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Purpose: Women who carry a fragile X mental retardation 1 premuta-
tion are at risk for fragile X-associated primary ovarian insufficiency
and should be counseled for a potentially reduced fertility. Multiple
factors can affect the age of onset and severity of fragile X-associated
primary ovarian insufficiency. In this study, we assessed the predictive
power of several factors with menopausal age, a surrogate measure of
onset of fragile X-associated primary ovarian insufficiency. Methods:
Genetic, environmental, and reproductive factors were analyzed by Cox
proportional hazard models in 1068 women, 385 of fragile X families
ascertained through the Nijmegen study and 683 of fragile X families or
general population families ascertained through the Atlanta study. Re-
sults: The highest association with menopausal age among fragile X
mental retardation 1 premutation carriers was found for risk index by
CGG repeat size (hazard ratio, 1.43) and smoking (hazard ratio, 1.34).
Women from the Nijmegen cohort showed an overall lower age at
menopause onset, for which a correction was made. A prediction model
based on these two parameters, mean menopausal age of first-degree
relatives with the same mutation status and the correction for ascertain-
ment site, estimated the probability of becoming postmenopausal for
premutation carriers, with a margin of 7–10%. Conclusion: We con-
clude that this model serves as a first step toward clinical application of
fragile X-associated primary ovarian insufficiency prediction. Genet
Med 2011:13(7):643–650.
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In the early 1990s, premature ovarian failure (POF), or cessa-
tion of menses before the age of 40 years, was noted among

heterozygous carriers of the fragile X mental retardation 1
(FMR1) premutation.1,2 Additional studies showed that the risk
of POF was almost exclusively seen in females carrying a
premutation in the FMR1 gene and that approximately 20% of
these carriers had POF.3,4 To better denote the complete spec-

trum of this disorder, including altered menstrual cycles, altered
hormone profiles, infertility, and intermittent ovarian function,
this premutation disorder was renamed as fragile X-associated
primary ovarian insufficiency (FXPOI),5 defined as amenorrhea
for at least 4 months and two serum follicle-stimulating hor-
mone levels above 40 IU/L.

The FMR1 premutation represents an expansion of a trinucle-
otide (CGG) repeat in the 5� untranslated region of the FMR1
gene.6 Based on the number of repeats present and their instability
when passed from one generation to the next, four types of FMR1
alleles can be distinguished: (1) a normal allele with �45 repeats,
which is stably inherited; (2) an intermediate mutant allele with
45–54 repeats, which may show instability on maternal or paternal
transmission; (3) a premutation allele with 55–200 repeats, which
can expand to a full mutation within one generation; and (4) a full
mutation allele with at least 200 CGG repeats (American College
of Medical Genetics practice guidelines; 2007), which results in an
intellectual and developmental disability syndrome, the fragile X
syndrome.7 Women who carry the premutation should be informed
not only about their risk for having a child with fragile X syndrome
but also about their potential risk for FXPOI, as symptoms include
infertility, early cessation of menses, and early exposure to estro-
gen deficiency.

In the general population, menopause ranges from ages 40 to 60
years with a mean of 51 years8 and seems to be modulated by both
environmental and genetic factors.9–12 Allen et al.13 showed that
smoking led to an earlier age at menopause among premutation
carriers; however, the association of menopausal age with other
factors, such as menarche and parity is still a matter of debate.
Although both environmental and reproductive factors contribute
to variance in age at menopause, genetic factors seem to act as
superior predictors for age at menopause.12 The size of the FMR1
CGG repeat is a major risk factor for FXPOI. Within the FMR1
premutation range of 55–200 repeats, Allen et al.13 and Sullivan et
al.14 identified high-risk alleles of 80–99 repeats. This nonlinear
association was subsequently confirmed by others.15,16 The subdi-
vision of the premutation ranges used by Allen et al.13 into low
(55–79 repeats), medium (80–99 repeats), and high (100–200
repeats) has, however, been based on the risk to expand to a full
mutation,17 and any detailed information on high-risk alleles for
FXPOI is, therefore, still lacking. In this study, we have developed
an integrative model that allows the prediction of the risk to
develop FXPOI in individual premutation carriers. Such a model
would serve as an excellent adjunct to current fertility counseling
modalities and the clinical intervention in premutation carriers.

METHODS

Study population
The study cohort comprised participants ascertained through

two centers, the Radboud University Nijmegen Medical Centre,
Nijmegen, the Netherlands (Nijmegen cohort), and the Emory
University Department of Human Genetics, Atlanta, Georgia (At-
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lanta cohort). The Dutch study was approved by the Institutional
Review Board of the Radboud University Nijmegen Medical Cen-
tre. The Atlanta protocol and consent forms were approved by the
Institutional Review Board at Emory University.

All fragile X families that were diagnosed at the Department
of Human Genetics Nijmegen between 1984 and 2008 were
ascertained for this study. All female relatives of a proband at
age 35 years or older were approached to participate in this
study and asked to complete a general health and reproductive
history questionnaire. A detailed description of the study pop-
ulation is depicted in Figure 1. The Atlanta cohort comprised
women who were recruited through the Emory Study of Adult
Learning and Reproduction. Ascertainment protocols have been
described in detail by Sullivan et al.14

Data collection

Reproductive history questionnaire
For both studies, comparable questionnaires on general health

and reproduction were administered by phone, in written format, or
through an internet survey. Both reproductive questionnaires gath-
ered information on time since last menstrual period, cause for
cessation of menstrual periods (e.g., menopause, hormones, and
surgery), age at last period, age at start hormone use/hormone
replacement therapy and oral contraceptives (OCs), time period of
hormone use, and current hormone use.

Definition of age at menopause
Age at menopause was used as a surrogate for severity for

FXPOI and was defined as amenorrhea for more than 1 year due
to natural menopause. Ages at menopause for all women with
other reasons than natural menopause for cessation of menstrual
cycles were “censored.” For women who had their last period
due to surgery (e.g., hysterectomy or oophorectomy), chemo-
therapy, radiation or pregnancy, menopausal age was censored
at age at last period. Women who still had menstrual cycles (last
period �1 year) without current hormone use were censored at
age at interview. Women with recent periods and current hor-
mone use were censored at age when hormone use was started.

FMR1 CGG repeat size measurement
From the participants included in the Dutch study, DNA was

extracted from peripheral blood cells. Polymerase chain reac-
tion amplification of the FMR1 alleles was performed using
6-carboxyfluorescein labeled reverse primers as described by Fu
et al.18 Polymerase chain reaction conditions are available on
request. Fragment lengths were measured using an ABI prism
3730 DNA Analyzer (Applied Biosystems, Foster City, CA)
and quantified using ABI prism Genemapper Analysis Software
v4.0 (Applied Biosystems) up to one or two repeats accurate
until 130–140 repeats. From the women participating through
Atlanta, DNA was extracted from buccal samples or peripheral
blood cells using Qiagen QiAmp DNA Blood Mini Kit. FMR1
CGG repeat sizes were determined by a fluorescent-sequencer
method as described by Sullivan et al.,14 with the same accuracy
as the Dutch method, up to 100 repeats and with an inaccuracy
of 5–10 repeats for repeat sizes 100–140.

Statistical analysis
The data were analyzed using age at menopause, a surrogate

for FXPOI, as outcome variable in Cox proportional hazards
models. To this end, the time origin was set at the age of 25
years, and the time from 25 years to start menopause was
considered as the time to event. To adjust for the correlation
among outcomes within the same family, we applied robust
estimates each time we made use of a Cox regression mode.19

Analyses were performed separately for FMR1 premutation
carriers and noncarriers.

Construction of risk index for earlier menopause
based on FMR1 CGG repeat size

Cox regression with robust estimations were used to deter-
mine risk estimates for menopause at a younger age based on
FMR1 CGG repeat size. A reference region based on most
common repeat sizes encountered in the general population was
defined to be 28–33 repeats.18,20 For repeat sizes 20–28 and
34–100 repeats, a set of moving windows with a width size of
11 repeats was created. In case of overlap between window and
reference region, repeats present in the overlap were removed
from the window. The menopausal age for subjects within a

Fig. 1. Flowchart of the study population.
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window was compared with menopausal age of subjects in the
reference region, resulting in a window-specific hazard ratio
(HR) where the index r refers to the central repeat size in the
window. To determine these HRs, we applied Cox regression
with robust estimations. Because repeat size determination of
100–130 repeats was less accurate for the Atlanta subset, a
wider window (�10 repeats) around the reported repeat size
was used. As sizes above 130 repeats could not be determined
with accuracy for either cohort, they were not assessed in this
hazard risk analysis. To reduce the noise in the resulting HR
graph, we superimposed a smoothed curve that is fitted to the
HRs by repeat scatter plot. To this end, we used the LOWESS
smoother with smoothing factor � 0.1.21 The resulting variable
is referred to as the “Risk Index by Repeat size” (RIR) and
ranged from 1 to 3.6, with 1 indicating similar risk for meno-
pause as women with repeat size 28–33 and 3.6 indicating an
odds of 3.6 of becoming postmenopausal per unit time com-
pared with women with repeat sizes 28–33.

Assessment of putative predictors for menopausal age
in premutation carriers

Predictive factors for age at menopause were based on pre-
vious studies on menopause in general and included smoking,
body mass index (BMI), age at menarche, OC use, and par-
ity.12,22,23 The abundant evidence of heritability of menopausal
age, and the large additive genetic component that Hunter et
al.24 showed to be present after correction for the premutation
repeat size, required a representation into our putative predictor
assessment as well. To this end, for each subject, the mean age
at menopause of first-degree relatives with the same mutation
status (premutation if 55–200 repeats and noncarrier if �54
repeats) was determined. If a subject was lacking a first-degree
relative with the same mutation status and well-defined age at
menopause, the median age at menopause observed in subjects
(well-defined age at menopause) of the same premutation status,
44 years for carriers and 50 years for noncarriers, was em-
ployed. Because this study comprises participants from two
separate studies from different centers, we also considered

ascertainment location as a possible relevant explanatory vari-
able. Putative predictors were assessed as continuous variables,
except for smoking and OC use, which were dichotomized for
ever smoking or ever OC use. As a first step in the modeling
process, we assessed various potential predictors for meno-
pausal age using univariate Cox models.

Modeling process and validation
For model building, backward selection was applied, starting

with the set of variables that showed significance in the univar-
iate analyses. For each potential predictor, the proportional
hazard assumption was determined by inspecting plots of
weighted Schoenfeld residuals against age at menopause.25 The
appropriate functional form of continuous predictors was
checked using martingale residuals as described in Ref. 26. To
assess the fit of each resulting model, the subjects were divided
into three tertile groups based on their values of the linear part
of the Cox regression model. For each tertile, the Kaplan-Meier
curve and the mean of the predicted Cox survival curves were
computed. A perfect fit should give comparable curves for each
tertile. Both resulting Cox models were validated using Efron’s
optimism bootstrap to estimate the optimism in R2 and the
concordance index c, to quantify the overfitting and to assess the
calibration needed.27

RESULTS

Delineation of the study populations
In total, 1575 women were ascertained in the original studies,

537 from the Nijmegen cohort and 1038 from the Atlanta
cohort. Approximately 90% of them were white. As the number
of women from other ethnicities was too small to denote an
effect, all non-whites were excluded from the initial cohort. To
correct for age differences in recruitment schemes (Nijmegen
recruited 35 years and older and Atlanta recruited 18–75 years),
we selected only women aged 35–75 years from both cohorts,
resulting in a final study cohort of 1068 women. The charac-
teristics of the final study cohort are listed in Table 1. Women

Table 1 Characteristics of the study population by mutation status

Premutation Noncarriers

TotalNijmegen Atlanta Nijmegen Atlanta

Age at ascertainment (yr) 56.4 49.6 54.6 52.7 53.0

Age at menopause (yr)

Well defined (%) 42.5 (72) 43.5 (34) 48.3 (58) 49.9 (25) 45.9 (42)

Censored (%) 41.7 (28) 39.0 (66) 42.9 (42) 42.2 (75) 41.0 (58)

Menarche (yr) 13.2 12.4 13.1 12.5 12.7

Parity 2.2 2.1 2.0 2.1 2.1

Ever used hormones (%) 79% 80% 74% 85% 80%

Ever smoking (%) 41% 36% 35% 40% 38%

BMI 24.6 27.0 25.8 27.2 26.5

Ascertainment (N)

Fragile X family, USA 370 183 51.7%

General population, USA 3 127 12.2%

Fragile X family, NL 144 241 36.1%
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included from Nijmegen were older at interview and, thus, had
more often reached menopause (72%) compared with women
included from Atlanta, of whom 34% had a well-defined age at
menopause. In addition, women from the Nijmegen cohort
exhibited an overall significant earlier menopausal age. When
comparing the distribution of FMR1 CGG repeat sizes of the
Nijmegen and Atlanta cohorts, no difference was seen (P �
0.58, Mann-Whitney U test).

Definition of putative predictors

Risk index for earlier menopause based on FMR1
CGG repeat size

To incorporate the nonlinear association of repeat size and
risk for FXPOI, a risk index based on repeat size was devel-
oped. To explore possible differences between the two geo-
graphic ascertainment sites, unsmoothed results are presented
separately. By doing so, both the Nijmegen and Atlanta cohorts
exhibited no risk for earlier menopause for repeat sizes in the
normal or intermediate range, as depicted by the 95% confi-
dence interval (CI) that includes HR � 1. In addition, both
analyses showed that the risk for earlier menopause starts at 64
CGG repeats, at which the lower CI rises above a HR of 1 (Fig.
2, A and B). Also, some differences were seen between the two

ascertainment sites, i.e., the HRs for 64 repeats or more were
lower for the Nijmegen study cohort as for that from Atlanta.
Also, within the Nijmegen cohort, the HRs were significantly
elevated until repeat sizes of 90, whereas for the Atlanta cohort,
the significantly elevated HRs reached 100 repeats. Although
differences in HRs were seen, the shape of the curves was found
to be similar, thus allowing pooling of both datasets. For the
total study population, a significant high risk (lower confidence
band �1) started above 62 repeats, then varied from 1.5 to 3.8
and, finally, became nonsignificant at 120 repeats (Fig. 2C).
Repeat sizes of 131–200 (n � 21) had a HR of 2.1 (95% CI:
1.0–4.3), with a significant isolated HR peak at 160 repeats
(data not shown). The value of the smoothed LOWESS curve
was used to assess a predictor to which we will refer to as the
RIR.

Value of putative predictors
To estimate the value of all putative predictors, they were

assessed for their association with age at menopause in univar-
iate and multivariate Cox analyses with robust estimations in
the subgroups of premutation carriers and noncarriers sepa-
rately. For all potential predictors, no relevant violation of the
proportional hazards model assumption was found, and all

Fig. 2. Hazard ratios (HRs) for earlier menopause by repeat size of the largest allele compared with the referent category
of 29–32 repeats. Panel A depicts HRs (solid line) for the Nijmegen study sample with 95% confidence interval (dotted
lines). Panel B depicts HRs (solid line) for the Atlanta study sample with 95% confidence interval (dotted lines). Panel C
depicts the HRs for the total study sample (black dashed line) with 95% confidence interval (dotted lines) and
superimposed a smoothed curve (solid line), using LOWESS smoother with smoothing factor 0.1. The horizontal solid line
depicts HR � 1 and the two dashed lines depict HR � 2 and HR � 5.
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continuous variables were of the correct functional form. For
premutation carriers, the RIR was highly associated with age at
menopause, with an HR of 1.26 for univariate analysis and 1.43
for multivariate analysis (Table 2). By univariate analysis, two
other potential predictors showed a significant association, i.e.,
mean menopausal age of first-degree relatives with a premuta-
tion (HR � 0.97) and smoking (HR � 1.30). Among noncar-
riers, except for RIR, the same putative predictors were univar-
iate significantly associated with menopausal age: HR � 0.90
for the effect of mean menopausal age of first-degree relatives
and HR � 1.44 for the effect of smoking. The HR �1 for mean
age at menopause among first-degree relatives suggests a pro-
tective factor or one that helps to increase the age at menopause.
The HR �1 for smoking indicates a risk factor or one that
reduces the age at menopause. Two possible confounders, age at
interview and ascertainment site, were significantly associated
with menopausal age in both groups, although only ascertain-
ment site held significance at multivariate levels.

A FXPOI prediction model
A model to generate risk estimates for FXPOI, or meno-

pausal age before age 40 years, for premutation carriers was
built on the significant predictors based on multivariate analysis
by backward selection of the predictors with significant associ-
ation for univariate analysis, i.e., RIR and smoking as a predic-
tor for menopausal age in premutation carriers and ascertain-
ment site (Table 2). For comparison, a model for noncarriers
was developed in the same way and included mean menopausal
age of first-degree relatives, smoking, and ascertainment site.
We decided to also include mean age at menopause of first-

degree relatives into the prediction model for the premutation
carriers because of our findings on heritability (description of
our heritability analyses and results are available as Supplemen-
tal Digital Content 1, http://links.lww.com/GIM/A174) and be-
cause we saw an additive genetic effect in our previous study.24

These models predicted the probability of becoming postmeno-
pausal before 40 years of age with an accuracy of �0.10 among
premutation carriers and �0.07 for noncarriers.

The high-risk profile for premutation carriers consisted of a
repeat size window centered on 80 repeats, smoker, ascertain-
ment site Nijmegen, and young mean menopausal age of first-
degree family members, whereas the low-risk profile was based
on the noncarrier model and consisted of a repeat size 50, never
smoked, ascertainment site Atlanta, and late mean menopausal
age of first-degree relatives, respectively. According to this
model, women with this high-risk profile have 38% (95% CI:
29–47) chance of being menopausal before the age of 40 years
and, thus, are at high risk for FXPOI (Fig. 3). The effect of
ascertainment location is a 3–4 years earlier menopause for the
Nijmegen cohort as shown for different repeat sizes in Figure 4.
On average, the fit of the premutation carrier and the noncarrier
model was good, as shown by inspecting the tertile plots (Fig.
5). Only for subjects in the tertiles with the latest predicted
menopause, the observed Kaplan-Meier curves suggested a
somewhat later start of menopause as predicted by the Cox
model, but this difference was only a few months. Internal
validation of the premutation model showed that the optimism
in R2Nagelkerke, original value 0.09 (95% CI: 0.04–0.15), was
0.01. The optimism in the concordance index c, original value
0.66 (95% CI: 0.61–0.70), was 0.008. The linear shrinkage

Table 2 Analyses of association of possible risk factors with age at menopause by Cox proportional hazards model
with robust estimate for family relations

Factors

Premutation Noncarrier

Univariate Multivariate Final model Univariate Multivariate Final model

HR P HR P HR P HR P HR P HR P

Genetic

FMR1: risk index by repeat 1.26 �0.001a 1.43 �0.001a 1.63 �0.001a — — — — 1 NA

Mean menopausal age 1sta

degree relatives
0.97 0.02a 0.98 0.24 0.90 0.007a 0.91 0.01a 0.91 0.01a

Environmental

Smoking (ever) 1.30b 0.048a 1.34 0.02a 1.35b 0.02a 1.44b 0.03a 1.46 0.03a 1.46 0.03a

BMI 0.98b 0.056 1.00b 0.87

Reproductive

Menarche 1.04b 0.41 1.05b 0.3054

Parity 0.85b 0.25 0.92b 0.5673

Hormone use (ever) 1.14b 0.34 0.99b 0.9272

Confounders

Age at interview 1.02 0.003a 1.02 0.01a

Ascertainment site 1.52 0.004a 1.92 �0.001a 1.77 �0.001a 1.93 �0.001a 1.99 �0.001a 1.99 �0.001a

aSignificant at level � � 0.05.
bAll environmental and reproductive factors were adjusted for the FMR1 risk group at univariate analysis. Multivariate, only significantly associated factors are shown.
Final model shows all variables selected for our model based on significant association for either premutation model or noncarrier model to improve comparability. HR
�1 indicates increased odds for an earlier menopause (risk factor), and HR �1 indicates a longer time to menopause (protective factor).
HR, hazard ratio; FMR1, fragile X mental retardation 1.
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factor seemed to be 0.95. For the noncarriers, comparable
values were seen: R2Nagelkerke � 0.09 (95% CI: 0.06–0.18),
optimism � 0.02; c � 0.69 (95% CI: 0.62–0.75), optimism �
0.005, and shrinkage factor � 0.90.

DISCUSSION

By using a selected cohort of 1068 women, we built a FXPOI
prediction model based on FMR1 CGG repeat size, menopausal
age of first-degree relatives, and the environmental factor smok-
ing, together with a correction for ascertainment location. We
found that this model can predict the risk for menopause at a
certain age, as indicated by the acceptable fit, the small CIs, and
the good results of the internal validation procedure (i.e., small
amounts of optimism in R2 and concordance index c and a
shrinkage factor close to 1). To our knowledge, this is the first
model developed to help predict menopausal age in FMR1
premutation carriers. Other reproductive factors such as men-
arche and hormone use were not significantly associated with
menopausal age in the premutation carriers and, thus, not in-
cluded in the prediction model. Van Noord et al.12 reported that
the impact of environmental factors on menopausal age is
limited, which seems to be true for premutation carriers as well.
A prominent association with smoking (HR of 1.34) and meno-
pausal age in premutation carriers was found, in accordance
with data previously reported by Allen et al.13 The toxic effect
of smoking could give rise to destruction of the primordial
oocytes at the level of the ovary28 and could, therefore, accel-
erate the onset of FXPOI.

Many studies dealing with relationship between various fac-
tors, such as menarche, OC use, BMI, and parity, and early

menopause (including POI and early menopause), have turned
out to be controversial.12,29–32 In our set of premutation carriers,
no significant association with menopausal age was seen for
these factors.

In the final model, the FMR1 CGG repeat size, represented
by “risk index by repeat size (RIR),” is the most influential
predictor. This was expected as the repeat size has been strongly
associated with FXPOI before.13–16 To accommodate the non-
linear association of repeat size and risk for FXPOI and to avoid
the somewhat arbitrary classification of repeat groups, we used
an HR-based approach and incorporated these risks relative to a
reference repeat group into the prediction model. In this way,
the fast rise in risk after 60 CGG repeats and the slower decline
in risk after 100 CGG repeats can be modeled. The HR pattern
for repeat size indicates that a significant high risk for FXPOI
starts earlier and continues longer than what was previously
reported.13,14 Because of the low HRs from 55 to 65 repeats, the
higher risk at the end of the previously defined 55–79 premu-
tation range might not have been evident before. The high-risk
approximately 105–110 repeats has never been described before

Fig. 3. Predicted survival curves for reaching postmeno-
pausal state for high-risk premutation women (with repeat
size 80, smoking, mean menopausal age of first-degree
relatives 38 years, and ascertainment location Nijmegen;
dashed curve) and low risk, based on the noncarriers
model (repeat size 50, never smoked, mean menopausal
age of first-degree relatives 55, and location Atlanta; solid
curve) with 95% confidence bands.

Fig. 4. To illustrate the effect of ascertainment location,
Kaplan-Meier estimates of probability of being postmeno-
pausal are provided for each ascertainment location vary-
ing repeat size and mean age of menopause for first-
degree relatives and smoking. For the Atlanta location:
repeat size 50, smoking, mean menopausal age of first-
degree noncarrier relatives (curve 1); repeat size 70, smok-
ing, mean menopausal age of first-degree relatives carry-
ing a premutation (curve 2); and repeat size 80, smoking,
mean menopausal age of first-degree relatives carrying a
premutation (curve 3). For the Nijmegen location: repeat
size 50, smoking, mean menopausal age of first-degree
noncarrier relatives (curve 4); repeat size 70, smoking,
mean menopausal age of first-degree relatives carrying a
premutation (curve 5); and repeat size 80, smoking, mean
menopausal age of first-degree relatives carrying a premu-
tation (curve 6). The curves 1 and 4 are based on the
noncarrier model and the curves 2, 3, 5, and 6 on the
premutation model.
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and may be attributed to small numbers (three women with a
repeat size of 110 and one with a repeat size of 105 and a
menopause at a relatively young age). An isolated high risk for
FXPOI based on a few repeats is considered unlikely. Despite a
small sample size, a significant risk was also seen for 160
repeats. Thus, an elevated risk above 130 repeats could not be
excluded and requires further assessment.

Discrepancies exist about risk for ovarian insufficiency
among intermediate CGG repeat size carriers. Our analysis
confirms that intermediate sized FMR1 CGG repeats should not
be considered a high-risk factor for ovarian insufficiency, as
recently reported by Bennett et al.33 In addition, we did not
observe a higher risk for menopause at an early age among
intermediate repeat alleles. We examined this association using
the defined genotypes by Gleicher et al.,34,35 where they defined
a normal allele as those with 26–34 repeats and abnormal
alleles as those outside of this range. None of the women in our

study who were either heterozygous or homozygous abnormal
had menopausal age before the age of 40 years. Most had
menopausal age above 45 years. Additional studies need to be
conducted to further evaluate the association of these genotypes
on phenotypes associated with ovarian function.36–39

We observed a significant effect of ascertainment location of
our study population. Several possible explanations for this
effect have been explored. We excluded a difference in distri-
bution of CGG repeat sizes and the proportion of premutation
carriers in both groups as a basis for the observed ascertainment
location effect. Also, a difference in genetic background of the
Dutch and American populations seems unlikely because of the
inclusion of whites only. Most white Americans are from Eu-
ropean descent. One explanation could be the manner in which
the interviews were taken. In the Atlanta study, the reproductive
questionnaire was part of a large assessment, often including
neuropsychological, medical, and neurologic assessments as
well. The Nijmegen study was set up for reproductive evalua-
tion and the study information included a description of FXPOI,
which could result in participants reporting menopause at an
earlier age than when it actually occurred.

A limitation of all cross-sectional studies is the use of time-
dependent variables such as smoking, BMI, parity, and hormone
use. Such variables are preferably analyzed by an extended Cox
proportional hazards model. However, exact information of
these variables per subject at different time points between 25
years of age and the start of menopause was lacking. Therefore,
these variables were applied as if they were fixed at the age of
25 years. Even though this is a raw approximation of the reality,
results based on this approach are at least indicative for the overall
effect of these variables on menopausal age. In addition, age at
menopause is a transitory state and subject to reporting and recall
bias. A previous study on recall of menopausal age showed a bias
toward the mean as women deviated from the final menstrual
period.40 In our case, recall and memory bias might have led to an
earlier menopausal age because of awareness for FXPOI.

Furthermore, we have used age at menopause as a surrogate
for severity of FXPOI, but in general, POI should not be
considered a natural menopause, because of intermittent ovarian
function and a 5–10% chance of pregnancy after diagnosis.41

We used the definition of amenorrhea for at least 1 year due to
menopause as a uniform criterion that applies to older and
younger women.

Taken together, our data strongly indicate that a prediction
model for FXPOI is feasible, when taking ascertainment site
into account. This effect clearly confirms the importance of data
collection and ascertainment protocols, as they could bias re-
sults. Nevertheless, we consider our model as a first step in
developing clinically applicable risk estimates for FXPOI,
which could facilitate counseling. To further develop and indi-
vidualize risk estimates for FXPOI, a predictor based on endo-
crine markers, such as anti-Müllerian hormone, could be in-
cluded. Anti-Müllerian hormone is an early marker of ovarian
reserve and a very promising predictor for menopause and POI
in general, and for premutation carriers in particular.42 The
decline in ovarian reserve with time in premutation carriers with
FXPOI, however, is not fully comprehended yet. Development
of reference values of anti-Müllerian hormone by age for pre-
mutation carriers might allow early identification of women at
high risk for FXPOI. In addition, examination of different
ethnic/racial groups might be important in these prediction
models. Studies have shown that the frequency distribution of
FMR1 alleles differs among groups43,44; however, no studies
have examined whether the effect of the FMR1 alleles differs by
ethnic/racial group. Using our current model based on RIR,

Fig. 5. Fit of our prediction models. Panel A shows
Kaplan-Meier estimates of observed menopausal age and
the predicted menopause by our model for noncarriers for
tertiles based on observed menopausal age. Panel B shows
Kaplan-Meier estimates of observed menopausal age and
the predicted menopause by our model for premutation
carriers for tertiles. Smoothed curves represent the ob-
served data and stepped curves the predicted data.

Genetics IN Medicine • Volume 13, Number 7, July 2011 Risk model development for FMR1 premutation carriers

Genetics IN Medicine • Volume 13, Number 7, July 2011 649



mean menopausal age of first-degree relatives with the same
mutation status and smoking, premutation carriers with a high
risk for FXPOI might benefit from monitoring of ovarian re-
serve regularly and consider vitrification, i.e., cryopreservation
of oocytes.
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