment risks in terms of OHSS occurrence and management by modifying
the gonadotropin starting dose was adequate. This dose-selection model, consisting of easily obtainable patient characteristics, aids
in the choice of the optimal gonadotropin starting dose for each individual patient to lower treatment risks and potentially reduce
treatment costs.
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Since the introduction of in vitro fertilization (IVF) and intracyto-
plasmic sperm injection (ICSI), many studies have focused on im-
proving ovarian stimulation protocols. Many strategies have
been proposed to improve live birth rates and minimize treat-
ment risks, one of them being individualized dosing. The ovarian
response to gonadotropin stimulation varies widely among indi-
viduals and this may impact both live birth rates and treatment
risks. Therefore, previous studies have evaluated the impact of
different gonadotropin starting doses on both treatment risks
and live birth rates, often based on predictive variables like ovar-
ian reserve tests (ORTSs) (Lensen et al., 2024; Janse et al., 2021).

An important treatment risk is the development of moderate
or severe ovarian hyperstimulation syndrome (OHSS). The inci-
dence of OHSS ranges between ~0.2% and 9% and is higher in
high-risk groups such as women with polycystic ovary syndrome
(PCOS) (Papanikolaou et al., 2006; Delvigne, 2009; Toftager et al.,
2016; Mourad et al., 2017; Ishihara et al., 2020; Wyns et al., 2020;
Kuroda et al., 2021; Tom4s et al., 2021). OHSS is estimated to be fa-
talin 0.2 to 3 per 100 000 women undergoing ovarian stimulation
for IVF/ICSI, so the importance of improving treatment safety
cannot be sufficiently underlined (Brinsden et al, 1995; Into
Maternal CE, 2007; Braat et al., 2010).

Many studies addressing ovarian stimulation approaches fo-
cus on the number of oocytes as an indicator of both live birth
rates and treatment risks (Van der Gaast et al., 2006; Sunkara
et al., 2011; Ji et al., 2013; Steward et al., 2014; Drakopoulos et al.,
2016; Vaughan et al., 2017; Devesa et al., 2018; Magnusson et al.,
2018; Law et al., 2019). Sunkara was the first to suggest an associ-
ation between the number of oocytes and live birth rates per
fresh IVF cycle, demonstrating that among women undergoing
standard gonadotropin dosing, the chance of having a live birth
rises with an increasing number of oocytes up to 15 (Sunkara
et al., 2011). However, an extensive meta-analysis showed that in-
creasing the gonadotropin starting dose in low or normal res-
ponders does not improve live birth rates, even though it results
in a higher number of retrieved oocytes (Sterrenburg et al., 2011;
Lensen et al., 2024). Additionally, randomized controlled trials
(RCTs) applying cumulative live birth results from subsequent
stimulation cycles as the outcome revealed no differences for in-
dividual dosing versus conventional dosing (Oudshoorn et al.,
2017; Van Tilborg et al., 2017; Friis Petersen et al., 2019).

On the other hand, varying the gonadotropin dosing clearly
affects the incidence of OHSS in predicted hyper-responders,
without compromising live birth rates (Andersen et al., 2017;
Oudshoorn et al., 2017; Lensen et al., 2024; Ishihara et al., 2021;
Janse, Eijkemans, and Fauser, 2021). As a higher number of grow-
ing follicles is associated with an increased risk of OHSS
(Papanikolaou et al., 2006; Jayaprakasan et al., 2012; Steward et al.,
2014), a lower gonadotropin starting dose will result in a lower
number of growing follicles, and a lower incidence of OHSS in
predicted high responders (Oudshoorn et al., 2017; Lensen et al.,
2024). However, one study showed a higher risk of cycle cancella-
tion due to a poor response after receiving a lower gonadotropin
starting dose in predicted hyper-responders.

Prediction models for live birth and treatment safety strate-
gles based upon ORTs are included in the top 10 research priori-
ties for infertility research (Duffy et al, 2020). The studies
reported above underline the potential of individualized gonado-
tropin dosing to improve treatment safety in IVF/ICSI. Several
RCT have proposed gonadotropin starting dose algorithms or go-
nadotropin starting dose modifications in order to improve live
birth rates or to reduce treatment risks. On their own, these RCTs

are less generalizable and smaller than an individual participant
data (IPD) meta-analysis (IPD-MA) and most of them only look at
either live birth rates or safety instead of combining both out-
comes. Therefore aim of the present study was to develop and
validate a gonadotropin starting dose-selection model using all
available data on gonadotropin-alpha and -beta dosing in IVF/
ICSI from existing RCTs, to predict both the chance of live birth
and treatment risk per gonadotropin starting dose. Clinicians
could use these predictions to choose an individualized gonado-
tropin starting dose.

Data acquisition

IPD was collected by the ORT iOS IPD-MA study group with two
aims (PROSPERO registration CRD42019115489): (i) to compare in-
dividualized dosing to standard dosing (this will be a different sci-
entific publication) and (i) to develop and validate a
gonadotropin dose selection model (the current publication).
This study was conducted according to the PRISMA-IPD state-
ment and the PICOTS Framework (Samson and Schoelles, 2012;
Stewart et al., 2015). A systematic search was undertaken for (un)
published RCTs comparing different gonadotropin starting doses
in women undergoing IVF/ICSI, where dose selection was based
on at least one type of ORT and live birth or ongoing pregnancy
was reported. The Cochrane Gynaecology and Fertility Group
Specialised Register, Cochrane Central Register of Studies Online,
MEDLINE, Embase, CINAHL, LILACS, DARE, ISI Web of
Knowledge, ClinicalTrials.gov, OpenGrey, and the World Health
Organisation International Trials Registry Platform search portal
were searched. For further details, please refer to Supplementary
Files S1 and S2. The search strategy was based on that in the
Cochrane systematic review of Lensen et al. (2024) the last search
was performed on 13 July 2022. Details can be found in
Supplementary Files S1 and S2. Similar to the systematic review
conducted by Lensen et al. (2024), we have opted to exclude non-
RCTs due to the higher risk of bias (RoB) (Higgins et al., 2011).
Moreover, randomization allocates patients to specific dosing
groups. This ensures that the observed differences in the out-
comes are most likely due to the FSH dosing choice, and much
less created by confounding factors. An important aim was to de-
velop a generally applicable prediction tool to use whenever a cli-
nician has a new patient in front of them, for whom they do not
yet have any information regarding their ovarian response sta-
tus. To serve all patients with this dosing tool, it is necessary to
use study populations with low, normal, and high ovarian res-
ponders. This will help clinicians managing any patient indicated
to start IVF/ICSL.

Screening on title/abstract was performed by two independent
reviewers (R'W. and N.S.) using Covidence. All eligible studies
were assessed on full text for eligibility independently by the
same reviewers. Authors were contacted in case of doubts.
Disagreements were resolved by discussion with a third and
fourth reviewer (F.B. and H.T.). Corresponding authors of eligible
studies were invited to join the ORT iOS IPD-MA study group.
After signing a data transfer agreement, their IPD was trans-
ferred through a secured transfer system. Institutional Review
Board on ethics approval was confirmed.

Data preparation

In total, 14 databases were transformed into a uniform format
and variables were standardized (for additional details, see
Supplementary File S3). Data cleaning included checking inclu-
sion and exclusion criteria, duplicates, structural errors, missing
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data, outliers and performing consistency checks (for instance
comparing averages or numbers reported in paper to dataset,
checking impossible values or combinations). When these checks
raised any issues with respect to data integrity, we tried to re-
solve this with the corresponding authors; studies were excluded
if the issues could not be resolved.

IPD sheets included the following candidate predictors for the
prediction model: female age, body mass index (BMI), anti-
Mullerian hormone (AMH), antral follicle count (AFC), basal
follicle-stimulating hormone (bFSH), gonadotropin starting dose
(GSD), duration of subfertility, cycle length, gonadotropin-
releasing hormone (GnRH) analog (agonist/antagonist), insemi-
nation method (IVF/ICSI), previous IVF/ICSI cycles, type of
subfertility (primary/secondary), gravidity, parity and cause of
subfertility. In addition, outcome data were received, such as
dose adjustments, total number of days of gonadotropin stimula-
tion, total gonadotropin dose, cancellation due to hyper-
response, cancellation due to low response, underwent oocyte
retrieval (yes/no), number of oocytes, number of fresh embryos,
fresh transfer (yes/no), number of fresh embryos transferred, to-
tal number of embryos, number of cryopreserved embryos, clini-
cal pregnancy (yes/no), ongoing pregnancy (yes/no), live birth
(yes/no), development of moderate or severe OHSS (yes/no),
freezing all embryos due to OHSS risk (yes/no), coasting during
ovarian stimulation (yes/no). Combined treatment risk was de-
fined as the development of moderate or severe OHSS and/or any
measure taken to prevent the development of OHSS, including
cycle cancellation due to an excessive response, coasting, GnRH
agonist triggering, freezing all embryos and/or no embryo trans-
fer to prevent the development of OHSS. As the included studies
did not use the GnRH agonist trigger to reduce the incidence of
OHSS, this was not included and therefore the intent of the initi-
ated IVF/ICSI cycle was to perform a fresh embryo transfer. For
other definitions and units of the variables, see Supplementary
File S3.

Missing data were noted in some of the datasets, in spite of
many efforts to stimulate the use of a core set of variables in pro-
spective studies (Wilkinson et al., 2016). Multi-level multiple im-
putation offers a powerful tool for handling missing data and
harmonizing variable sets in meta-analyses where studies ex-
hibit variations in reported variables. Therefore, it was decided to
include datasets that (i) had at least ongoing pregnancy or live
birth as an outcome measure, (ii) reported information about the
risks of ovarian hyperstimulation, and (iii) reported at least one
ORT. The aforementioned imputation method was then used to
handle missing data.

Risk of bias

RoB was already assessed for the Lensen et al. (2024) Cochrane
systematic review except for two studies (Youssef et al., 2017,
Friis Petersen et al, 2019). One reviewer (N.S.) independently
assessed all included studies again using the Cochrane RoB as-
sessment tool, and included the two additional studies (see
Supplementary File S4) (Higgins et al., 2011).

Statistical analysis
Missing data were imputed 100 times with 20 between-

imputation iterations (for more details, see Supplementary
File S5).

Variable selection stage

First, internal-external cross-validation (IECV) sets were made to
select predictors. To fit a model, all studies except for two were
selected (repeated 14 times in different combinations, so every

study was excluded twice) and to test the resulting model, the
first study that was not included in the fitting stage was selected.
Backwards selection was performed on all candidate predictors
per imputation set, per IECV set with generalized linear mixed
models using the ‘psfmi’ package in R. We assessed model dis-
crimination (using concordance-statistics) and pooled results us-
ing Rubin’'s Rules. Per backwards selection step, model
performance was assessed and the least predictive variable was
excluded, until the most predictive variables were left.

Model development stage

Different combinations with the most predictive variables from
the variable selection stage were used in the model development
stage. The 13 studies from the variable selection stage (12 studies
to fit the model + 1 study to test the model) were used to fit the
models and the one study that had not been used yet was se-
lected to validate the models. Only models in studies with at least
one event were validated. Forest plots of the performance meas-
ures were used and summary statistics were calculated using a
random effects meta-analysis estimate. This resulted in a sum-
mary area under the curve (AUC), summary calibration slope and
summary calibration-in-the-large (CIL) per model.

An optimal model with the highest performance was devel-
oped. A model that is easy to adapt into routine patient care
(with less variables that are easy to obtain) and with the highest
performance was developed as the ‘clinically feasible’ model.
The final models (the optimal and clinically feasible models for
both live birth and combined treatment risk) were developed us-
ing a one-stage approach with all available data pooled, using ac-
counting for clustering within studies.

For details on the IECV, variable selection and model develop-
ment, see Supplementary File S6.

Study selection

In total 639 articles were screened based on title/abstract,
assessed on full text for eligibility, and initially, 24 studies were
eligible for inclusion. Of the total 24 studies, IPD was sought for
22 of them and 15 provided their IPD for in total 3933 partici-
pants. Of the 15 studies, one was not included in the current
analysis after data transfer due to questions regarding data
inconsistencies that were not answered before the data analysis
started (Youssef et al.). The last search resulted in the identifica-
tion of one study, IPD was not sought due to the timeline of the
analysis of our study (Liu et al., 2022). The process of study selec-
tion and inclusion has been displayed in Fig. 1.

Study characteristics

After the exclusion of women who fell outside of the scope of this
IPD, data of 3455 women remained. After extensive modeling,
cases with female age of 39years and over were excluded. In
these women, the incidence of OHSS appeared very low and
treatment risk events may be considered very rare events. These
cases disrupted the effect of the interaction between age and
starting dose on combined treatment risk events but also on live
birth. This exclusion step resulted in the final inclusion of 2907
women. The studies were performed in multiple countries and
results were published between 2003 and 2019 (see Table 1).
Gonadotropin starting dose ranged between 75 and 6001U, and
both GnRH agonist and antagonist studies were included. In one
study, participants used a combination of human menopausal
gonadotropin (hMG) and recombinant FSH (Bastu et al., 2016) and
in another study patients used a combination of hMG and
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Figure 1. PRISMA flow diagram for individual patient data systematic reviews.

urinary FSH (Lefebvre et al., 2015). All other studies used recombi-
nant FSH.

Except for three studies (Popovic-Todorovic et al., 2003; Bastu
et al., 2016; Allegra et al., 2017), all had IPD on live birth and OHSS.
Live birth rates ranged from 0% to ~36% and combined treat-
ment risk events ranged from 0% to ~12%. The reader is referred
to Table 1 for an overview of the included studies. For outcome
and variable definitions, see Supplementary File S3.

Baseline characteristics for missing and
non-missing data

Baseline characteristics for continuous data are shown in
Table 2. Baseline characteristics per continuous variable before
and after imputation are shown in Table 2. Means and standard
deviations did not differ before and after imputation for the
continuous variables. For the categorical variables, pre- and
post-imputation numbers are very much comparable, except for
gravidity and parity (Table 3). Type of infertility, gravidity, and
parity cannot be imputed separately as they limit each other’s
values: a primary subfertile patient cannot have gravidity 1 and
parity 5. Therefore, post-imputation transformations were neces-
sary to prevent impossible values, which resulted in differences
between pre- and post-imputation gravidity and parity results.

Missing data

In Supplementary File S5, the convergence plots are visualized.
Both baseline tables and the convergence plots confirm adequate
imputation of missing variables.

IPD integrity and risk of bias within studies

Almost all studies (n =12, 86%) had high RoB for blinding partici-
pants and personnel and outcome assessment (for OHSS), since
both participants and personnel were aware which gonadotropin
dose was used. As can be seen in Table 4, 2 of 14 studies have an
overall high RoB and their results should be interpreted carefully

(Klinkert et al., unpublished; Tasker et al., 2010). For one study we
labeled blinding as unclear, as the abstract does not mention
anything on blinding (Tasker et al., 2010). For the same study, we
classified other biases as high risk because only an abstract
was available.

The integrity check of the Tasker et al. (2010) was difficult to
assess since this study only published an abstract with little in-
formation (Supplementary File S7). As the data that was available
passed the consistency checks, we decided not to exclude this
study, but to interpret the results with caution. Three studies
were not registered in trial registries (Klinkert et al., 2005; Tasker
et al., 2010; Klinkert et al., unpublished), but because both studies
were completed before the publication of the Section 801 of the
Food and Drug Administration Amendments Act of 2007, inclu-
sion was deemed to be acceptable (FDA, 2019).

Predictor selection stage

Models were tested with splines with three (and more) knots on
age, BMI, and starting dose. Age and starting dose were centered
around the mean to assure a relevant interpretation of the inter-
cept. Starting dose was scaled (divided by 10) and forced into the
model. An interaction between age and starting dose was mod-
eled using centering of age and dose around their study specific
means as recommended by Riley to separate within and between
study effects (Riley et al., 2020).

For predictor selection, there were 19 exclusion steps resulting
in 19 live birth models per set, for combined treatment risk there
were 18 (since AMH was never excluded due to high significance).
As one study did not contain any live birth or safety events, this
study could not be used to validate both models (Klinkert et al,,
2005). Two studies did not have any combined treatment risk
event and therefore could not be used to validate the model
(Bastu et al., 2016; Klinkert et al., unpublished).
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Table 2. Baseline characteristics of dataset before and after imputation of the continuous variables.

Preimputation % Preimputation Preimputation Postimputation Postimputation
of missing data mean SD mean SD
(n=2907)

Age in years 0.0% 325 3.76 32,5 3.76
BMI in kg/m? 1.4% 23.3 3.65 23.3 3.66
Antral follicle count (2-10 mm) 1.5% 15.4 8.68 15.3 8.66
AMH in ng/ml 17.2% 33 2.67 3.2 2.66
bFSH in IU/1 25.6% 7.3 3.01 7.3 3.03
Starting dose in IU 0.0% 210.4 124.56 210.4 124.56
Duration subfertility in months 16.4% 37.7 25.56 38.6 26.96
Cycle length in days 37.4% 283 2.04 28.2 2.30
Number of stimulation days 1.3% 11.0 243 11.0 2.42
Total gonadotropin dose in IU 1.5% 2371.2 1556.01 2380.6 1570.33
Number of oocytes 0.0% 8.9 6.29 8.9 6.29
Number of usable embryos 1.9% 2.8 2.80 2.8 2.78
Number of cryopreserved 1.9% 15 2.52 15 2.50

embryos

On the left side of the table the percentage of missing data per variable before imputation is presented, with the corresponding pre-imputation mean and standard
deviation (SD). On the right side of the table, the post-imputation results are presented. As missing data was imputed 100 times, there are 100 times as many

observations. Pre- and post-imputation results are comparable.

AMH, anti-Mtllerian hormone; FSH, follicle-stimulating hormone; IU, international units; BMI, body mass index.

Model development and validation
Internal-external cross-validation optimal model live birth
Forest plots of the performance measures were used and sum-
mary statistics were calculated using a random effects meta-
analysis estimate, resulting in a summary AUC, summary
calibration slope and summary CIL for each model (see figures in
Supplementary File S8).

The selected optimal prediction model for live birth included
the predictors age, starting dose, BMI, AFC, IVF/ICSI, and AMH.
This model used a spline on age with 3 knots and a log transfor-
mation of AMH. Figure 2 displays a forest plot with AUC per IECV
set for the live birth model. The IECV summary statistic resulted
in an overall AUC of 0.557 (95% confidence interval from 0.536 to
0.577). The overall IECV calibration slope of 0.410 (95% confi-
dence interval from 0.012 to 0.808) is low: a perfect slope should
be 1. This can be interpreted as an over-estimation of the results,
meaning that the predictions are too extreme (Van Calster et al.,
2019). The overall IECV CIL of 0.065 (95% confidence interval
from —0.123 to 0.252) is close to the perfect CIL of 0.

The AUCs for IECV set 1 (tested in Tasker et al. (2010)) and 4
(tested in Jayaprakasan et al. (2010)) were higher compared to the
other sets. Both were large studies with a higher number of live
birth events compared to the other studies. Results from set 1
(tested in Tasker et al. (2010)) should be interpreted with caution
due to high RoB. The confidence intervals of IECV sets 13 (tested
in Bastu et al. (2016)) and 14 (tested in Klinkert (unpublished))
were both larger than the other sets; both were very small studies
with very low number of live birth events. Overall, validation of
the model in different sets was stable and the prediction of live
birth appeared poor, with the predictions at the extremes seem-
ing to be overestimated.

Clinically feasible model: live birth

Predictors included age (spline with three knots), starting dose
and AMH (log transformed). As can be seen in Fig. 3, the IECV
summary statistic resulted in an overall AUC of 0.554 (95% confi-
dence interval from 0.530 to 0.578) and overall IECV calibration
slope of 0.506 (95% confidence interval from 0.069 to 0.943). The
overall IECV CIL of 0.064 (95% confidence interval from —0.125 to
0.254) was close to the perfect CIL of 0.

The AUCs for IECV set 1 (tested in Tasker et al. (2010)) and 4
(tested in Jayaprakasan et al. (2010)) were again higher than the
other sets. Also, the confidence intervals of IECV sets 13 (tested
in Bastu et al. (2016)) and 14 (tested in Klinkert (unpublished))
were both larger than the other sets. As compared to the optimal
model, this model has a comparable discriminative performance,
with a slightly better calibration.

Internal-external cross-validation optimal model combined
treatment risk

Two models were selected as the optimal model for combined
treatment risk, as their performance was equal.

Optimal model 1: combined treatment risk

This model included the predictors age, starting dose (scaled),
AMH and bFSH. Figure 4 displays the overall AUC of 0.769 (95%
confidence interval from 0.729 to 0.809). The overall IECV calibra-
tion slope was 1.082 (95% confidence interval from 0.598 to
1.567). The overall IECV CIL was 0.223 (95% confidence interval
from —0.412 to 0.858).

Optimal model 2: combined treatment risk

This model included the predictors age, starting dose (scaled),
AMH, bFSH, and GnRH analog. Figure 5 displays the overall AUC
of 0.769 (95% confidence interval from 0.729 to 0.809). The overall
IECV calibration slope was 0.987 (95% confidence interval from
0.553 to 1.421). The overall IECV CIL was 0.208 (95% confidence
interval from —0.421 to 0.836).

In both models, AUCs that stand out were set 12 (higher com-
pared to the rest; tested in Van Tilborg et al. (2017)) and set 3
(broader confidence interval compared to the rest; tested in Friis
Petersen (2019)). Both studies had a low number of safety events
and had a lower relative weight in calculating the summary sta-
tistic. The CIL was extremely high in set 7 (tested in Lefebvre et al.
(2015)), indicating an underestimation of the prediction.
However, there was only one event in this model testing set: a
miss-prediction can have an enormous impact on the calibra-
tion plot.

Overall, the predictive accuracy of both optimal combined
treatment risk models appeared to be sufficient (Hosmer
etal., 2013).
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Table 3. Baseline characteristics of dataset before and after imputation of the categorical variables.

Variable % missing data Label Preimputation number Postimputation number
(%) n=2907 (%) n=2907
GnRH-protocol 0.0% Antagonist 426 (14.7) 426 (14.7)
Agonist 2481 (85.3) 2481 (85.3)
IVF 3.1% No 1533 (54.4) 1580 (54.4)
Yes 1285 (45.6) 1327 (44.9)
ICSI 3.1% No 1279 (45.4) 1306 (44.9)
Yes 1539 (54.6) 1601 (55.1)
Previous ART cycles 2.2% No 2520 (88.6) 2571 (88.5)
Yes 324 (11.4) 336 (11.5)
Type of infertility 21.5% Primary 1421 (62.3) 1801 (62.0)
Secondary 861 (37.7) 1106 (38.0)
Gravidity 22.7% 0 1421 (63.3) 1801 (62.0)
1 567 (25.2) 568 (19.5)
2 62 (2.8) 62 (2.1)
3 14 (0.6) 14 (0.5)
4 7(0.3) 7(0.2)
5 2(0.1) 2(0.1)
6 1(0.0) 1(0.0)
7 1(0.0) 1(0.0)
8 1(0.0) 1(0.0)
9 1(0.0) 1(0.0)
10 1(0.0) 1(0.0)
Parity 26.9% 0 1833 (86.2) 2213 (76.1)
1 240 (11.3) 362 (12.4)
2 44 (2.1) 323 (11.1)
3 8(0.4) 8(0.3)
5 1(0.0) 1(0.0)
Cause of infertility 1.7% Unknown 893 (31.3) 909 (31.3)
Female 641 (22.4) 652 (22.4)
Male 1231 (43.1) 1252 (43.1)
Mixed 55 (1.9) 56 (1.9)
Other 37 (1.3) 38 (1.3)
Smoking 34.3% No 1609 (84.3) 2405 (82.7)
Yes 300 (15.7) 502 (17.3)
Dose adjustments 0.6% No 2276 (78.8) 2290 (78.7)
Yes 613 (21.2) 617 (21.2)
Cancel hyper response 0.0% No 2849 (98.0) 2849 (98.0)
Yes 58 (2.0) 58 (2.0)
Cancel poor response 0.0% No 2694 (92.7) 2694 (92.7)
Yes 213 (7.3) 213 (7.3)
Follicle puncture 0.0% No 304 (10.5) 304 (10.5)
Yes 2603 (89.5) 2603 (89.5)
Fresh embryo transfer 0.0% No 604 (20.8) 604 (20.8)
Yes 2303 (79.2) 2303 (79.2)
Number of fresh embryos 0.0% 0 604 (20.8) 604 (20.8)
transferred
1 1348 (46.4) 1348 (46.4)
2 695 (23.9) 695 (23.9)
3 87 (3.0) 87 (3.0)
4 172 (5.9) 172 (5.9)
5 1(0.0) 1(0.0)
Clinical pregnancy 0.8% No 1967(68.2) 1983 (68.2)
Yes 916 (31.8) 924 (31.8)
Ongoing pregnancy 6.9% No 1967 (72.7) 2089 (71.9)
Yes 738 (27.3) 818 (28.1)
Live birth 16.6% No 1803 (74.4) 2137 (73.5)
Yes 620 (25.6) 770 (26.5)
Freeze all 0.0% No 2860 (98.4) 2860 (98.4)
Yes 47 (1.6) 47 (1.6)
Coasting 8.9% No 2632 (99.4) 2889 (99.4)
Yes 15 (0.6) 18 (0.6)
Moderate or severe OHSS 6.2% No 2675 (98.1) 2849 (98.0)
Yes 53(1.9) 58 (2.0)
Combined safety 6.1% No 2573 (94.3) 2744 (94.4)
Yes 156 (5.7) 163 (5.6)

On the left side of the table, the percentage of missing data per variable before imputation is presented, with the corresponding pre-imputation number of events
(and percentage) and post-imputation number of events (and percentage). Percentage of missing data post-imputation are not shown, all are 0% missing. Pre- and
post-imputation results are comparable, except for parity and gravidity.



Table 4. Overview of risk of bias assessment.

Sequence Allocation Blinding Blinding Incomplete Selective Other bias
generation concealment participants outcome outcome data outcome
personnel assessment reporting

1 Allegra Low Low High High Low High High
etal. (2017)

2 Bastu Low Low Unclear Unclear Low Low Low
et al. (2016)

3 Friis Low Low Low Low Low Low Low
Petersen
(2019)

4 Jayaprakasan Low Low High High Low Low Low
et al. (2010)

5 Klinkert Low Low High High High High High
(unpublis-
hed)

6 Klinkert Low Low High High Low High Low
(2005)

7 Lan Low Low High High Low High Low
et al. (2013)

8 Lefebvre Low Low High High Low Low Low
et al. (2015)

9 Magnusson Low Low Low Low Low Low Low
et al. (2017)

10 Olivennes Low Low High High Low Low Low
et al. (2015)

11 Oudshoorn Low Low High High Low Low Low
etal. (2017)

12 Popovic- Low Low High High Low High Low
Todorovic
et al. (2003)

13 Tasker Low Low High Unclear* High High High*
et al. (2010)

14 Van Tilborg Low Low High High Low Low Low
et al. (2017)

Risk of bias classified as low, unclear or high risk of bias. The asterisk symbol indicates disagreement with risk of bias label in the previously mentioned meta-
analysis (Lensen et al., 2024). For one study (Tasker 2010), we scored blinding outcome as unclear instead of low and other bias as high instead of unclear
(FDA, 2019).

Tested in

Tasker (2010)
Allegra (2017)

Friis Petersen (2019)
Jayaprakasan (2010)

Lan (2013)

Lefebvre (2015)
Magnusson (2017)
Olivennes (2015)
Oudshoorn (2017)

Popovic-Todorovic (2003)

Van Tilborg (2017)

Bastu (2016)

Klinkert (unpublished)
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Figure 2. Forest plot of AUCs of the optimal live birth prediction models including age, starting dose, body mass index, AFC, fertilization with IVF or
ICSI, and AMH. [ECV, internal external cross-validation set; Lower, lower 95% of confidence interval; AUC, Area under the curve; Upper, upper 95% of
confidence interval. Summary statistic results in an overall AUC of 0.557 (0.536-0.577) which is classified as poor to discriminate between women with

and without a live birth.

Clinically feasible model: combined treatment risk

The predictors age, starting dose (scaled), AMH, and GnRH analog

The overall IECV CIL was 0.207 (95% confidence interval from

were included. The overall AUC was 0.748 (95% confidence inter-

val from 0.709 to 0.787), see Fig. 6. The overall IECV calibration
slope was 1.019 (95% confidence interval from 0.563 to 1.476).

—0.3741t0 0.788).

Trends seen in the selected optimal models were more appar-

entin the clinically feasible safety model: the model had a higher
performance (higher AUCs) in studies with lower incidences of



Forest plot of AUCs of live birth models - clinically feasible

Tested in Dataset AUC Lower Uppor
Tasker (2010) IECV1 0.622 0.537 0.700 i
Allegra (2017) IECV2 0.512 0.409 0.613 ——

Friis Petersen (2019) IECV3 0.487 0.395 0.579 —
Jayaprakasan (2010) 1ECV4 0.678 0.574 0.767 —
Lan (2013) |ECV6 0.537 0.468 0.605 —_—r—

Lefebvre (2015) IECV7 0.521 0419 0.621 —
Magnusson (2017) IECVS 0.553 0478 0.626 —
Olivennes (2015) IECV9 0.537 0437 0.634 ——
Oudshoorn (2017) 1ECV10  0.550 0.493 0.607 ——
Popovic-Todorovic (2003) IECV11  0.536 0.442 0.627 ——
Van Tilborg (2017) IECV12 0.558 0.482 0.631 —
Bastu (2016) I1ECV13 0.582 0.269 0.841 -
Klinkert (unpublished) IECV14 0.522 0.248 0.783 -
Summary 0.554 0.530 0.578 ->
] o 02 01 o 09 [\) or on 09 1

Figure 3. Forest plot of AUCs of the clinically feasible live birth prediction models including age, starting dose, and AMH. I[ECV, internal external
cross-validation set; Lower, lower 95% of confidence interval; AUC, Area under the curve, Upper, upper 95% of confidence interval. Summary statistic
results in an overall AUC of 0.554 (0.530-0.578) which is classified as poor to discriminate between women with and without a live birth.

Forest plot of AUCs of combined safety models - optimal 1

Tested in Dataset AUC Lower

Tasker (2010) IECV1 0.625 0.379
Allegra (2017) IECV2 0.664 0.551

Friis Petersen (2019) IECV3 0.893 0.519
Jayaprakasan (2010) |ECV4 0.849 0.685
Lan (2013) IECV6 0.648 0.526
Lefebvre (2015) IECV7 0.817 NA
Magnusson (2017) IECV8 0.648 0.505
Olivennes (2015) 1ECV9 0.828 0.617
Oudshoorn (2017) 1ECV10  0.728 0.628
Popovic-Todorovic (2003) IECV11 0.676 0.419
Van Tilborg (2017) 1ECV12  0.942 0.829
Summary 0.769 0.729

Upper
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Figure 4. Forest plot of AUCs of the first optimal combined treatment risk prediction models including age, starting dose, AMH and basal follicle-
stimulating hormone. [ECV, internal external cross-validation set; Lower, lower 95% of confidence interval; AUC, area under the curve; Upper, upper
95% of confidence interval. Summary statistic results in an overall AUC of 0.769 (0.729-0.809) which is classified as acceptable to discriminate between
women with and without a combined treatment risk event.

safety events. IECV set 10 (tested in Oudshoorn et al. (2017)) was
closest to the summary statistic and was also the study with the
most combined treatment risk events. This was compatible with
the calibration slope and CIL findings: there was an overestima-
tion in set 1 (tested in Tasker et al. (2010)) and 12 (tested in Van
Tilborg et al. (2017); with low combined treatment risk events).
The slope of set 3 (tested in Friis Petersen (2019)) was extremely
high and had a very large confidence interval, this was also due
to a low number of events (n=3) and should be interpreted with
caution. In conclusion, this model functions well in discriminat-
ing between women with and without a combined treatment risk
event. However, in a population that is at risk of having a com-
bined treatment risk event, this model underestimates the risk of
developing an event due to regression to the mean and vice versa
for a population that has a low risk of having a combined treat-
ment risk event. Predictions of the optimal models are more

stable in different settings compared to the clinically feasible
model, but the clinically feasible model is easier to implement in
routine practice.

Clinical applicability

Examples of the dose calculator as a clinically applicable tool
and based on the model selections as outlined in the aforemen-
tioned can be seen in Tables 5 and 6. This model is not applicable
for women who plan to have a freeze-all strategy, women who
have PCOS, or women who use medication other than gonadotro-
pin alpha, gonadotropin beta or hMG (see Supplementary File
S1). It shows the treatment risk and the live birth chance per go-
nadotropin starting dose. It is recommended to choose the high-
est starting dose with an acceptable risk, to minimize the risk of
a low response. If a treatment risk of 3% is deemed acceptable, it
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Tested in Dataset

Tasker (2010) IECV1
Allegra (2017) IECV2

Friis Petersen (2019) IECV3
Jayaprakasan (2010) IECV4
Lan (2013) IECV6

Lefebvre (2015) IECV7
Magnusson (2017) IECVS8
Olivennes (2015) 1IECV9
Oudshoorn (2017) IECV10

Popovic-Todorovic (2003) IECV11

Van Tilborg (2017) IECV12

AUC

0.626
0.662
0.886
0.849
0.652
0.822
0.646
0.827
0.728
0.675
0.944

Summary 0.769

Forest plot of AUCs of combined safety models - optimal 2
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Figure 5. Forest plot of areas under the curve (AUCs) of the second optimal combined treatment risk prediction models including age, starting dose,
AMH, basal follicle-stimulating hormone, and GnRH analogue. [ECV, internal external cross-validation set; Lower, lower 95% of confidence interval;
AUC, area under the curve; Upper, upper 95% of confidence interval. Summary statistic results in an overall AUC of 0.769 (0.729-0.809) which is
classified as acceptable to discriminate between women with and without a combined treatment risk event.

Forest plot of AUCs of combined safety models - clinically feasible

Lowor Upper

Tested in Datasot AUC
Tasker (2010) IECV1 0.621 0.374
Allegra (2017) IECV2 0.632 0.509
Frils Petersen (2019) IECV3 0.835 0.325
Jayaprakasan (2010) IECV4 0.828 0.601
Lan (2013) IECV6 0.662 0.544
Lefebvre (2015) IECV7 0.814 NA
Magnusson (2017) IECV8 0.648 0.517
Olivennes (2015) IECV9 0.799 0.618
Oudshoorn (2017) IECV10 0.731 0.640
Popovic-Todorovic (2003) IECV11 0.647 0.380
Van Tilborg (2017) IECV12 0.924 0.751
Summary 0.748 0.709
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Figure 6. Forest plot of areas under the curve (AUCs) of the clinically feasible combined treatment risk models including age, starting dose, AMH
and GnRH analogue. [ECV, internal external cross-validation set; Lower, lower 95% of confidence interval; AUC, area under the curve; Upper, upper
95% of confidence interval. Summary statistic results in an overall AUC of 0.748 (0.709-0.787) which is classified as acceptable to discriminate between

women with and without a combined treatment risk event.

is advised to wuse 137.5 international units FSH in the

first example.

Using IPD from world-wide RCTs, a gonadotropin dose selection
model was developed and validated. It allows for accurate dis-
crimination of patients with higher and lower treatment risk. In
contrast, the role of FSH dose selection in optimizing the proba-
bility of live birth appeared poor. This model may aid clinicians
and patients in choosing an appropriate (FSH) starting dose and
in counseling about the treatment risks, based on robust, objec-
tive parameters instead of a physician’s subjective interpretation
or valuation of patient characteristics.

The poor utility of dose selection for live birth rates may not
be a surprise as in the last 20years, 35 prediction models
have been presented with the aim of predicting live birth rates

(Ratna et al., 2020). Almost all had an AUC < 0.7, which is classi-
fied as poorly capable of discriminating between patients with
and without live birth, emphasizing that predicting live birth
remains a difficult task (Hosmer et al. (2013)). Finding that gonad-
otropin starting dose does not have an impact on live birth pros-
pects for the couple is in line with a recent extensive meta-
analysis that included all gonadotropin dosing studies up until
2018, revealing that altering the gonadotropin starting dose does
not have any effect on live birth rates after a fresh embryo trans-
fer (Lensen et al., 2024). It is therefore important to switch focus
towards the role of gonadotropin dosing in managing treatment
risks instead of live birth.

There are several strategies to apply in IVF/ICSI treatment to
manage safety and become an OHSS-free clinic. Specifically the
GnRH agonist triggering is considered an effective and popular
strategy for patients with a hyper-response (TEGG Ovarian
Stimulation et al.,, 2020). However, when planning to perform a



Table 5. Example 1 of the FSH dose-calculator.

Dose (in IU) Live birth chance Safety risk
100.0 28% 2.9%
112.5 28% 3.0%
125.0 28% 3.0%
137.5 28% 3.0%
150.0 28% 3.1%
162.5 28% 3.1%
175.0 28% 3.2%
187.5 28% 3.2%
200.0 28% 3.2%
212.5 28% 3.3%
225.0 28% 3.3%

Example for a 34-year-old patient using a GnRH antagonist protocol with AMH
level of 5.3 ug/l. As can be seen, this patient has an increased treatment risk

with a higher gonadotropin starting dose. If a treatment risk of 3.0% is deemed
acceptable in a specific clinic, this patient is advised to start with 137.51U FSH.

Table 6. Example 2 of the FSH dose-calculator.

Dose (in IU) Live birth chance Safety risk
100.0 28% 7.6%
112.5 28% 7.7%
125.0 28% 7.8%
137.5 28% 7.9%
150.0 28% 7.9%
162.5 28% 8.0%
175.0 28% 8.1%
187.5 28% 8.2%
200.0 28% 8.3%
212.5 28% 8.4%
225.0 28% 8.5%

Example for a 34-year-old patient using a GnRH agonist protocol with AMH
level of 5.3 pg/l. As can be seen, this patient has an increased treatment risk
with a higher gonadotropin starting dose. If a treatment risk of 3.0% is deemed
acceptable in a specific clinic, this patient is advised to start with 100U FSH.

fresh embryo transfer, it is relevant to develop and validate a go-
nadotropin starting dose selection model as some centers may
still prefer a GnRH agonist downregulation protocol for better
ART treatment planning and scheduling. Moreover, 2.0-5.5% of
patients have an insufficient LH response to GnRH agonist trigger
(Chen et al., 2012; Kummer et al., 2013; Meyer et al., 2015; Chang et
al., 2016; Lu et al., 2016). A suboptimal response in terms of the
oocyte recovery rate per follicle may occur due to an insufficient
LH response caused by irregularities in the biological activity of
the GnRH agonist, or in patients with a hypothalamic-pituitary
dysfunction, a low BMI, GnRH receptor mutations or patients
who have used oral contraceptives for a long period (Zegers-
Hochschild et al., 1995; Chevrier et al., 2011; Kummer et al., 2013;
Meyer et al., 2015). On the other hand, an insufficient oocyte out-
put also occurs after hCG trigger (Revelli et al., 2017). Two studies
show comparable empty follicle syndrome rates, however, these
studies included healthy oocyte donors, which is not a good rep-
resentation of the IVF/ICSI population (Castillo et al., 2012;
Christopoulos et al., 2015). More studies are required to draw
strong conclusions regarding oocyte output after GnRH agonist
or hCG triggering.

Even with the agonist trigger approach and the freeze-all pro-
tocol, a normal instead of an excessive response may still be pref-
erable from other perspectives. The recruitment of a large cohort
of follicles causes more patient discomfort, creates more difficult
oocyte retrieval procedures, and may increase the risk of early
OHSS manifestations and thromboembolic events or bleeding af-
ter an intensive follicle aspiration procedure or the risk of ad-
nexal torsion due to enlarged ovaries (Bodri et al., 2008;

Magnusson et al., 2018; Mizrachi et al., 2020). From this point of
view, the trend is towards targeting to retrieve ~15-20 oocytes
even in freeze-all cycles, to optimally balance safety and efficacy
(Mizrachi et al., 2020). Optimizing the patients’ wellbeing starts
with choosing a personalized and optimal gonadotropin starting
dose (Devroey et al., 2011).

Strengths and limitations

This is the largest collaboration on dose prediction and the first
to combine safety, live birth, and dose selection in one prediction
model for various FSH preparations. We used live birth instead of
the more commonly used clinical pregnancy and we studied all
measures to prevent OHSS and the development of moderate
and/or severe OHSS. This study combined 14 different datasets
from RCTs, with many potential predictors, which could be used
to internally-externally develop and validate this easy-to-use
prediction tool. This model is validated in different geographical
and temporal situations, and we provided the possibility to ad-
just the dose selection model to a clinic’s characteristics (mean
age and mean starting dose).

Despite the strengths, this study also has limitations. As raw
data are imperative for a prediction model, we could not use in-
formation of studies where the authors were not willing or able
to share their data. Therefore, there is a risk of reporting bias.
However, the studies which we could not include were older than
the included studies and did not use AMH or AFC as an ORT. As
we used an intention-to-treat analysis, an underestimation of
the outcome events may have occurred. The differences between
studies were substantial, however, that is why age and starting
dose were centered around the mean. The number of combined
treatment risk events was low, especially in our IECV sets which
resulted in less stable validation results. This is of course due to
the low incidence of combined treatment risk events in general
and is therefore a challenge for all study groups. One way to han-
dle small outcome numbers is to establish a collaboration of sev-
eral study groups, which resulted in this current IPD-MA. Since
we used existing data from RCTs, we were dependent on the
study design and information collected by the original studies.
We unfortunately did not have enough frozen cycle or multiple
cycle results to include in this study. Therefore, we cannot ex-
clude the possibility that women with a standard instead of lower
gonadotropin starting dose have more frozen embryos and there-
fore a higher chance of having a second live born from one stimu-
lation cycle (Schouten et al., 2022). Moreover, we did not have
substantial data on the agonist trigger and freeze-all policy or
sufficient data to determine the influence of urinary versus re-
combinant FSH products, as the large majority of women used
rFSH only.

Live birth was chosen as one of the main outcomes instead of
the important intermediate variable number of oocytes, as it is
the most clinically meaningful outcome, especially from the
patient’s perspective. It directly represents the aim of the IVF and
ICSI treatment: creating a pregnancy leading to the birth of a
baby. Cumulative live birth rate was unfortunately not provided
by many included studies and could therefore not be used as
main outcome measure. As the direct result of dosing strategies
will be differences in oocyte number yielded, one may argue that
this variable could also have been used as outcome measure.
Although oocyte number certainly will be an important factor in
safety management, the role in live birth rates is much more
puzzling. Retrospective cohort studies have shown that more
oocytes are associated with a higher probability of live birth per
fresh embryo transfer (up to 20 oocytes) and with a higher
probability of cumulative live birth (up to 20-25 oocytes)



(Sunkara et al., 2011; Steward et al., 2014; Vaughan et al., 2017;
Devesa et al., 2018; Magnusson et al., 2018; Polyzos et al., 2018;
Law et al., 2019; Neves et al., 2023; Schouten et al., 2023).

However, these are all correlation studies, and the relation be-
tween oocyte number and live birth rates therefore may not be
necessarily pointing to causality. Such causality may be demon-
strated by randomized FSH dosing studies, with the assumption
that the number of oocytes can be directly influenced by the dose
of gonadotrophins. According to RCTs and related meta-
analyses, there is evidence that a higher FSH starting dose results
in more oocytes recovered in low, normal, and high responder
groups (Lensen et al., 2024).

In RCTs comparing different gonadotrophin types or different
dosages of gonadotropins, differences between study groups in
number of oocytes were rather limited (1-2 oocytes difference)
(Andersen et al., 2017; Van Tilborg et al., 2017; Ishihara et al., 2021,
Qiao et al.,, 2021). In these studies, this higher oocyte number did
not translate into higher live birth rates per fresh transfer,
whereas non-significant but possibly clinically relevant trends
toward higher cumulative live birth rates were reported with
higher gonadotropin starting doses in expected low responders in
some, but not in other, RCTs (Van Tilborg et al., 2017; Liu et al.,
2022). Whether larger differences in oocyte numbers within the
context of randomized comparisons do create differences in cu-
mulative live birth prospects, it is suggested in the OPTIMIST
study where higher oocyte numbers doubled the proportion of
couples having a second or third child (Schouten et al., 2022).

Clinical implications

Up till recently, clinicians had to select a dose based on their own
subjective experience and interpretation of predictive parame-
ters like age, ORT, BMI, etcetera. Over the last years, different
algorithms have been developed that can be used to calculate
the gonadotropin starting dose with the intent to optimize repro-
ductive outcome and to reduce the risk of OHSS (Popovic-
Todorovic et al.,, 2003; La Marca et al., 2013; Lan et al., 2013; La
Marca and Sunkara, 2014; Olivennes et al.,, 2015; Allegra et al.,
2017; Magnusson et al., 2017). For follitropin delta, a comparable
dosing strategy restricted to follitropin delta has been developed
(Andersen et al., 2017). However, due to the unique pharmaco-
kinetic and -dynamic profile of follitropin delta, it cannot be
compared to other gonadotropin preparations. Therefore, we de-
veloped new models: an optimal model, that has more stable pre-
dictions in different settings, and a clinically feasible model,
which is easy to use in clinical practice. The dose-calculator pro-
vides an overview of several gonadotropin dosages with the com-
bined treatment risk per dosage, which would aid the clinician in
choosing an appropriate starting dose (see Tables 5 and 6). This
dose selection model should however be evaluated in clinical
practice to confirm if it aids the clinician to choose an appropri-
ate starting dose. The clinical applicability of this model is cur-
rently being evaluated after implementation in two study centers
in the Netherlands.

This dose selection model, consisting of easily obtainable objec-
tive patient characteristics, may aid in choosing the optimal go-
nadotropin alpha/beta stimulation dose for each individual
patient. This optimal dose would help to minimize treatment
risks, whilst maintaining effectiveness and could potentially re-
duce patient burden and treatment costs.

Supplementary data are available at Human Reproduction
Update online
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