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study question: Can predictors of low and high ovarian responses be identified in patients undergoing controlled ovarian stimulation
(COS) in a GnRH antagonist protocol?

summaryanswer: Common prognostic factors for high and low ovarian responses were female age, antral follicle count (AFC) and basal
serum FSH and LH.

what is known already: Predictors of ovarian response have been identified in GnRH agonist protocols. With the introduction of
GnRH antagonists to prevent premature LH rises during COS, and the gradual shift in use of long GnRH agonist to short GnRH antagonist
protocols, there is a need for data on the predictability of ovarian response in GnRH antagonist cycles.

study design, size, duration: A retrospective analysis of data from the Engage trial and validation with the Xpect trial. Prognostic
models were constructed for high (.18 oocytes retrieved) and low (,6 oocytes retrieved) ovarian response. Model building was based on the
recombinant FSH (rFSH) arm (n ¼ 747) of the Engage trial. Multivariable logistic regression models were constructed in a stepwise fashion
(P , 0.15 for entry). Validation based on calibration was performed in patients with equivalent treatment (n ¼ 199) in the Xpect trial.

participants/materials, setting, methods: Infertile women with an indication for COS prior to IVF. The Engage and Xpect
trials included patients of similar ethnic origins from North America and Europe who had regular menstrual cycles. The main causes of infertility
were male factor, tubal factor and endometriosis.

main results and the role of chance: In the Engage trial, 18.3% of patients had a high and 12.7% had a low ovarian response.
Age, AFC, serum FSH and serum LH at stimulation Day 1 were prognostic for both high and low ovarian responses. Higher AFC and LH were
associated with an increased chance of high ovarian response. Older age and higher FSH correlated with an increased chance of low ovarian
response. Region (North America/Europe) and BMI were prognostic for high ovarian response, and serum estradiol at stimulation Day 1 was
associated with low ovarian response. The area under the receiver operating characteristic (ROC) curve (AUC) for the model for a high
ovarian response was 0.82. Sensitivity and specificity were 0.82 and 0.73; positive and negative predictive values were 0.40 and 0.95, respectively.
The AUC for the model for a low ovarian response was 0.80. Sensitivity and specificity were 0.77 and 0.73, respectively; positive and negative
predictive values were 0.29 and 0.96, respectively. In Xpect, 19.1% of patients were high ovarian responders and 16.1% were low ovarian respon-
ders. The slope of the calibration line was 0.81 and 1.35 for high and low ovarian responses, respectively, both not statistically different from 1.0. In
summary, common prognostic factors for high and low ovarian responses were female age, AFC and basal serum FSH and LH. Simple multivariable
models are presented that are able to predict both a too low or too high ovarian response in patients treated with a GnRH antagonist protocol
and daily rFSH.

limitations, reasons for caution: Anti-Müllerian hormone was not included in the prediction modelling.
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wider implications of the findings: The findings will help with the identification of patients at riskof a too high or too low ovarian
response and individualization of COS treatment.

study funding/competing interests: Financial support for this study and the editorial work was provided by Merck, Sharp &
Dohme Corp. (MSD), a subsidiary of Merck & Co. Inc., Whitehouse Station, NJ, USA. F.J.B. received a grant from CVZ to his institution; P.J.M.V.
and H.W. are employees of MSD, and B.M.J.L.M. was an employee of MSD at the time of development of this manuscript.

trial registration numbers: NCT 00696800 and NCT00778999.
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Introduction
In assisted reproduction treatment (ART) an optimal response to con-
trolled ovarian stimulation (COS) is of crucial importance. Both too
low an ovarian response and too high an ovarian response are associated
with increased cancellation rates and lower pregnancy rates, and previ-
ous literature suggests an optimal range of oocytes below and above
which outcomes are compromised (van der Gaast et al., 2006;
Sunkara et al., 2011). A high ovarian response may also increase the
risk of developing ovarian hyperstimulation syndrome (Papanikolaou
et al., 2006). For this reason it is clinically relevant to identify predictors
of ovarian response thatmayenable clinicians to identify patients at riskof
a too high or too low ovarian response and to individualize COS treat-
ment for these patients (Fauser et al., 2008). Moreover, such individual-
ization could be more cost-effective as it could both increase the efficacy
and reduce the costs of ART.

Many studies have been conducted in the field of ovarian response
prediction during the last 10 years (Popovic-Todorovic et al., 2003)
and various predictors for low ovarian response have been proposed
(Hendriks et al., 2005; Verberg et al., 2007). Broekmans et al (2006) per-
formed a systematic review of these tests and found that antral follicle
count (AFC) and basal FSH had the best sensitivity and specificity for pre-
dicting low ovarian response, with the recent addition of anti-Müllerian
hormone (AMH) as possibly the most reliable predictor (Broer et al.,
2009). More recently, predictors for a high ovarian response have also
been identified, with AMH and AFC demonstrating similar sensitivity
and specificity (Broer et al., 2011). However, it should be noted that
the majority of this research has been performed in the context of
GnRH agonist protocols. The introduction of GnRH antagonists to
prevent premature LH rises during COS and the gradual shift of
current care from long GnRH agonist to short GnRH antagonist proto-
cols (Kolibianakis et al., 2006; Al-Inany et al., 2011) have prompted the
need for research on the predictability of ovarian response in GnRH
antagonist cycles. A recent prospective study including patients with
and without oral contraceptive pretreatment indicated that AMH and
basal FSH are statistically significant predictors of both the number of
oocytes retrieved and the occurrence of an excessive ovarian response,
whereas AMH alone was the main predictor for low ovarian response
(Nyboe Andersen et al., 2011).

The aim of this paper is to identify prognostic factors for high and low
ovarian responses in COS using the GnRH antagonist protocol. With the
identified predictors, simple prognostic models for low and excessive re-
sponse are constructed from which patient-specific probabilities for
either outcome can be derived, as the basis for studies on FSH starting
dose adjustment.

Methods
The prognostic models for high and low ovarian responses presented in this
paper were developed and validated in different data sets: model building was
based on data from the Engage trial (Devroey et al., 2009), whereas model
validation was performed using data from the Xpect trial (Nyboe Andersen
et al., 2011). A high ovarian response was defined as the collection of .18
oocytes at retrieval or cycle cancellation due to high ovarian response,
according to trial protocol. A low ovarian response was defined as the
retrieval of less than six oocytes or cycle cancellation due to low ovarian
response, according to trial protocol.

Data sets
Engage [NCT00696800] was a double-blind, randomized, non-inferiority
trial assessing the ongoing pregnancy rates after one injection of 150 mg cor-
ifollitropin alfa during the first week of stimulation, compared with daily injec-
tions of 200 IU recombinant FSH (rFSH; Puregon Pen, N.V. Organon, The
Netherlands) using a standard GnRH antagonist protocol (0.25 mg ganirelix,
Orgalutran, N.V. Organon). The intention-to-treat population comprised
1506 subjects with a mean age of 31.5 years and body weight of 68.6 kg.
Data from the rFSH arm (750 subjects) of this study were used to construct
the models for predicting high and low ovarian responses. The data used in
the current analyses reflect minor corrections to the previously published
Engage trial data (Devroey et al., 2009) (see corrigendum Devroey et al.,
2014).

Xpect [NCT00778999] was a multinational trial to identify prognostic
factors for an ovarian response. Subjects were randomized to receive
either OC pretreatment or no OC pretreatment prior to their COS cycle.
A treatment regimen of 200 IU rFSH and 0.25 mg GnRH antagonist was
applied during the COS cycle (i.e. the same as in the daily rFSH arm of the
Engage study). The intention-to-treat population consisted of 408 subjects
of similar age and body weight as in Engage (mean, 31.7 years and 64.8 kg,
respectively). Data from the non-OC arm (199 subjects) were used to valid-
ate the models for high and low ovarian responses.

The two studies had similar inclusion and exclusion criteria which allowed
only patients with regular menstrual cycles to be included and were con-
ducted in the same time frame (2006–2007 for Engage and 2006–2008
for Xpect). Ethnicity was also similar in Engage (86.7% White, 3.6% Black,
2.8% Asian; 6.8% ‘Other’) and Xpect (91.5% White, 2.0% Black, 5.0%
Asian; 1.5% ‘Other’). Finally, both studies included subjects from Europe
(n ¼ 347 and n ¼ 101 in the relevant arms of Engage and Xpect, respectively)
as well as North America (n ¼ 403 and n ¼ 98 in Engage and Xpect, respect-
ively). Validated immunoassays were performed at a central laboratory to
measure serum levels of FSH, LH, inhibin B, estradiol (E2) and progesterone.
Levels of FSH, LH, E2 and progesterone were determined by time-resolved
fluoroimmunoassay (AutoDelfiaw immunofluorometric assay, PerkinElmer
Life and Analytical Sciences, Brussels, Belgium) with a coefficient of variation of
10%. Detection limits were 0.25 IU/l, 0.6 IU/l, 49.9 pmol/l and 0.38 ng/ml
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for FSH, LH, E2 and progesterone, respectively. Serum inhibin B levels were
determined by using a validated immunoassay by Diagnostic Systems Laborator-
ies (DSL; Webster, TX, USA) with a coefficient of variation of 10% and a detec-
tion limit of 10.0 pg/ml. AMH was only measured in the Xpect trial. Since it was
not measured in the Engage trial, AMH could not be considered for inclusion in
the prognostic models in the present study.

Model building
Model building was based on data from the rFSH arm of the Engage trial
(Devroey et al., 2009). Since prognostic factors for a high ovarian response
may be different from those for a low ovarian response, separate logistic re-
gression models were constructed for these two end-points. Age was
included in both models by default. Other candidate prognostic factors or
covariates were as follows:

† Age at menarche (years).
† Average menstrual cycle length (days).
† Duration of infertility (years).
† Alcohol use (self-reported; yes/no).
† Smoking status (self-reported; yes/no).
† BMI at baseline (kg/m2).
† FSH at Day 1 of stimulation (IU/l).
† LH at Day 1 of stimulation (IU/l).
† E2 at Day 1 of stimulation (pmol/l).
† Progesterone at Day 1 of stimulation (nmol/l).
† Inhibin B at Day 1 of stimulation (pg/ml).
† AFC at Day 1 of stimulation (number of follicles ,11 mm).
† Total ovarian volume (ml).
† Study region (North America versus Europe).
† Previous IVF/ICSI (yes/no).

For each candidate prognosticator, the association with a high or low ovarian
response was assessed using the x2 test (i.e. the score test in a logistic regres-
sion model). After the inclusion of age, covariates were selected using forward
selection (P , 0.15 for entry). Backward elimination (P . 0.15 for removal)
confirmed the covariate selection for the final model. The number of subjects
with missing values for the covariates selected in the final models was limited:
66 in Engage and 26 in Xpect. Missing data were mainly for hormones (54 and
26 subjects in Engage and Xpect, respectively). The fact of whether data were
missing or not was not associated with a high or low ovarian response. All sub-
jects were included in the final models with missing covariate values imputed
using linear regression (with covariates for age and region), if applicable. No
other imputation of missing data was performed, except for setting
hormone levels below the lower limit of detection to 0.5 times than the
lower limit (as iscommonpractice). First-order interaction termsandquadratic
terms were tested, but not found to be statistically significant.

For the final logistic regressionmodel fora high or low ovarian response the
receiver operating characteristic (ROC) curve was plotted and the area
under the curve (AUC, or c-statistic) was calculated. The ‘optimal’ point
on the ROC curve is the one that provides the best trade-off between sen-
sitivity and specificity (i.e. the point that is closest in distance to the upper left-
hand corner where sensitivity and specificity are equal to 1). Associated with
this point is the ‘optimal’ probability cut-off that provides the best balance
between false positives and false negatives for a high (or low) ovarian re-
sponse. If the predicted probability for a given patient exceeded this
optimal cut-off the patient was predicted to become a high (or low)
ovarian responder, otherwise not. Sensitivity, specificity, positive predictive
value and negative predictive value at the optimal cut-off were calculated.

These characteristics are data driven and presumably too optimistic. For
this reason the calculated values were denoted as ‘apparent’ AUC, sensitiv-
ity, etc. Optimism-corrected values were calculated using leave-one-out
cross-validation, i.e. the regression coefficients associated with the ‘final

model’were re-estimatedwitheachsubject leftout in turn.Wethencombined
the ‘leave-one-out’ regression coefficient with the subject’s covariate values in
order to mimic the prediction of the outcome for each subject. Finally, a logistic
regression model was fitted with the resulting ‘leave-one-out’ prognostic index
(PI) as the only covariate in order to obtain the optimism-corrected AUC. His-
tograms displaying the distribution of the predicted probabilities were plotted
separately for high or low ovarian responders and non-high (non-low) respon-
ders. Score charts (Hunault et al., 2004) were constructed for easier applica-
tion of the two models.

Model validation
A vital aspect of prediction is that a model derived from one data set can be
transported to another. ‘The idea of validating a prognostic model is generally
taken to mean establishing that it works satisfactorily for patients other than
those from whose data the model was derived’ (Altman and Royston, 2000).
External model validation was based on the non-OC arm of the Xpect study
(Nyboe Andersen et al., 2011) and focused on two aspects: discrimination
and calibration (Leushuis et al., 2009).

Discrimination is the ability of the model to distinguish between subjects
with and without the event of interest, in this case between patients with a
high or low ovarian response and patients without a high or low response.
Discrimination was measured by the area under the ROC curve, the
c-statistic. This statistic ranges from 0.5 (no discrimination) to 1 (perfect dis-
crimination) and can be interpreted as the probability that for any discordant
pair of subjects (i.e. one subject with the event and one without), the subject
with the event has a higher predicted probability than the subject without the
event (Harrell et al., 1996).

Calibration refers to correspondence between the predicted probabilities
for a high or low ovarian response and the observed proportions. Calibration
wasassessed visually by comparing predictedprobabilities and observedpro-
portions after dividing patients in 10 groups based on their predicted prob-
ability and, more formally, by fitting a logistic regression model with a single
covariate for the so-called PI, a linear combination of the subject’s covariate
values and the associated regression coefficients. Ideally, the regression
coefficient of the PI is close to 1 and the intercept is close to 0. Usually the
regression coefficient is ,1, indicating that the impact of the prognostic
factors is less strong in new data: the well-known shrinkage phenomenon
(Copas, 1983). An intercept different from 0 indicates that the overall
event rate (in this case high and low ovarian responses, respectively) in the
new data is different from the old data set.

All analyses were performed using SAS PC version 9.1. A P , of 0.05 was
considered statistically significant.

Results
Descriptive statistics for potential predictors are given in Tables I and II for
the Engage and Xpect trials, respectively. Three patients in the Engage trial
who discontinued their COS cycle due to an adverse event had a missing
outcome and were excluded from the analysis, leaving 747 patients for ana-
lysis. A total of137 patients had a high ovarian responseand 95 patients had
a low ovarian response, according to the definitions. In Xpect (n¼ 199),
there were 38 high responders and 32 low responders. The percentages
of a high ovarian response in Engage and Xpect were similar (18.3 versus
19.1%), but the percentages of low responders were slightly different
(12.7 versus 16.1%).

Model building
High ovarian response
In the Engage data the following factors had a strong (P , 0.001) associ-
ation with a high ovarian response (Table I): AFC at Day 1 of stimulation,
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Table I Descriptive statistics of potential predictors (covariates) for ovarian response in the rFSH arm of the Engage
study—overall and by ovarian response category.

Covariate Overall (n 5 747) Low (n 5 95) Normal (n 5 515) High (n 5 137) P-value*

High versus
normal/low

Low versus
normal/high

Age at baseline (years)

Mean 31.5 32.8 31.7 30.2 ,0.001 ,0.001

SD 3.2 2.8 3.1 3.4

Age at menarche (years)

Mean 12.7 12.7 12.7 12.7 0.971 0.545

SD 1.3 1.4 1.3 1.3

Average menstrual cycle length (days)

Mean 28.5 28 28.4 28.8 0.020 0.016

SD 1.7 1.7 1.7 1.7

Duration of infertility (years)

Mean 3.2 3.3 3.2 3.2 0.901 0.731

SD 2.2 2.2 2.2 2.4

Alcohol use (%) 42.3 38.9 44.3 37.2 0.148 0.563

Smoking (%) 8.9 7.4 9.1 8.8 0.987 0.584

BMI at baseline (kg/m2)

Mean 24.8 25.1 24.7 25.2 0.199 0.292

SD 2.7 2.9 2.6 2.8

Region (North America) (%) 53.7 54.7 48.9 70.8 ,0.001 0.919

Race (White) (%) 86.7 88.4 87.4 83.2 0.579 0.266

Previous IVF/ICSI (%) 57.3 55.8 58.8 52.6 0.256 0.824

Cause of infertility**

Male factor (%) 46.3 47.4 47 43.1 0.448 0.737

Tubal factor (%) 25.4 18.9 25.6 29.2 0.337 0.107

Endometriosis (%) 15.4 15.8 14 20.4 0.111 0.947

FSH at Day 1 of stimulation (IU/l)a

Median 6.4 7.6 6.5 5.6 ,0.001 ,0.001

LH at Day 1 of stimulation (IU/l)a

Median 4.4 4.1 4.5 4.6 0.043 0.608

E2 at Day 1 of stimulation (pmol/l)a

Median 119.3 123 119.3 114.9 0.384 0.042

Progesterone at Day 1 of stimulation (nmol/l)a

Median 1.7 1.7 1.7 1.8 0.053 0.974

Inhibin B at Day 1 of stimulation (pg/ml)a

Median 50.3 42.1 49.6 61.4 ,0.001 0.003

AFC at Day 1 of stimulation (n)

Mean 12.4 9.5 12.3 15.1 ,0.001 ,0.001

SD 4.5 9.5 12.3 15.1

Total ovarian volume (ml)b

Mean 13.2 11.9 12.7 15.8 ,0.001 0.065

SD 7.1 11.9 12.7 15.8
an 693 90 478 125
bn 627 77 440 120

rFSH, recombinant FSH; E2, estradiol; AFC, antral follicle count.
*From the x2 score test in a logistic regression model.
**Subjects could have more than one cause.
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FSH at Day 1 of stimulation, female age, total ovarian volume, study region
and inhibin B. The multivariable logistic regression model (Table III)
included female age, AFC Day 1, FSH level Day 1, LH level Day 1, study
region and BMI as independent predictors.

As shown in Table III, some factors that were not, or only marginally,
statistically significant in the univariate analysis were still included in the
multivariate model (e.g. BMI and LH). On the other hand, factors that
were statistically significant when considered univariately (e.g. total

.............................................................................................................................................................................................

Table II Descriptive statistics of potential predictors for an ovarian response in the non-OC arm of the Xpect study
(validation set)—overall and by ovarian response category.

Covariate Overall (n 5 199) Low (n 5 32) Normal (n 5 129) High (n 5 38)

Age at baseline (years)

Mean 31.6 33.3 31.6 30.2

SD 4.1 3.3 4.3 3.9

Age at menarche (years)

Mean 12.9 12.6 13.0 12.9

SD 1.5 1.6 1.5 1.5

Average menstrual cycle length (days)

Mean 28.5 27.6 28.5 29.3

SD 1.8 1.4 1.8 1.7

Duration of infertility (years)

Mean 3.7 3.8 3.7 3.4

SD 3.0 3.1 3.1 3.0

Alcohol use (%) 43.2 40.6 47.3 31.6

Smoking (%) 17.1 28.1 14.7 15.8

BMI at baseline (kg/m2)

Mean 23.6 24.0 23.4 23.8

SD 3.4 4.3 3.3 2.9

Region (North America) (%) 49.2 37.5 47.3 65.8

Race (White) (%) 91.5 96.9 90.7 89.5

Previous IVF* 638 71.9 62.0 63.2

Cause of infertility

Male factor (%) 55.3 56.3 57.4 47.4

Tubal factor (%) 19.6 15.6 20.2 21.1

Endometriosis (%) 9.0 9.4 10.1 5.3

FSH at Day 1 of stimulation (IU/l)a

Median 6.7 8.1 6.7 5.5

LH at Day 1 of stimulation (IU/l)a

Median 5.0 5.0 5.0 4.8

E2 at Day 1 of stimulation (pmol/l)a

Median 100.6 107.5 102.2 91.9

Progesterone at Day 1 of stimulation (nmol/l)a

Median 1.6 1.7 1.6 1.5

Inhibin B at Day 1 of stimulation (pg/ml)a

Median 47.9 25.3 49.7 57.2

AFC at Day 1 of stimulation (n)

Mean 11.7 8.5 12.1 13.3

SD 5.9 3.3 5.8 6.7

Total ovarian volume (ml)

Mean 12.0 9.4 12.0 14.1

SD 5.8 4.2 5.4 7.2
an 173 25 114 34

OC, observed cases.
*Subjects could have more than one cause.
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ovarian volume and inhibin B) were not included in the multivariate
model. The prognostic impact of these factors was apparently captured
by other factors already in the model. It appears that higher AFC, LH and
BMI increased the chance of a high ovarian response, whereas higher FSH
and older age decreased this risk. Also, a high ovarian response was more
common in North America than in Europe.

More details of the model for a high ovarian response and application
are given in the Supplementary data (see Supplementary text ‘Model for-
mulas’ and Supplementary Table SI).

The apparent area under the ROC curve for a high ovarian response
(Fig. 1a) was 0.82. The optimism-corrected AUC was only slightly lower
(0.81). The optimal probability cut-off for the prediction of a high ovarian
response was 17.9%. That is: if the model-based probability is higher than
this value, a patient is classified as a ‘predicted’ high ovarian responder.
The apparent sensitivity and specificity from this cut-off were 0.82 and
0.73, respectively. The apparent positive and negative predictive
values were 0.40 and 0.95, respectively.

The discrimination achieved by models with fewer predictors was
already close to that of the final model. A model with age, AFC, FSH
and LH reached an AUC of 0.81. The ROC curve for this model was
plotted in Fig. 1a. A model with only age and AFC, however, provided
limited discriminatory capacity (AUC 0.75).

Histograms displaying the predicted probabilities for a high ovarian re-
sponse based on the final model are given in the Supplementary data (see
Supplementary data, Fig. S1). To assist in making model-based calcula-
tions in daily practice, a score chart was developed, together with a prob-
ability plot (Table IV, Fig. 2, for the model with four factors age, AFC, FSH
and LH). The use of this chart is best illustrated by an example. Suppose
we have a patient, aged 36 years with an AFC (2–10 mm) of 16, a basal
FSH of 4.9 IU/l and a basal LH of 2.9 IU/l, using the score chart the total
score for this patient can be calculated as 1 + 10 + 5 + 6 ¼ 22. In the
probability plot it can be seen that the predicted probability for this
patient to become a high ovarian responder is �13%. The ‘optimal’
probability cut-off for a high ovarian response (17.9%) approximately
corresponds to a total score of 23. It should be noted that the score
chart uses categorized covariates leading to some loss of information
(apparent AUC 0.78 versus 0.81 for continuous covariates).

Interpretationand applicationof the modelwould be further simplified if
the continuouscovariates age,AFC,FSH and LH were classified as ‘high’or
‘low’, for example by using the median as a cut-off. However, it is well
known that dichotomization of continuouscovariates leads to loss of infor-
mation. Indeed, the AUC of the simpler model drops to 0.77 (details not
shown). Similarly, if we would simply count the number of risk factors
present for each patient (0–6), the AUC of a model based on that
count is only 0.74 (details not shown).

Low ovarian response
In the Engage data, FSH at Day 1 of stimulation, AFC at Day 1 of stimu-
lation and age were strongly (P , 0.001) related to low ovarian response
(Table I). In the multivariable logistic regression model (Table V) female

........................................................................................

Table III Logistic regression model for a high ovarian
response (>18 oocytes): stepwise-built logistic model,
each row depicting the cumulative contribution of a
variable to a model including all variables from previous
rows.

Covariate OR 95% CI P-value AUCa AUCb

Age 0.89 0.83–0.95 0.0003 0.64 0.61

AFC 1.13 1.08–1.20 ,0.0001 0.75 0.74

FSH 0.57 0.48–0.69 ,0.0001 0.79 0.78

LH 1.26 1.11–1.46 0.0005 0.81 0.80

Region 2.24 1.44–3.49 0.0004 0.82 0.81

BMI 1.07 0.99–1.15 0.0890 0.82 0.81

Odds ratio (OR) for region is USA versus Europe. All other ORs are per unit increase.
CI, confidence interval; AUC, area under the curve.
aApparent.
bOptimism corrected.

Figure 1 (a). Receiver operating characteristic (ROC) curves for
models for a high ovarian response (.18 oocytes) in controlled
ovarian stimulation (COS) using a GnRH antagonist protocol. (b).
ROC curves for models for a low ovarian response (,6 oocytes) in
COS using a GnRH antagonist protocol.
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age, AFC Day 1, basal FSH level, basal LH level and E2 on Day 1 were
included as independent predictors.

Four prognostic factors identified for a low ovarian response were
also identified for a high ovarian response. As expected, the direction
of the effects was reversed: higher FSH and older age increased
the chance of a low ovarian response, whereas higher AFC and LH
decreased this risk.

More details of the model for a low ovarian response and application
are given in the Supplementary data (see Supplementary text ‘Model for-
mulas’ and Supplementary data, Table SII).

The apparent AUC of the ROC curve for the complete model (Fig. 1b)
was 0.80. The optimal probability cut-off for the prediction of a low
ovarian response was 12.8% (i.e. a patient is classified as a predicted
low ovarian responder if the model-based probability is above this
value). The apparent sensitivity and specificity for this cut-off level
were 0.77 and 0.73, respectively. The apparent positive and negative
predictive values were 0.29 and 0.96, respectively. Again, it appeared
that the discrimination achieved by a simpler model was close to that
of the complete final model (Table V). A model with age, AFC, FSH
and LH already achieved an AUC of 0.80. The ROC curve for this
model is plotted in Fig. 1b.

Histograms with the predicted probabilities for a lowovarian response
are given in the Supplementary data (see Supplementary Fig. S2). A score
chart wasalso provided for a lowovarian response (Table IV, again for the
model with the four factors age, AFC, FSH and LH). It should be noted
that for the same variable, the categorizations and scores are different
from the score chart for high response. Continuing the example of the
36-year-old patient, the total score for this patient can be calculated as
10 + 1 + 6 + 5 ¼ 22. In the probability plot (Fig. 2) it can be seen
that the predicted probability for this patient to become a low ovarian
responder is ,10%. The ‘optimal’ probability cut-off for a low ovarian
response (12.8%) approximately corresponds to a total score of 23.
Note, again, that some information is lost due to categorization of cov-
ariates in the score chart (apparent AUC 0.78 versus 0.80).

Again, the interpretation of the model could be further simplified by
classifying the covariates as ‘high’ or ‘low’ based on their median
values. However, the AUC of the simpler model would then drop to
0.73 (details not shown). Similarly, the AUC of a model based on the
number of risk factors present (0–5) would become 0.71 (details not
shown).

Model validation
A calibration plot for a high ovarian response (see Supplementary Fig. S3)
demonstrated that there was reasonable agreement between the
observed percentages in the Xpect data and the predicted probabilities

............................... ...............................

........................................................................................

Table IV Score chart for a high or low ovarian response.

Variable High ovarian
response

Low ovarian
response

Rangea Score Rangea Score

Age (years) — 28 5 — 24 6
29 31 4 25 28 7
32 33 3 29 31 8
34 35 2 32 33 9
36 — 1 33 — 10

AFC — 6 6 — 6 5
7 8 7 7 7 4
9 10 8 8 10 3

11 13 9 11 13 2
14 — 10 14 — 1

FSH (IU/l) — 5.5 5 — 6 6
5.5 6 4 6 6.5 7
6 6.5 3 6.5 7.5 8
6.5 7 2 7.5 8 9
7 — 1 8 — 10

LH (IU/l) — 4 6 — 4 5
4 5 7 4 5 4
5 6 8 5 6.5 3
6 8 9 6.5 9 2
8 — 10 9 — 1

aLower limit excluded; upper limit included.

Figure 2 Probability plot for a high or low ovarian response in COS
using a GnRH antagonist protocol.

........................................................................................

Table V Logistic regression model for a low ovarian
response (<6 oocytes): stepwise-built logistic model,
each row depicting the cumulative contribution of a
variable to a model including all variables from previous
rows.

Covariate OR 95% CI P-value AUCa AUCb

Age 1.08 1.00–1.18 0.0560 0.63 0.58

AFC 0.87 0.82–0.93 ,0.0001 0.75 0.74

FSH 1.47 1.28–1.68 ,0.0001 0.78 0.77

LH 0.81 0.69–0.95 0.0085 0.80 0.78

E2 1.01 1.00–1.01 0.0454 0.80 0.78

OR are per unit increase.
aApparent.
bOptimism corrected.
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based on the model derived from the Engage trial. A logistic regression
model for a high ovarian response in the Xpect data with the PI as the
only covariate resulted in a regression coefficient of 0.81, smaller than
unity but not statistically significantly so (P ¼ 0.26). The intercept was vir-
tually zero (P ¼ 0.98), indicating that, corrected for the PI, the percentage
of high responders was well predicted. The associated AUC was 0.78,
smaller than the apparent AUC (0.82).

The calibration plot for a low ovarian response (see Supplementary
Fig. S4) showed again agreement between predicted and observed per-
centages, except for one outlier. Surprisingly, the regression coefficient
of the PI for a low ovarian response was greater than 1 (1.35), although
the difference from unity was not statistically significant (P ¼ 0.18). The
associated AUC was 0.84, in fact, greater than the apparent AUC of 0.80,
suggesting an increased ability to distinguish patients, something that is
not observed very often in prognostic modelling. The intercept was
0.77 (P ¼ 0.090) suggesting that, when corrected for the PI, the percent-
age of low responders in Xpect was underestimated. Apparently, the
model could not fully explain the difference in low responder rates
between Engage (12.7%) and Xpect (16.1%).

Model building and validation using a model
for a high ovarian response based on the
number of follicles
Model building and validation using a definition of a high ovarian response
as .18 follicles ≥11 mm diameter on the day of hCG administration are
given in the Supplementary data (see Supplementary text ‘Alternative
model for a high ovarian response based on the number of follicles’,
Supplementary data, Table SIII and Figs S5 and S6).

Discussion
The present study confirms the ability of prior prediction of high and low
responders to COS using a GnRH antagonist for LH rise prevention. The
common prognostic factors for high and low ovarian responses were
female age, AFC and basal serum FSH and LH. In conjunction, these
factors provide sufficiently accurate response prediction models for
studies on individualized tailoring of the FSH stimulation dosage.

The importance of AFC and basal FSH, as well as female age, is in line
with data from long GnRH agonist protocols (Broekmans et al., 2006;
Fauser et al., 2008; Broer et al., 2009). Although AFC and basal FSH
may both relate to the quantity of FSH-sensitive follicles, their independ-
ent contribution to at least the prediction of low response has been
demonstrated in several studies (Verhagen et al., 2008). The estimate
of overall sensitivity and specificity of published prediction models for a
low ovarian response, based on the summary ROC curve in a published
meta-analysis (Verhagen et al., 2008), clearly matched the findings for the
currently presented model. For exaggerated response prediction, formal
multifactor prediction models have not been published, as most of the
attention has focused on single-test predictors, such as AMH and AFC
(Broer et al., 2011).

The association between LH and ovarian hypo- and hyper-response
has not been identified previously. A limited number of studies have
included LH levels in an LH/FSH ratio, with the purpose of assessing
its value for outcome prediction (Mukherjee et al., 1996; Shrim et al.,
2006). However, a formal meta-analysis of these studies is lacking, and
its value seems limited. The association between elevated LH levels

and polycystic ovary syndrome mayexplain the current findings, although
a more linear relation with the number of antral follicles is clearly absent
for this factor.

The inclusion of study region in the model for a high ovarian response
improves predictions, but lacks any biological rationale, other than a pos-
sible imbalance in predictive factors between European and North
American populations. Therefore, we investigated whether the region
effect could be explained by other factors. It appeared that there were
differences between regions, but only for covariates that were not
included in the model: smoking status (Europe versus North America:
13.6 versus 4.8%), serum progesterone at Day 1 of stimulation
(median 1.6 versus 1.8 nmol/l) and total ovarian volume (median 9.5
versus 13.7 ml). Forced inclusion of these factors in the model did not
eliminate the effect of study region. The only remaining explanation is
that study region captures differences in variables that have not been
specifically recorded, for example the oocyte retrieval procedure.

The fact that the present findings and those of a previous report
(Nyboe Andersen et al., 2011) clearly confirms the predictability of
ovarian response categories in antagonist co-treatment cycles is an im-
portant finding. In view of the differences in the way the ovaries are
exposed to exogenous FSH, the possibility was expressed that submax-
imal stimulation could undermine the predictability by factors such as
AMH and AFC. Assuming that these factors would correctly indicate
the number of FSH-sensitive follicles, increased variation in the propor-
tion of follicles that will indeed grow and deliver an oocyte in antagonist
cycles could create a possible source for inaccuracy. Apparently, the pro-
portional relation between cohort size at initiation of stimulation and the
oocyte yield at the end of the track is not different when agonist and an-
tagonist cycles are compared, though a systematic difference in oocyte
yield has been firmly demonstrated for these two treatment approaches
(Al-Inany et al., 2011).

No uniform definitions were available for excessive and a low ovarian
response at the time of writing of this paper. We have used .18 and ,6
oocytes for high and low ovarian responses, respectively (Ferraretti et al.,
2011). Alternative definitions for high ovarian (.15 rather than .18
oocytes) and low ovarian responses (,5 rather than ,6 oocytes)
were explored, but the same variables were selected with similar regres-
sion coefficients (results not shown). The best operative definition for
either response type ultimately depends on the waya diagnostic category
(for example ‘low responder’) will lead to a certain change in manage-
ment. Current understanding points towards the range of 6–14
oocytes as the range of optimal response associated with the highest
probability of a live birth (Sunkara et al., 2011). Certainly, the optimal
limits may further be affected by the risk of complications, such as
ovarian hyperstimulation syndrome, and the likelihood that, in cases
with a predicted response outside of this range, adjusted management
can alter the outcome to a response in the normal range. Expectations
here may be more optimistic regarding prevention of an excessive re-
sponse than for a low response (Klinkert et al., 2005; Lekamge et al.,
2008; Olivennes, 2010; Jayaprakasan et al., 2012; Nelson et al., 2012).

The strength of the prediction models presented here is that both
were validated in an independent study, showing good discrimination
and calibration in a cohort of comparable patients. The prediction
model included both FSH and LH, which were both consistently mea-
sured by a central laboratory using the same immunoassays. Due to
the well-known differences between commercial gonadotrophin immu-
noassays, the external value of the model may become slightly different if
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other commercial FSH and LH assays are applied. A weakness is the
absence in the models of AMH, a factor that had a high prognostic
value in agonist cycles (Broer et al., 2011). When modelling high and
low response based on the Xpect study, where AMH was collected,
this parameter turned out to be predictive for both high and low
ovarian responses, replacing AFC in the models (Nyboe Andersen
et al., 2011).

Although AMH has appeared to be a solid biomarker of ovarian
reserve with a considerable degree of intra- and inter-cycle consistency
(Hehenkamp et al., 2006; van Disseldorp et al., 2010), the AMH assay
suffers from a certain degree of variability that may hamper reliable pre-
dictions of ovarian response (Rustamov et al., 2012).

One of the sources of this variation is the between-sample variation
during one or subsequent menstrual cycles. This variation has appeared
to be quite substantial, specifically in younger women (Overbeek et al.,
2012; Rustamov et al., 2012) and is believed to represent biological fluc-
tuation parallel to fluctuation in antral follicle numbers (van Disseldorp
et al., 2010). Moreover, nomograms or prognostic models should be
based on studies where the samples have been measured by the same
AMH immunoassay to ensure accurate predictions (Nelson and La
Marca, 2011).

Based on the present findings and studies in agonist cycles, AMH
and AFC may serve as highly overlapping predictors, with currently no
definite conclusion as to the factor with the highest performance
(Broer et al., 2011).

The lack of AMH as a factor in the model may not be permanent. Prog-
nostic models may be updated when new predictors or tests become
available and techniques for quick updating (as opposed to extensive
model revisions) exist (Steyerberg et al., 2004). Another large trial in
patients undergoing COS using a GnRH antagonist protocol has been
completed recently [Pursue (NCT01144416)]. Since this trial is similar
to Engage in design and sample size and includes AMH assessments, an
update of the presented models may be indicated in due course.

Implications for practice
The usefulness of ovarian response prediction for clinical practice will
depend on two issues. First, the accuracy of the response class prediction
needs to limit the number of false predictions. For the models presented
here, �75% of real low or high responders can be identified; however, at
the same time, a positive test will, in some 15% of cases, wrongly suggest
that the patient is producing too few or too many oocytes. It is crucial
to consider that cases with a normal test will receive standard treatment,
while cases with abnormal tests will be managed differently, for example,
by dosage increase or dosage reduction. Secondly, dose reduction may
create low response in falsely predicted high responders, while dose in-
crease in falsely predicted low responders may create excessive
responses. To what extent this will affect the overall efficacy of prior re-
sponse predicting and subsequent adjustments in the stimulation
regimen must be assessed from well-powered randomized trials. In
such trials, both the efficacy of adjusted treatment in normalizing re-
sponse and the effect of inaccuracies of prediction will be combined.
Relevant outcome measures, such as overall programme performance,
cancellation rates and costs, will in concert help to determine the true
value of treatment individualization based on response prediction. Pub-
lished scenario studies to date were non-randomized or not well

controlled (Olivennes, 2010; Nardo et al., 2011; Nelson et al., 2012).
Currently executed studies will help to define the desired added value
of tailored stimulation protocols (van Tilborg et al., 2012).

Summary
Prognostic models to predict poor or excessive ovarian response in an-
tagonist co-medicated ovarian hyperstimulation treatment for IVF
appear to be as accurate as in agonist controlled cycles. This finding
opens avenues for trials on individualized treatment protocols.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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