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Abstract

Background: Endometrial cancer risk stratification may help target interventions, screening, or prophylactic hysterectomy to
mitigate the rising burden of this cancer. However, existing prediction models have been developed in select cohorts and have not
considered genetic factors.
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Methods: We developed endometrial cancer risk prediction models using data on postmenopausal White women aged 45-85 years
from 19 case-control studies in the Epidemiology of Endometrial Cancer Consortium (E2C2). Relative risk estimates for predictors
were combined with age-specific endometrial cancer incidence rates and estimates for the underlying risk factor distribution. We
externally validated the models in 3 cohorts: Nurses’ Health Study (NHS), NHS II, and the Prostate, Lung, Colorectal and Ovarian
(PLCO) Cancer Screening Trial.

Results: Area under the receiver operating characteristic curves for the epidemiologic model ranged from 0.64 (95% confidence inter-
val [CI] ¼ 0.62 to 0.67) to 0.69 (95% CI ¼ 0.66 to 0.72). Improvements in discrimination from the addition of genetic factors were modest
(no change in area under the receiver operating characteristic curves in NHS; PLCO ¼ 0.64 to 0.66). The epidemiologic model was well
calibrated in NHS II (overall expected-to-observed ratio [E/O]¼ 1.09, 95% CI ¼ 0.98 to 1.22) and PLCO (overall E/O¼ 1.04, 95% CI ¼ 0.95
to 1.13) but poorly calibrated in NHS (overall E/O¼ 0.55, 95% CI ¼ 0.51 to 0.59).

Conclusions: Using data from the largest, most heterogeneous study population to date (to our knowledge), prediction models based
on epidemiologic factors alone successfully identified women at high risk of endometrial cancer. Genetic factors offered limited
improvements in discrimination. Further work is needed to refine this tool for clinical or public health practice and expand these
models to multiethnic populations.

Endometrial cancer is the fourth-most commonly diagnosed can-
cer among women and the most common gynecological malig-
nancy in the United States (1). Its incidence and mortality have
been increasing since 2000 and are expected to continue rising
with increasing prevalence of endometrial cancer risk factors (2).
Clinical practice guidelines currently do not recommend screen-
ing for endometrial cancer in the general population. However,
among individuals with high endometrial cancer risk (eg, those
with Lynch syndrome), the benefits of screening may outweigh
the discomfort and risks—driving existing recommendations for
annual endometrial biopsy screening in Lynch-positive individu-
als (3). Building on this framework, a predictive model translated
into research and eventual clinical settings could identify high-
risk individuals for enrolment in screening and prevention trials
and for whom benefits of risk-reducing interventions may out-
weigh risks.

Previously developed risk models for endometrial cancer have
used pooled data from the Prostate, Lung, Colorectal and Ovarian
(PLCO) Cancer Screening Trial and the National Institutes of
Health-American Association of Retired Persons Diet and Health
Study (NIH-AARP) (4), or data from the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort (5).
Predictors included hormonal-related factors (eg, parity, oral con-
traceptive [OC] use, hormone therapy [HT] use), smoking, and
body mass index (BMI) (4,5). However, these models were trained
on selective study populations, which may limit generalizability.
Moreover, contributions of genetic factors in improving endome-
trial cancer risk discrimination have not, to our knowledge, been
assessed. We used training data from the largest, most heteroge-
neous study population to date (to our knowledge), and external
testing data from 3 large longitudinal cohorts to achieve the fol-
lowing objectives: (1) develop and evaluate absolute risk models
for endometrial cancer using epidemiologic questionnaire data
that can serve as a suitable framework for the eventual develop-
ment of a risk prediction tool for clinical or public health practice;
and (2) assess the predictive contributions of genetic data to this
prediction model.

Methods
Data for model development
Study population
Data from 19 case-control studies in the Epidemiology of
Endometrial Cancer Consortium (E2C2) were used for model
development (Supplementary Table 1, available online). E2C2
included participants from the United States, Canada, Europe,
China, and Australia (6-8). The current analysis was restricted to

postmenopausal White women aged 45-85 years. Informed con-

sent was obtained from all study participants by the original

studies as per the requirements of each study’s institutional

review board (IRB).

Data collection and case definition
Data from individual studies were received and harmonized at

Memorial Sloan Kettering Cancer Center (6,7). Case-control data

were collected based on a specific reference date, generally 6-12

months before the date of diagnosis for cases and at the date of

the interview for controls. Cases were defined as incident cases of

endometrial cancer.
We considered the following variables for inclusion in the

model based on previously identified risk factors: education,

smoking status, BMI, parity, age at first birth, age at menarche,

any HT use, any estrogen-only HT use, duration of estrogen-only

HT use, any combination of estrogen and progestin (EþP) HT use,

duration of EþP HT use, any OC use, duration of OC use, history

of diabetes, and history of hypertension. Data availability varied

by study site (Supplementary Table 2, available online), and

parameterization of these risk factors is described in the

Supplementary Methods (available online).

Data for model validation
Study populations
Data from the Nurses’ Health Study (NHS), NHS II, and PLCO

were used for model validation (9,10). For NHS, 121 700 female

registered nurses aged 30-55 years were enrolled in 1976. For NHS

II, 116 430 female registered nurses aged 25-42 years were

enrolled in 1989. In both cohorts, biennial questionnaires were

administered to collect updated information on risk factors and

incident health outcomes. The study protocol was approved by

IRBs of the Brigham and Women’s Hospital and Harvard T.H.

Chan School of Public Health and those of participating registries

as required. For PLCO, 78 232 women aged 55-74 years were

enrolled between 1993 and 2001 across 10 screening centers. A

self-administered lifestyle questionnaire was completed by all

participants at baseline. A supplemental questionnaire was com-

pleted by a subset (n¼ 32 434) of participants in 2006. Each insti-

tution obtained annual approval from its IRB, and all participants

provided written informed consent. Inclusion and exclusion crite-

ria for the current analysis are further described in the

Supplementary Methods and Supplementary Figures 1-3 (avail-

able online).
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Data collection
For NHS and NHS II, data on risk factors were obtained from the

first biennial questionnaire completed after the participant met

all eligibility criteria. In NHS, 32 826 blood samples and 29 684

buccal cell samples have been collected since 1989. Data from 12

different genome-wide association studies of various disease out-

comes were pooled to form a subsample of NHS participants for

whom genotyping data were available (11). Incident endometrial

cancer cases were identified via questionnaire or death records.

With permission of the participant or next of kin, medical records

were obtained, and the cancer diagnosis was confirmed by study

pathologists and/or physicians.
For PLCO, risk factor data were obtained from the baseline

questionnaire, except for HT use, which was collected on the sup-

plemental questionnaire. Blood samples were collected from par-

ticipants at enrollment and at annual screening visits.

Endometrial cancer cases were identified through annual study

updates or via death records and confirmed by medical records.

In all validation cohorts, participants were followed up for 10

years or until they were lost to follow-up. In sensitivity analyses,

we censored participants upon experiencing a competing event

(other cancers, hysterectomy, or death).

Statistical analysis
Model development and validation
To develop absolute risk prediction models for endometrial can-

cer, the Individualized Coherent Absolute Risk Estimation pack-

age in R was used (12). We developed epidemiologic models,

which included only questionnaire data, and epidemiologic plus

genetic models, which additionally included 18 previously identi-

fied genome-wide statistically significant single nucleotide poly-

morphisms for endometrial cancer (Supplementary Table 3,

available online) (13). Three data sources were used to build these

models: (1) the log relative risk parameters for model predictors,

which were approximated using log odds ratios from a group

least absolute shrinkage and selection operator (LASSO) penal-

ized logistic regression model applied to pooled data from E2C2;

(2) marginal age-specific incidence rates for endometrial cancer

and its competing risks (ie, other cancers, hysterectomy, and

death; Supplementary Table 4, available online); and (3) data

from the National Health and Nutrition Examination Survey

(NHANES) to serve as a reference dataset to estimate the risk fac-

tor distribution for the underlying population (Supplementary

Table 5, available online).
In the validation cohorts, we assessed discrimination of 10-

year endometrial cancer risks (based on model predictors and

marginal age-specific incidence rates) using area under the

receiver operating characteristic curves (AUC) estimates. For cali-

bration, we used goodness-of-fit tests to compare predicted and

observed 10-year relative risks, and the expected-to-observed (E/

O) ratio and the Hosmer-Lemeshow test to compare 10-year

absolute risks. Additional details are available in the

Supplementary Methods (available online).

Estimating risks among the general US population
To estimate absolute risks of endometrial cancer among a more

current general US population of White women, we developed a

prediction model that incorporated more current data on mar-

ginal age-specific incidence rates for endometrial cancer and its

competing risks, and the underlying risk factor distribution. We

assessed cumulative absolute risks by categories of risk

percentiles. Additional details are available in the Supplementary
Methods (available online).

Results
Our training data included 6665 endometrial cancer cases and
9062 controls (Supplementary Figure 4; Supplementary Table 6,
available online). Our final LASSO model retained all main effects
included in the initial model except for duration of EþP HT use;
the only interaction terms that remained were those between
any HT use and BMI (Supplementary Table 5, available online).

In our validation cohorts, 700 of the 68 150 NHS participants,
304 of the 56 076 NHS II participants, and 511 of the 39 996 PLCO
participants developed endometrial cancer during follow-up
(Supplementary Figures 1-3; Supplementary Table 7, available
online). On average, cumulative risk of endometrial cancer
between ages 45 and 85 years was 5.4% (Supplementary Figures
5-6, available online). However, women in the highest decile of
risk were predicted to experience a cumulative risk of 13.7%-
15.0%, whereas women in the lowest decile were predicted to
experience a cumulative risk of 1.4%-1.8%.

AUCs for the 10-year risk of endometrial cancer based on the
epidemiologic models were 0.65 (95% confidence interval [CI] ¼
0.63 to 0.67) for NHS, 0.69 (95% CI ¼ 0.66 to 0.72) for NHS II, and
0.64 (95% CI ¼ 0.62 to 0.67) for PLCO (Table 1). Among partici-
pants for whom genetic data were available, the addition of
genetic factors did not change the AUC in NHS (AUC¼ 0.61, 95%
CI ¼ 0.57 to 0.66) but improved the AUC from 0.64 (95% CI ¼ 0.61
to 0.67) to 0.66 (95% CI ¼ 0.63 to 0.69) in PLCO. Age-specific AUCs
(within 10-year age bands) were similar to overall AUCs
(Supplementary Table 8, available online). The epidemiologic
model underpredicted the number of events in the NHS cohort
(E/O¼ 0.55, 95% CI ¼ 0.51 to 0.59) but more accurately predicted
the overall number of events in NHS II (E/O¼ 1.09, 95% CI ¼ 0.98
to 1.22) and PLCO (E/O¼ 1.04, 95% CI ¼ 0.95 to 1.13) (Figures 1 and
2; Supplementary Tables 9 and 10, available online). The epide-
miologic plus genetic model was well-calibrated in the PLCO
cohort (E/O¼ 0.94, 95% CI ¼ 0.85 to 1.03) (Figure 2;
Supplementary Table 10, available online). In sensitivity analy-
ses, calibration of the models in which individuals were censored
upon development of a competing event were similar to our
main findings (Supplementary Tables 11 and 12, available
online).

When the risk model was applied to a more recent and repre-
sentative US population of White women, the model identified
2.5% of women with at least 20 percentage cumulative risk of
endometrial cancer between ages 40 and 85 years (Figure 3).

Discussion
We developed risk prediction models for endometrial cancer
using pooled data for White women from an international con-
sortium and externally validated the models in 3 large United
States-based cohorts. The epidemiologic model demonstrated
moderate discriminatory accuracy (AUCs ranging 0.64 to 0.69)
with only modest improvements when genetic factors were
included. The epidemiologic model was well-calibrated in NHS II
(E/O¼ 1.09) but poorly calibrated in NHS (E/O¼ 0.55) for 10-year
risk of endometrial cancer. Both the epidemiologic and the epide-
miologic plus genetic models were well-calibrated in PLCO (E/
O¼ 1.04 and E/O¼ 0.94, respectively).

Currently, there is no evidence to support endometrial cancer
screening of asymptomatic average-risk menopausal women (3).
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However, women with or at risk for Lynch syndrome have a life-
time endometrial cancer risk of 22%-50% and are recommended
to undergo annual screening with an endometrial biopsy (14-17).
When the risk model was applied to a more recent and represen-
tative US population of White women, those in the 97th percen-
tile of risk had a predicted lifetime risk of at least 20% for
endometrial cancer—a lifetime risk within range of that for
women with Lynch syndrome. Although not prospectively

evaluated for calibration, this model suggests that epidemiologic
factors alone are sufficient to identify high-risk women for enroll-
ment in prevention or screening trials of endometrial cancer.
Moreover, understanding individual risks can help personalize
clinical management of endometrial cancer.

To our knowledge, our study is the first to assess the utility of
genetic factors in endometrial cancer risk prediction. In contrast
to other cancers (eg, breast) (18), we observed only slight

Table 1. Discrimination of epidemiologic and EþG prediction models for endometrial cancer riska

Validation cohort Population Prediction model No. of participants No. of events AUC (95% CI)

NHS Full cohort Epidemiologic 68 150 700 0.647 (0.626 to 0.667)
Genetic cohort Epidemiologic 11 365 166 0.613 (0.570 to 0.656)
Genetic cohort EþG 11 365 166 0.613 (0.570 to 0.656)

NHS II Full cohort Epidemiologic 56 076 304 0.693 (0.664 to 0.723)
PLCO Full cohort Epidemiologic 39 996 511 0.640 (0.615 to 0.665)

Genetic cohort Epidemiologic 30 102 401 0.635 (0.606 to 0.664)
Genetic cohort EþG 30 102 401 0.665 (0.636 to 0.693)

a AUC ¼ area under the receiver operating characteristic curve; CI ¼ confidence interval; EþG ¼ epidemiologic and genetic; NHS ¼ Nurses’ Health Study; PLCO ¼
Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial.

Figure 1. Absolute and relative 10-year risk calibration of the epidemiologic model in the (A) Nurses’ Health Study and (B) Nurses’ Health Study II. The
dots represent the estimates for the decile-specific expected-to-observed ratios, and the error bars represent the 95% confidence intervals. Test
statistics and P values correspond to results from Hosmer-Lemeshow (HL) and goodness-of-fit (GOF) tests.
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improvements with the addition of published genetic factors.
This likely reflects the limited number of endometrial cancer sus-
ceptibility loci to date compared with cancers like breast, which
has hundreds (19). Our results suggest collecting genetic data in
clinical settings for endometrial cancer risk stratification is
unwarranted until additional susceptibility loci are discovered.
However, increasingly widespread direct-to-consumer genetic
testing should motivate future studies of genetic factors in risk
prediction as more endometrial cancer loci are uncovered.

Rather than develop a single absolute risk model, we devel-
oped and evaluated multiple absolute risk models to allow for
flexibility in calibrating to the target population of interest. This
allowed us to account for real-world differences between popula-
tions and changes over time. Model discrimination and relative
risk calibration were similar across the validation cohorts, sug-
gesting that our relative risk estimates could be implemented in
future risk prediction tools for clinical or public health applica-
tion. In contrast, absolute risk calibration varied, which may be
due to the choice of reference dataset. The reference dataset is
used to estimate the underlying risk factor distributions, which is
needed to obtain accurate estimates of the baseline endometrial

cancer incidence rates from the marginal incidence rates input-
ted into the model. Risk factor distributions in NHANES may not
have appropriately reflected the underlying risk factor distribu-
tion for NHS. The median year for start of follow-up was 1986 in
NHS. In contrast, the earliest NHANES cycle that collected all rel-
evant endometrial cancer risk factors was 1999-2000, which was
unlikely to reflect the true underlying distribution of risk factors
for women in 1986. For NHS II and PLCO, the median year for
start of follow-up (2007 for NHS II and 1997 for PLCO) was more
congruent with the timing of their corresponding NHANES cycles
(2007-2008 and 1999-2000, respectively). Our findings underlie
the importance of using an appropriate reference dataset when
calibrating absolute risks.

Two absolute risk prediction models for endometrial cancer
were previously developed (4,5). Our risk prediction model dif-
fers from previous models in 3 aspects. First, we used LASSO for
variable selection; in contrast, previously developed models
used stepwise approaches, which favor more parsimonious
models (20,21). As such, our model included additional risk fac-
tors, such as education, EþP HT use, history of diabetes, and
history of hypertension. Second, participants in our validation

Figure 2. Absolute and relative 10-year risk calibration of the (A) epidemiologic model and the (B) epidemiologic plus genetic model in the Prostate,
Lung, Colorectal and Ovarian Cancer Screening Trial. The dots represent the estimates for the decile-specific expected-to-observed (E/O) ratios, and the
error bars represent the 95% confidence intervals. Test statistics and P values correspond to results from Hosmer-Lemeshow (HL) and goodness-of-fit
(GOF) tests.
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cohorts were less variable in baseline age (45-65 years for
almost all NHS and NHS II participants, and 55-75 years for
PLCO participants). In contrast, the 2.5th and 97.5th percentiles
for participant age in EPIC ranged between 27 and 68 years.
Given that age is one of the strongest risk factors for endome-
trial cancer, the discriminatory performance of a model can be
driven largely by variability in participant age. This may explain
why our AUCs, ranging from 0.64 to 0.69, are lower than those
reported for the EPIC model in which age alone (AUC¼ 0.71)
contributed to much of the discriminatory ability of their full
model (AUC¼ 0.77) (5). Third, we used external data from a
more generalizable population of White women (ie, NHANES) to
estimate the underlying risk factor distribution. In contrast, pre-
vious models estimated these distributions using data on selec-
tive study populations. The PLCO/NIH-AARP model (AUC¼ 0.68)
had similar discriminatory ability as our epidemiologic model
but overpredicted the number of cases among NHS participants
(E/O¼ 1.20). In comparison, our model underpredicted the num-
ber of cases among NHS participants (E/O¼ 0.55) and was not
better calibrated than the PLCO/NIH-AARP model in this spe-
cific cohort (4). The PLCO/NIH-AARP model overpredicted the
number of cases among EPIC participants (E/O¼ 2.4), which the

authors attributed to geographic differences between the
cohorts (5). The EPIC model was internally validated using five-
fold cross-validation but was not externally validated (5).

There are several limitations of our study to consider. First,
availability of measured risk factors was of concern, especially in
the reference dataset (NHANES). For example, we could not
include family history of endometrial cancer in our model
because these data were not collected in NHANES. Second, recall
bias may differentially affect the measurement of risk factors in
our case-control studies. However, previous analyses of E2C2
data have reported similar estimates for endometrial cancer risk
factors between cohort and case-control studies, which mitigates
some of this concern (22). Third, we had limited genetic data
available for NHS participants. In the NHS, genetic data were
pooled from 12 different case-control genome-wide association
studies of various disease outcomes. As such, participants with
available genetic data may not be representative of the broader
NHS cohort, and matching on certain factors (eg, HT use)
between cases and controls may explain the lower AUC observed
in the genetic vs full cohort. Fourth, although our relative risk
estimates could be adapted in future prediction tools, our pro-
posed models will likely need to be recalibrated to obtain accu-
rate absolute risks for endometrial cancer risk in new geographic,
temporal, or population settings. Last, most endometrial cancer
cases in our study were of the endometrioid subtype, which pre-
cluded us from conducting histologic subtype-specific analyses
for rarer subtypes. In addition, the lack of racial diversity among
participants in our training data (93% White) and validation
cohorts (93%-95% White) precluded our ability to reliably evalu-
ate the performance of our model or to generate and validate
race-specific estimates in non-White women. As such, our mod-
els are most applicable to White individuals, who make up most
(72%) of endometrial cancers in the United States (24). A crucial
next step is to develop and validate risk prediction models in
other racial groups, including Black women, who experience the
highest endometrial cancer-related mortality (25). These efforts
will need to account for differences between White and non-
White women with respect to (1) the magnitudes of association
between certain risk factors (eg, parity) and endometrial cancer
(2,22) marginal incidence rates for endometrial cancer and its
competing risks, and (3) underlying risk factors distributions.
This will be a focus for future work in E2C2 as we strive to add
multiethnic studies in our network.

Our study has many strengths. First, we used the largest, most
heterogeneous population to date to develop an endometrial can-
cer risk prediction model, with data spanning 19 studies across
different continents. The consortium provided individual-level
data to standardize risk factor definitions. Second, we externally
validated our model in 3 large cohorts. Specifically, we evaluated
calibration by deciles of risk, which is relevant for risk-based pre-
vention and screening of highest-risk individuals. Third, we
developed the model using population-based estimates for the
marginal incidence rates for endometrial cancer and for compet-
ing risks, and the underlying risk factor distributions. As such,
our model was well-calibrated to both NHS II and PLCO—2 stud-
ies with very different source populations—and is likely general-
izable to the general US population of White women. Last, our
study evaluated the contributions of genetic data to the perform-
ance of these prediction models.

In conclusion, we developed and validated absolute risk mod-
els for endometrial cancer among postmenopausal women aged
at least 45 years in the largest, most heterogeneous study popula-
tion to date. Our model including epidemiologic factors alone

Figure 3. A) Estimated cumulative absolute risk stratified by risk deciles
and (B) distribution of cumulative absolute risks in current US
population of White women.
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was sufficient to identify women with risks comparable with that

in Lynch patients, who are recommended annual screening; this

may provide a basis for the eventual development of a risk pre-

diction tool for clinical or public health practice. Future work is

necessary to evaluate the accuracy of our models in multiethnic

populations and specific histological subtypes.
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