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ABSTRACT

Objective: This study aimed to cross validate two comparable
Weibull models of prediction of age at natural menopause (ANM)
from two cohorts (SRV and TLGS cohorts). It summarizes
advantages and disadvantages of the models and underlines the
need for achieving correct time dependency in dynamic variables
like AMH.

Methods: Models were fitted in the original datasets and then
applied to the cross validation datasets. The discriminatory capacity
of model was assessed by calculating c-statistics for the models in
their own data and in the cross validation data. Calibration of the
models on the cross validation data was assessed by measuring the
slope, intercept and Weibull shape.

Results: C-statistic for the SRV model on the SRV data was 0.7
(0.7-0.8) and on the TLGS data was 0.8 (0.8-0.9). For the TLGS
model on the TLGS data it was 0.9 (0.8-0.9) and in the SRV data it
was 0.7 (0.6-0.8). After calibration of the SRV model on the TLGS
data the slope was 1, the intercept —0.3 and the shape 1.1. The
TLGS model on the SRV data had a slope of 0.3, an intercept of
12.7 and a shape of 0.6.

Conclusions: Both models discriminate well between women that
enter menopause early or late during follow-up. While the SRV
model showed good agreement between the predicted risk of
entering menopause and the observed proportion of women who
entered menopause during follow-up (calibration) in the cross
validation dataset, the TLGS model showed poor calibration.
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ABSTRACT

Objective: This study aimed to cross validate two comparable Weibull models of prediction of age at
natural menopause (ANM) from two cohorts (SRV and TLGS cohorts). It summarizes advantages and
disadvantages of the models and underlines the need for achieving correct time dependency in
dynamic variables like AMH.

Methods: Models were fitted in the original datasets and then applied to the cross validation datasets.
The discriminatory capacity of model was assessed by calculating c-statistics for the models in their
own data and in the cross validation data. Calibration of the models on the cross validation data was
assessed by measuring the slope, intercept and Weibull shape.

Results: C-statistic for the SRV model on the SRV data was 0.7 (0.7-0.8) and on the TLGS data was
0.8 (0.8-0.9). For the TLGS model on the TLGS data it was 0.9 (0.8-0.9) and in the SRV data it was 0.7
(0.6-0.8). After calibration of the SRV model on the TLGS data the slope was 1, the intercept -0.3 and
the shape 1.1. The TLGS model on the SRV data had a slope of 0.3, an intercept of 12.7 and a shape
of 0.6.

Conclusions: Both models discriminate well between women that enter menopause early or late
during follow-up. While the SRV model showed good agreement between the predicted risk of entering
menopause and the observed proportion of women who entered menopause during follow-up
(calibration) in the cross validation dataset, the TLGS model showed poor calibration.
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INTRODUCTION

Anti-miillerian hormone (AMH) has emerged as an important biomarker of ovarian ageing. As
menopause is the final event that marks depletion of the ovarian reserve, AMH has been suggested to
predict the age at which a women will enter menopause1'ﬁ. Although the mean age at menopause
occurs at around 51 years, a considerable range exists from 40-60 years with approximately 10% of
women in the general population becoming menopausal by the age of 45 years?. Preceding
reproductive events such as cycle irregularity in the perimenopause and subfertility are suggested to
happen in a fixed temporal fashion with the end of natural fertility occurring approximately 10 years
before the final menstrual period. Identifying women with early menopause and thus early subfertility
could be used for the primary prevention of infertility by counseling those women to conceive early or to
cryopreserve oocytes. Furthermore accurate estimation of time of mencpause could identify those at
higher risk of cardiovascular disease, osteoporosis, and breast or endometrial cancers due to early or
late menopause.

Four models for predicting age at menopause with AMH have been presented in recent literature
L35 This study aims to solidify existing evidence that AMH-based predictions of age at natural
menopause (ANM) is possible by cross-validating two existing models of menopause prediction from
the two mast comparable studies” * . We further attempt to make suggestions towards an optimal
predictive model for individualized fertility forecasting based on the serum AMH concentration.

MATERIALS AND METHODS

Patients
Data came from two different studies namely the SRV (Scheffer, van Rooij, de Vet) cohort and the
TLGS (Tehran Lipid and Glucose Study) cohort.

The SRV cohort study

The SRV cohort is a combined population from three highly comparable prospective longitudinal studies
on ovarian function from the Netherlands that were used for the prediction of menopause in a previous
publication . It consists of 257 normo-ovulatory women aged between 21 and 46 years. Women were
selected if they had regular and predictable cycles, no history of infertility or endocrine disorders, if they
had not used contraceptives for at least 3 months, and if they had no history of ovarian or uterine
surgery. In these women, baseline (T1) AMH was determined. At follow up (T2), which was
approximately 11 years later, cycle’s status was reassessed by questionnaires in 158 women. From
these, 48 women were post-menopausal. The study was approved by the medical ethical review
committee and all participants gave written informed consent. For a more detailed description the
reader is referred to Broer et al, 2011".

The TLGS cohort study
The TLGS is an ongoing prospective longitudinal study in Tehran that was set up to assess prevalence
and risk factors of non-communicable diseases. From the original cohort of 2,412 women, 1,265
women met the eligibility criteria and from these women 266 study participants were randomly selected
to model age at menopause using AMH. Eligible women were aged between 20 and 50 years, they had
regular and predictable menstrual cycles, they had not taken any form of hormonal contraceptives for at
least three months, they were proven fertile defined as having at least one-term pregnancy within 1
year after stopping contraception and they had no history of ovarian or uterine surgery. AMH was
measured at baseline (T1) and reproductive status was assessed by questionnaires on average 6 years
later (T2). From the 266 original participants, 63 women reached menopause. The study was approved
3
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by the institutional review board and all participants gave written infoermed consent. For a more detailed
description the reader is referred to Tehrani et al 2011°,

Definitions and Endpoints

In the SRV cohort a regular and predictable cycle was defined as a cycle of 19-35 days where
consecutive menses were predictable within 7 days. In the TLGS cohort study a regular cycle was
defined as a predictable cycle with 21-35 day intervals. The endpoint of this cross validation was
menopause. Both studies defined menopause as a period of amenortrhea for at least 12 consecutive
months, for which no other pathologic or physiologic cause was present. Mencpause was assessed at
follow up, on average 11 years after inclusion in the SRV cohort and on average 6 years after inclusion
in the TLGS cohort.

Predictors

The variables included in the predictive model were age at AMH measurement and serum AMH level.
The measurement technigques for AMH were different as described below.

AMH assay

In the SRV cohort, all AMH values were measured in the same laboratory. In one of the three studies
AMH was measured using the Active MIS/AMH ELISA from Diagnostics Systems Laboratories
(Webster, TX). This system had an interassay and intraassay coefficient of variation of less than 5% at
the level of 3.0 ng/ml and less than 11% at the level of 13.0 ng/ml. The limit of detection (LOD) of the
assay was 0.026 ng/ml. In the other two studies, contributing to the SRV cohort, AMH was measured
with the ultrasensitive immunoenzymometric assay (Immunotech-Coulter, Marseille, France). The limit
of detection was 0.05 ng/ml and intra- and interassay coefficients of variation were less than 5% and
less than 8%, in the two studies, respectively. A correction factor was required to justify comparing and
pooling of AMH samples from these three studies. As previously described and successiully applied,
serum AMH concentration measured in the Immunotech-Coulter assay was corrected by a factor of 0.5
to be comparable to the DSL values?'.

In the TLGS cohort AMH was measured using the Active MIS/AMH ELISA from Diagnostics
Systems Laboratories (DSL-10-14400, Webster, TX). The LOD was 0.006 ng/mL the intra and
interassay coefficients of variation were 5.2 and 9.1, respectively. To compare measures of AMH in the
SRV cohort to the TLGS cohort, both AMH values were converted into values representative of the new
AMH Generation Il assay (AMH Gen Il assay)} from Immunotech-Coulter by applying a conversion
factor. For the SRV cohort a lab-specific conversion factor was determined which amounted to ‘DLS x
1.564=Gen II'. For the TLGS cohort we applied a conversion factor of ‘DSL x 1.4 — 0.0868= Gen II' as
previously described in the literature® ®,

Predictive models
In the SRV cohort, the predictive model was based on female age and AMH. A Weibull survival model
was built with female age on the time axis, with delayed entry at T1 and age-specific percentiles of
AMH as a single covariate. Age-specific AMH levels were calculated per participant as follows: first all
AMH values were log-transformed, then a flexible spline function was applied to the scatter plot of
log(AMH) with age at T1 and with the assumption that there was a normal distribution of residuals
around this fitted curve. In a tabular presentation of the model, AMH measurement values, and their
corresponding percentiles were shown per age category, as well as the 5™, 25", 50" and 75" percentile
values of the predicted ANM'.

The TLGS prediction of ANM was also based on a Weibull survival model with female age on
the time axis, and delayed entry at T1.This model contained both Age at T1 and AMH as covariates.
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The following predictive equation was obtained, where 0.5 is the constant to determine the median
ANM and age T1 is the age at inclusion:
Age at menopause= (-In(0.55°%exp(0.10 AMH + 0.016 ageT1 + 32) °

Statistical Analysis

Data from both studies were converted to contain the same format with regard to variables and coding.
Baseline measures were calculated for both studies and compared to the originally published articles.
Baselines characteristics were described as means with standard deviation for continuous variables
and numbers with percentages for categorical variables. Baseline measures were compared between
cohorts using a Mann-Whitney-U test for continuous variables and a chi-squared test for binomial
variables. Kaplan Meier curves were created with female age on the time axis and delayed entry at T1,
where women were either censored at the end of their follow-up, or continued until their age at
menopause.

The basic principle in this analysis was to fit the SRV regression model on the SRV data and to
then apply this model to the TLGS data. The performance of the prediction rule was studied in terms of
discrimination and calibration. Discrimination is quantified by C-statistics and it reflects the capacity of
the models to discriminate between women who will enter menopause early or late during follow-up.
Calibration reflects the agreement between the predicted risk of entering menopause and the observed
proportion of women who entered menopause during follow-up. For a Weibull model, calibration may be
assessed through fitting a Weibull model on the validation data using a transformed time axis according
to the baseline of the prediction model that is to be validated, and containing the linear predictor of that
model, evaluated in the validation data, as a single covariate. A perfect calibration has an intercept of
zero, a slope of 1 and the Weibull shape will be equal to 1.Because the models are fitted to their own
data (which means that the model will always be perfectly calibrated in its original dataset) the
calibration was only done for the model in the cross validation data. All analyses were then repeated,
but with reversed roles, where the TLGS cohort was used to fit the model and then the performance of
that predictive rule was assessed in the SRV data, as described above.

In order to also graphically illustrate differences between the two models, we plotted their
Weibull curves for predicted age at menopause for four given ages: 25, 30, 35 and 40 years. Within
each age category, three AMH values were chosen to represent a low age-specific AMH, an average
age-specific AMH and a high age-specific AMH. For a 25-year old, the selected AMH values were
0.8ng/ml, 3ng/ml and 7 ng/ml. For a 30 year old the selected AMH values were 0.8ng/ml, 2.5ng/ml and
bng/ml. For a 35 year old the selected AMH values were 0.3 ng/ml, 1.5 ng/ml and 3 ng/ml. These
values were 0.2 ng/ml, 1 ng/ml and 2 ng/ml for a 40 year old. Data was analyzed with SPSS 15.0
(SPSS Inc., Chicago, IL) and R version 2.9.0. (http://www.r-project.org/).

RESULTS

Baseline characteristics of both cohorts are displayed in table1. The mean age at inclusion in both
cohorts was approximately the same, but the variation in age at inclusion was higher in the TLGS
cohort (35.3 years +/-6SD and 37.6 years+/-10 SD for the SRV and TLGS cohorts, respectively;
p=0.57). This explains how approximately the same proportion of women entered menopause during
follow-up (48 women (26%) in SRV versus 63 women (24%) in TLGS) despite a shorter time to follow-
up in the TLGS cohort. The Kaplan Meier curves in Figure 1show the similarity between the two cohorts
with regard to the occurrence of menopause during follow up.

The C-statistic for the SRV model in the SRV data was 0.73 (95%CI 0.65-0.82) and for the SRV
model in the TLGS data was0.82 (95%CI 0.75-0.88). When the TLGS model was applied to the TLGS

h
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data the c-statistics was 0.88 (95% Cl 0.83-0.94), in the SRV data it was 0.72 (95% CI 0.63-0.81)
(Table 2).

Results of the calibration are displayed in table 3.When the SRV model was calibrated to the
TLGS dataset, the slope was 0.99, the intercept was -0.26 and the shape 1.13. The slope, which is
close to a value of 1, indicates that the predicted risk of entering menopause and the observed
proportion of women who entered menopause during follow up are in good agreement. The negative
intercept indicates the systematically overestimate of menopausal age when SRV model calibrated in
the TLGS data set. Conversely, when the TLGS model was calibrated on the SRV data, the slope was
0.30, the intercept was 12.66 and the shape was 0.62. The slope is not close to a value of 1, indicating
poor agreement between the predicted risk of entering menopause and the observed proportion of
women who entered menopause during follow-up. The intercept is higher than 0, indicating an under
estimation of ANM, and the shape is also not close to a value of 1.

Figures 2a-2d compare the Weibull curves for the prediction of menopause based on age and
AMH in the two predictive models. The solid curves show the predicted ages at menopause for women
with a low age-specific AMH, the dotted curves for women with an average age-specific AMH and the
dashed curves for women with a high age-specific AMH. The apex of the curves corresponds to the
most likely predicted age at menopause with the left and right tails of the curve representing the total
range of possible ages at which menopause could occur at a given AMH concentration. The upright
Weibull curves represent the predicted age at menopause by the SRV model at the specified AMH
values and the upside-down Weibull curves represent predicted age at menopause by the TLGS model
at those same specified AMH values. Both models give a Weibull distribution curve that is skewed with
a longer left tail. It is evident from these graphs that the predictions according to the SRV model lie
closer together and have wide distributions that overlap. Regardless of the age at inclusion, (the age at
which AMH was measured), a woman with a low age-specific AMH has a mean ANM of approximately
49 years, a woman with an average age-specific AMH has a mean ANM of approximately 51 years and
a woman with a high age-specific AMH has a predicted mean ANM of approximately 54 years.

The Weibull curves for the TLGS model result in predicted ANMs that are spread further apart
for women of the same age with different AMH values. The corresponding distributions are narrower
than those in the SRV cohort. While a 25-year old with a low age-specific AMH is predicted to reach
menopause at 38, a 25 year old with a high age-specific AMH is predicted to reach menopause at 53.
Conversely, for a 30 year old the predicted age at menopause is 41 for woman with a low AMH and 49
for a woman with a high AMH. This trend continues so that a 35 year old with a low or a high AMH is
predicted to reach menopause at 44 or 50 years respectively and a 40 year old woman with a low or
high age-specific AMH has a predicted ANM of 47 and 54 vears, respectively (figures 2a-2d).

DISCUSSION

This study aimed to cross validate and compares the two models of menopausal age’s prediction, using
age and AMH. With this studv, we have provided further evidence that prediction of age at menopause
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in the cohort then it is easier to discriminate those who will and will not become menopause during
follow up than if all women are of late reproductive age). The TLGS cohort had a larger variation in both
the age at which AMH was measured and a larger variation in AMH values (see table1).

We have described that in general, the SRV model slightly overestimates age at menopause
when applied to the TLGS cohort, and conversely that the TLGS model underestimates age at
menopause when applied to the SRV cohort. There are several factors that must be addressed when
trying to understand the incongruence of the models on the external data.The median age at
menopause, as measured by the Kaplan Meier curves, is approximately the same in the SRV cohort
and the TLGS cohort (51.9 is SRV versus 51.5 in TLGS). Therefore, this cannot explain why the one
model overestimates ANM and the other underestimates_it. Furthermore, the Kaplan Meier curves
overlap one another reasonably.

There are some discrepancies in the data, however. First of all, from the table with baseline
characteristics it is evident that despite the shorter follow up time, and lower age at follow up in the
TLGS study, approximately the same proportion of women has become menopause during the study
(26% in TLGS versus 24% in SRV). One would expect this proportion to be smaller. One explanation is
that the range of ages at inclusion is much larger in the TLGS cohort with 107 out of the 266 women
with an age of 40 or above. Perhaps this discrepancy explains why the SRV model overestimates and
the TLGS underestimates age at menopause, the TLGS model expects women to become menopausal
sooner during follow up while the SRV model expects women to become menopausal later during
follow up. It may also be argued that the relative risk for menopause occurring at a certain age differs
between different ethnicities. However, the median age at menopause discerned from the TLGS cohort
was 49.7 years which is comparable to the median age at menopause from large Caucasian cohort
studies (49.2 years).

Another issue that remains to be discussed is that the AMH values in the TLGS cchort are
higher than in the SRV cohort despite the age at AMH measurement being slightly older in the TLGS
cohort. This could be due to differences in lifestyle factors in the cohort, for example smoking has been
shown to be an important determinant of AMH'. In the SRV cohort 16.7% of women smoked, in the
TLGS this was 1.2%. Another plausible solution may be that some incongruity in AMH assay system
has remained despite application of suitable conversion factors. However, this is probably of more
interest to the TLGS model than the SRV model as the SRV model uses percentiles of AMH and not
absolute AMH values. A woman’s percentile, or rank in a population, does not change after application
of a conversion factor, while one's absolute AMH value may change considerably. Nevertheless, if it
were only a problem associated with a conversion factor problem one would expect a systematic
incongruence between the observed and predicted ages at menopause, and not a poor performance of
all the calibration parameters. The difference in model performance can thus not merely be due to the
value of AMH after conversion to the Genll assay, but may also be due to the way in which AMH is
incorporated into the predictive model. Both models use age from birth onwards as their time axis with
delayed entry of a woman at her age at T1. The challenge for AMH is that it is age, and thus follow-up
time, dependent. In the SRV model AMH is assigned per woman as a percentile for her age category,
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incorporated is such that within a certain age group a higher AMH is associated with a higher age at
menopause leading to a positive coefficient for age. In the SRV model, age indeed is positive while
AMH is negative. The effect of the different incorporation of age is evident in figures 2a-2d. The SRV
model is barely influenced by age but only by age-specific AMH. Regardless of whether a woman is 30
or 40 years old, if she remains in the lower percentiles of AMH, her ANM will be lower (arcund 49) in
compare to a woman who remains in the higher percentiles of AMH who will enter menopause at
around 54.The resulting predictions of age at menopause widely overlap due to a wide range of
predictions. The TLGS model, in contrast, is highly affected by both age and AMH. This leads to mean
predictions that are spread wide apart and with narrower ranges. Although the discriminatory capacity
of the TLGS model is appealing and it has a higher c-statistic, the question remains whether it is also
clinically realistic. In the general population there are very few women that enter menopause before the
age of 40 or 45. The TLGS model seems to suggest otherwise, when looking at their predictions of
young reproductive women who would enter menopause at around 43 years with an age-specific AMH
level in the average range. With increasing age the models start performing more similarly as shown in
figure 2d. However, the target group, in which predicting age at menopause is most valuable, is women
that are younger than forty. Therefore, the predicted ages at menopause must also be precise for this
group of women. Perhaps the TLGS model extrapolates too extremely for young women. Considering
these results it could be suggested that the use of age-specific AMH percentiles yields more realistic
prediction of age at menopause than absolute AMH values that are age-corrected in the model where
age is already on the time axis. However, it may be more limited in its ability to predict both extreme
ends of the spectrum for menopausal age.

The major strength of this study was that the two studies had a very similar set-up with the same
variables in the predictive model and with the same endpoint. A challenge of the studies was making
the AMH values comparable. To compare the SRV measures of AMH to the TLGS cohort, both AMH
values were converted into values representative of the new AMH Generation Il assay (AMH Gen I
assay) from Immunotech-Coulter by applying a conversion factor. For the SRV cohort a lab-specific
conversion factor was determined which amounted to ‘DLS x 1.564=Gen II'. For the TLGS cohort the
conversion factor of ‘DSL x 1.4 — 0.0868= Gen II' as previously described in literature ® .
Determination of a specific conversion factors between the two cohorts used in this study was not
possible as the original TLGS serum samples were no longer available. For the same reason, a lab-
specific Gen |l conversion factor could not be made for the TLGS cohort. Nevertheless, after applying
these conversion factors the AMH values were more comparable than before applying the Gen I
conversion factor. Although the mean AMH values still differ significantly at baseline, this may also be
due to differences in the cohort and not to the AMH conversion factor alone.

Two other prospective studies, both performed in the same cohort of women, have also provided
evidence for the notion that AMH can be used to make a more jndividualized prediction of age at
menopause. The cohort consisted of women of later reproductive age (the mean age was 40 years),
with a follow up of 14 years. The first study * confirmed that AMH is a valuable predictive marker of time
to menopause, and the second study elaborates that the rate of change of AMH is a better predictor of
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CONCLUSIONS

We have shown that any predictive model must incorporate AMH adequately to make it both age and
time dependent, preferably with age-specific AMH values as a time-dependent factor. The current cross
validation study has provided further evidence that the prediction of age at menopause with AMH has
definite potential.Correct prediction of age at menopause may pave the road to individualized
prevention of primary age-related infertility and menopause-related conditions, like cardiovascular
disease and breast cancer.
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TABLE LEGENDS
Table 1

The baseline characteristics

SRV TGLS P-value
Number of women in cohort 185 266
Age at AMH measurement (T1) 35.5(5.9) 37.6(9.6) 0.57
Mean Age at Follow up (T2) 47.5 (6.11) 42.63 (8.09) <0.001
AMH (ng/ml) 2.8 (2.8) 4.1 (4.1) 0.02
BMI(T1) 24.0 (4.0 27.7(5.0) <0.001
Nimber okpostmenepausal 48 (25.9%) | 63(23.7%) | 0.561*
women at follow up

Comparison of the baseline characteristics between two cohorts. All p-values are calculated with
independent samples t-tests, except those denoted with a * where the p-value is measured with a chi-

sqguared analysis.

Table 2

Accuracy of the models in their original dataset and in the cross validation dataset

Model applied to:

SRV TLGS
Model sampled
from: C-statistic 95% Cl C-statistic 95% Cl
SRV 0.73 {0.65-0.82) 0.82 {0.75-0.88)
TLGS 0.72 (0.63-0.81) 0.88 {0.83-0.94)

This table shows the c-statistics for the two models in their own data and in the cross validation data. C-
statistics represent the discriminatory capacity of the model, i.e. the accuracy with which the model can
distinguish between those women that will enter menopause early during the follow up period and those

ones that will enter menopause late during the follow up period.
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Table 3

Calibration of the models in the cross validation dataset

Slope Intercept Shape
(95% CI) (95% ClI) (95% CI)
SRV model on TLGS data 0.99 -0.26 113
(0.69-1.28} | (-0.51-0.00) (1.08-1.39)
TLGS model on SRV data 0.30 12.66 0.62
(0.14-0.48) | (12.15-13.18) (0.50-0.77)

This table shows the calibration of the models on the cross validation data. Calibration consists of the
calculation of the slope, intercept and Weibull shape. A perfect calibration has an intercept of zero, a
slope of 1 and a Weibull shape of 1. Calibration reflects the agreement between the predicted risk of
entering menopause and the observed proportion of women who entered menopause during follow-up.
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FIGURE LEGENDS
Figure 1

Kaplan Meier curves depicting the decrease in the proportion of premenopausal women with increasing
age at follow-up.

Kaplan:Meiar survival curve for proportion of premenopausal woman

Legend:
SRV cohort

—— TLGS cohort

re.com by University Library Utrecht on 03/17/14
Propartion premenopausal

For personal use only.

Age at follow Up (years)
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Figure 2

Differential distribution of age at menopause according to the age and AMH in the two different models.
This figure shows the distribution of ANM for women in 4 age categories with a low AMH for their age
(red curve), an average AMH for their age (green curve) and a high AMH for their age (blue curve). The
upright model shows the predicted distributions of ANM in the SRV model and the upside down curve
for the predicted distributions according to the same age and same AMH in the TLGS model. The figure
displays the increasing conformity of the two models with increasing age.
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