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Abstract

Background: The Breast Cancer Risk Assessment Tool (BCRAT, “Gail model”) is commonly used for breast cancer prediction; 
however, it has not been validated for women age 75 years and older.

Methods: We used Nurses’ Health Study (NHS) data beginning in 2004 and Women’s Health Initiative (WHI) data beginning 
in 2005 to compare BCRAT’s performance among women age 75 years and older with that in women age 55 to 74 years in 
predicting five-year breast cancer incidence. BCRAT risk factors include: age, race/ethnicity, age at menarche, age at first 
birth, family history, history of benign breast biopsy, and atypia. We examined BCRAT’s calibration by age by comparing 
expected/observed (E/O) ratios of breast cancer incidence. We examined discrimination by computing c-statistics for the 
model by age. All statistical tests were two-sided.

Results: Seventy-three thousand seventy-two NHS and 97 081 WHI women participated. NHS participants were more 
likely to be non-Hispanic white (96.2% vs 84.7% in WHI, P < .001) and were less likely to develop breast cancer (1.8% vs 
2.0%, P = .02). E/O ratios by age in NHS were 1.16 (95% confidence interval [CI] = 1.09 to 1.23, age 57–74 years) and 1.31 (95% 
CI = 1.18 to 1.45, age ≥ 75 years, P = .02), and in WHI 1.03 (95% CI = 0.97 to 1.09, age 55–74 years) and 1.10 (95% CI = 1.00 to 
1.21, age ≥ 75 years, P = .21). E/O ratio 95% confidence intervals crossed one among women age 75 years and older when 
samples were limited to women who underwent mammography and were without significant illness. C-statistics ranged 
between 0.56 and 0.58 in both cohorts regardless of age.

Conclusions: BCRAT accurately predicted breast cancer for women age 75 years and older who underwent mammography 
and were without significant illness but had modest discrimination. Models that consider individual competing risks of 
non–breast cancer death may improve breast cancer risk prediction for older women.

Women age 75 years and older are the fastest growing segment 
of the US population, and breast cancer incidence increases 
with age (1). However, none of the randomized trials evaluating 

mammography screening included women age 75  years and 
older. Therefore, it is not known if screening helps these women 
live longer (2). Ideally, screening decisions would consider an 
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older woman’s breast cancer risk, life expectancy, and prefer-
ences (3,4). While there are tools to help estimate life expec-
tancy (5) and elicit patient preferences (6), little is known about 
late-life breast cancer risk factors.

The Breast Cancer Risk Assessment Tool (BCRAT) is the most 
commonly used breast cancer risk prediction model in primary 
care; however, its performance among women age 75 years and 
older is not known (7–9). BCRAT was developed from a statisti-
cal model known as the Gail model, which was developed using 
data from the Breast Cancer Detection Demonstration Project 
(BCDDP), a study that recruited 280 000 women age 35 to 74 
between 1973 and 1980 (10,11). BCRAT considers a woman’s age, 
race/ethnicity, age at menarche, age at first live birth, number of 
first-degree relatives with breast cancer, number of benign breast 
biopsies, and history of atypical hyperplasia. However, several of 
these risk factors (eg, age at menarche) affect women’s estrogen 
levels relatively early in life and may not be important for late-
life breast cancer risk (4). Therefore, we aimed to assess BCRAT’s 
performance among women age 75 years and older compared 
with that in postmenopausal women age 55 to 74 years partici-
pating in the Nurses’ Health Study (NHS) and Women’s Health 
Initiative (WHI). We chose these cohorts because they include 
many women age 75 years and older and have captured neces-
sary data on breast cancer risk factors. Our goal was to deter-
mine BCRAT’s accuracy for assessing breast cancer risk when 
deciding whether or not to screen women age 75 years and older 
for breast cancer.

Methods

BCRAT

BCRAT estimates the probability that a woman will develop 
invasive breast cancer in five years. To calculate risk, BCRAT 
considers a woman’s baseline hazard of developing breast can-
cer based on her age and race using age (categorized into 5-year 
age groups) and race/ethnic-specific population breast can-
cer incidence rates from the National Cancer Institute (NCI)’s 
Surveillance, Epidemiology, and End Results (SEER) program. 
BCRAT uses SEER incidence rates for non-Hispanic whites from 
1983 to 1987, for non-Hispanic Blacks from 1994 to 1998, for 
Hispanics from 1990 to 1996, and for Asians from 1998 to 2002. 
The model then adjusts a woman’s risk by considering whether 
risk factors included in the model are present or absent and the 
relative risk estimate of each risk factor. The model also consid-
ers the amount of risk that can be explained by the risk factors 
included (attributable risk). Finally, BCRAT considers a wom-
an’s age based risk of death using National Center for Health 
Statistics data (7). All women in an age group are considered 
to have the same risk of death regardless of their health. The 
source data (Supplementary Table 1, available online) and for-
mula for BCRAT may be found in the Supplementary Materials 
(available online).

Data

We describe briefly below each cohort used in our analy-
ses (12–14); detailed descriptions are in the Supplementary 
Materials (available online). NHS is a longitudinal study of 
121 700 female nurses, age 30 to 55 years in 1976, from 11 of 
the most populous US states (14). At baseline and in biennial 
follow-ups, participants provide detailed lifestyle and medical 
history information through mailed questionnaires. WHI is a 
multicenter study that recruited 161 808 postmenopausal US 

women age 50 to 79 years in up to three clinical trials (WHI-
CTs) or an observational study (WHI-OS) from 1993 to 1998 and 
initially followed women through March 2005. The majority of 
participants (82% of WHI-CT participants and 73% of WHI-OS 
participants) agreed to an extension study (WHI-ES; n  =  115 
400)  through September 2010. We chose WHI-ES participants 
for our analyses because many had aged past 75  years and 
most had stopped using hormone therapy, which is typical of 
current practice (15).

Sample

NHS
Participants entered our study the month they returned 
their 2004 questionnaire (NHS measures dates in months). 
Questionnaires could be returned through May 2006 (4.5% of 
participants returned their 2004 questionnaire in 2006), so 
entry into the study varied. We excluded women who were 
alive in 2004 but did not complete a 2004 questionnaire (n = 12 
539) because ascertainment of breast cancer may be incomplete 
for these women. We chose to begin following NHS participants 
in 2004 because this time period is similar to that of WHI-ES 
and is two years after publication of WHI’s estrogen plus pro-
gesterone (E+P) clinical trial results that found that use of E+P 
increased breast cancer risk (16). Breast cancer risk associated 
with E+P was found to rapidly decline within two years of dis-
continuation (15). Participants ranged in age from 57 to 86 years 
at study entry.

WHI-ES
Participants entered our study the day they consented to partici-
pate in WHI-ES. Participants were between age 55 and 91 years 
at study entry. In primary analyses, we excluded women with 
a history of cancer (except nonmelanomatous skin cancer) in 
both cohorts (n = 9394 in NHS, n = 9812 in WHI) because NHS 
does not confirm second diagnoses of cancer.

Outcomes

We followed participants for up to five years or until they devel-
oped invasive breast cancer or died, whichever came first. All 
WHI breast cancer cases were confirmed by pathology report. 
For NHS, we also included self-reported breast cancers (12% of 
cases) because validation studies have found that self-reported 
breast cancers in NHS are accurate (99% are confirmed when 
medical records are obtained) (17). Detailed definitions of covari-
ates and outcome variables are in the Supplementary Materials 
(available online).

Risk Factors

We used available data on BCRAT risk factors (age, race/eth-
nicity, age at menarche, age at first birth, family history, and 
history of benign breast biopsy). Because NHS does not pro-
vide information on Asian ethnicity subgroups, to determine 
baseline breast cancer incidence for Asians we randomly 
assigned Asian ethnicity for the 0.83% of NHS participants that 
were Asian using 1970 Census data (NHS began in 1976). While 
BCRAT follows women through 89.999 years, it does not com-
pute five-year probabilities for women older than age 85 years 
at entry. Therefore, we reclassified women older than age 
85 years at study entry as being 85 (17 NHS and 1253 WHI-ES 
participants were reclassified).

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
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To further compare NHS and WHI-ES participants, we used 
data on participant mammography use in the past two years, 
body mass index, oophorectomies, hormone therapy use, and 
history of significant illness (including diabetes, myocardial 
infarction, emphysema, congestive heart failure, stroke, or 
peripheral artery disease). In NHS, all of these conditions were 
confirmed through follow-up of participants and/or review of 
their medical records except for emphysema and heart failure. 
In WHI-ES, all conditions were physician-adjudicated with med-
ical records except for emphysema and diabetes. WHI-ES does 
not assess reasons for undergoing mammography; therefore, we 
present receipt of any mammogram in the past two years.

Statistical Analyses

We used chi-square tests to compare characteristics between 
NHS and WHI-ES. Tests of statistical significance were two-sided, 
and a P value of less than .05 was considered to be statistically 
significant. To examine BCRAT’s performance, we measured 
BCRAT’s calibration and discrimination within our cohorts strat-
ified by age (55–74 vs 75+) (18). Calibration assesses whether a 
model’s predicted probabilities are accurate. Discrimination 
assesses how well a model distinguishes between individu-
als who do or do not experience the event of interest. A model 
that discriminates well will assign higher risk values to those 
who develop the outcome of interest (18). To assess calibration, 
we compared the expected (E) number of breast cancers based 
on BCRAT estimates (calculated using BCRAT’s SAS macro) (7) 
to the observed number (O) in each cohort overall and within 
deciles of risk stratified by age (55–74, 75+ years). To determine 
deciles of risk, we ordered the probabilities given by BCRAT for 
each age group within a cohort and categorized these prob-
abilities into deciles. Within each decile, we took the average 
probability of risk and multiplied this probability by the sample 
size within each decile to determine the expected number of 
breast cancers (E). We calculated 95% confidence intervals (CIs) 
of E/O ratios using the Poisson variance for the logarithm of 
the observed number of cases (19). We further assessed calibra-
tion using the Hosmer-Lemeshow (HL) chi-square test. An E/O 
ratio close to 1 (meaning the model’s estimates of risk matches 
the actual risk) and a nonsignificant HL-test statistic indicate 
good calibration (20). To assess BCRAT’s discrimination, we used 
Rosner and Glynn’s methods to determine the c-statistic or area 
under the receiver operating characteristic curve and its stand-
ard error (21). This area ranges from 0.5 (no discrimination) to 1.0 

(perfect discrimination) (18). To test whether E/O ratio estimates 
and c-statistics differed by age within cohort, we used the nor-
mal approximation z-test. Our primary analyses were limited to 
participants with complete data on BCRAT risk factors.

Sensitivity Analyses

Because previous studies found that BCRAT performs bet-
ter among women who undergo mammography, we repeated 
our analyses limiting our sample to women who underwent 
mammography in the past two years (10,22,23). Because we 
were interested in BCRAT’s performance among women age 
75  years and older and comorbidity increases with age, we 
repeated our analyses excluding women with significant ill-
nesses (defined above). In addition, we repeated our analyses 
limiting our sample to women who were recently screened and 
were without significant illness. We also repeated our analyses 
using SEER incidence rates from 2006 to 2010 for whites, blacks, 
and Hispanics because these data matched our study period. 
Because previous studies found that BCRAT performs better 
when predicting estrogen receptor–positive (ER+) breast cancer; 
we reassessed BCRAT’s discrimination using ER+ breast cancer 
as our outcome (24). We also repeated our analyses including all 
participants regardless of missing data.

In addition, we examined BCRAT’s performance among 
women who originally participated in WHI-OS and WHI-CT 
separately. Although BCRAT considers history of atypical hyper-
plasia, information on atypia was only available for 1155 NHS 
participants. However, atypia was captured for 38 218 WHI-CT 
participants during the trial and we repeated our analyses 
among these women adding history of atypia (25). In addition, 
we repeated our analyses including women in WHI-ES with a 
history of cancer (excluding breast cancer).

To examine if qualitative differences in E/O ratios and c-sta-
tistics resulting from our sensitivity analyses were statistically 
significant, we used bootstrapping to estimate the standard 
error of the difference and the z-statistics from which we com-
puted the P values.

Relative Risks

We present the relative risks associated with each BCRAT risk 
factor from NHS and WHI-ES calculated using multivariable 
logistic regression. All analyses were completed using SAS sta-
tistical software, version 9.3 (SAS Institute Inc., NC).

73 072
9394

97 081
9812Personal history of any other cancer

10 042

Women aged 55+ in the Nurses’ Health Study (NHS) or Women’s Health Initiative (WHI)

NHS
n=121 700

Died before 2004 (NHS) or WHI extension study

Chose not to participate in WHI extension study 
or did not return 2004 NHS survey

82 466
Personal history of breast cancer

106 893

WHI
n=161 808

103 319 151 766

90 780 115 392

18 381

36 374

Excluded

84998314

Age 55-74y
n=68 741

Age 75+y
n=28 340

Age 55-74y
n=53 356

Age 75+y
n=19 716

12 539

Figure 1. Sample population.
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Table 1. Baseline characteristics, overall and by age, among Nurses’ Health Study (n = 73 072) and the Women’s Health Initiative Extension 
Study (n = 97 081) participants*†

Breast cancer risk  
assessment tool risk factors

NHS* WHI-ES*

Overall
(n = 73 072)

57–74‡ y
(n = 53 356)

75+ y
(n = 19 716)

Overall
(n = 97 081)

55–64 y
(n = 68 741)

75+ y
(n = 28 340)

Age, mean (SD), y 70 (7) 66 (4.8) 79 (2.4) 71 (6.8) 67 (4.5) 79 (3.1)
Race
Non-Hispanic white, % 96.2 96.1 96.3 84.7 83.0 88.8
Non-Hispanic black, % 1.8 1.8 1.7 7.4 8.3 5.1
Hispanic, % 0.9 0.9 0.9 3.8 4.5 2.4
Asian, % 0.9 0.8 0.9 2.1 2.2 1.9
Hawaiian/Pacific Islander, % 0.0 0.0 0.0 0.2 0.2 0.1
Native American, % 0.2 0.2 0.2 1.0 1.1 0.7
Unknown, % 0.0 0.0 0.0 0.8 0.7 1.0
Age at menarche, y
≤11, % 22.2 23.3 19.4 22.1 23.7 18.2
12–13, % 57.4 57.7 56.4 55.2 54.9 55.9
≥14, % 19.7 18.3 23.3 22.4 21.1 25.5
Unknown 0.7 0.7 0.9 0.3 0.3 0.4
Age at first birth, y
≤19, % 0.7 0.8 0.5 12.2 14.2 7.4
20–24, % 48.9 53.2 37.4 38.9 40.4 35.4
25–29, % 35.0 32.8 40.9 21.9 20.0 26.4
≥30, % 8.5 6.7 13.4 7.3 6.3 9.7
Nulliparous 5.1 4.9 5.9 2.5 2.7 1.9
Unknown 1.7 1.7 1.8 17.2 16.4 19.3
Number of biopsies
0, % 73.6 72.6 76.2 71.9 71.9 72.0
1, % 23.2 23.8 21.5 17.5 17.5 17.4
2+, % 3.2 3.6 2.4 10.6 10.6 10.6
First-degree relatives with history of breast cancer
0, % 82.3 83.3 79.6 86.7 87.3 85.1
1, % 15.6 15.1 17.2 12.1 11.7 13.3
2+, % 2.1 1.7 3.1 1.2 1.0 1.6
Other covariates of interest
Mammogram in past 2 y
Yes, % 73.2 75.2 67.8 84.6 86.3 80.4
No, % 9.5 7.8 13.9 15.2 13.5 19.4
Unknown, % 17.4 17.0 18.4 0.2 0.2 0.2
Mammogram in past 2 y excluding 

unknowns, %
88.5 90.6 83.0 84.7 86.4 80.6

Postmenopausal hormone therapy use
Never, % 30.6 28.2 37.3 40.8 36.2 51.8
Past-estrogen alone 18.9 16.6 25.0 36.9 39.0 31.9
Past-estrogen plus progesterone 29.4 33.6 18.0 16.4 18.5 11.4
Past user, unknown type 4.2 2.5 9.0 0.0 0.0 0.0
Current estrogen alone user 11.3 12.3 8.5 5.5 5.8 4.8
Current estrogen plus progesterone user 5.0 6.2 1.8 0.4 0.5 0.2
Current user, unknown type 0.6 0.6 0.5 0.0 0.0 0.0
Body mass index, kg/m2 §
<20, % 6.41 4.94 10.38 3.3 3.0 3.9
20–24, % 37.13 35.34 41.98 30.6 29.6 32.9
25–29, % 33.66 34.14 32.35 34.9 33.9 37.2
30+, % 22.66 25.45 15.10 30.4 32.6 25.0
Unknown 7.8 7.7 7.8 0.9 0.9 1.0
Oophorectomy, %
At least 1 ovary intact 72.93 74.29 69.26 80.9 81.3 80.0
Bilateral oophorectomy 25.15 24.05 28.13 18.3 18.1 18.8
At least 1 ovary removed 1.92 1.66 2.61 0.8 0.6 1.2
Significant illnesses||
Diabetes, % 11.1 10.4 13.0 9.9 9.7 10.3
Emphysema, % 7.7 6.5 10.9 5.8 5.2 7.2
Myocardial infarction, % 2.6 1.8 4.5 3.4 2.4 5.9
Peripheral artery disease, % 0.8 0.6 1.3 1.8 1.4 2.7
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Results

Sample

We included 73 072 NHS (27.0% ≥75 years) and 97 081 WHI-ES 
participants (29.2% ≥75 years). Because of the large sample sizes, 
even small differences between NHS and WHI-ES were statis-
tically significant (Table 1). Fewer NHS participants (1.7%) were 
missing data on age at first birth than WHI-ES participants 
(17.2%, P < .001). More NHS participants (17.4%) were missing 
data on recent mammography use than WHI-ES participants 
(0.2%, P < .001); these NHS participants completed a shorter ver-
sion of the 2004 questionnaire that did not assess mammogra-
phy use. Otherwise, there were small differences in missing data 
between cohorts on sample characteristics. WHI-ES participants 
were more racially/ethnically diverse (96.2% vs 84.7%, P < .001), 
younger at first birth, more likely to have had a breast biopsy, 
and to have a BMI of 30 kg/m2 or more; they were less likely to 
have a family history of breast cancer and to have ever used hor-
mone replacement therapy. NHS participants were more likely 
to have significant illness (22.1% vs 20.5%, P < .001) and to die 
during follow-up (6.8% vs 5.4%, P < .001; 15.3% vs 11.0% among 
women ≥75 years). Fewer NHS participants were diagnosed with 
breast cancer than WHI-ES participants (1.8% vs 2.0%, P = .02).

Calibration

Calibration graphs (Figure 2) demonstrate that BCRAT accurately 
predicted breast cancer risk in WHI-ES except for participants 
categorized as being at the highest risk, where BCRAT over-
predicted breast cancer risk. Supplementary Table  2 (available 
online) presents E/O ratios and their 95% confidence intervals 
for each decile of risk stratified by age and cohort. BCRAT was 
more likely to overpredict breast cancer risk in NHS, particu-
larly for women categorized as being at higher risk and among 
women age 75 years and older (Table 2). E/O ratios on average 
by age in WHI-ES were 1.03 (95% CI = 0.97 to 1.09) for women 
age 55 to 74 years and 1.10 (95% CI = 1.00 to 1.21) for women age 
75 years and older (P = .21). In NHS, E/O ratios on average by age 
were 1.16 (95% CI = 1.09 to 1.23) for women age 57 to 74 years 

and 1.31 (95% CI = 1.18 to 1.45) for women age 75 years and older 
(P = .02 for age comparison). Hosmer-Lemeshow tests were sta-
tistically significantly different from 1 among NHS participants 
and among WHI-ES participants age 55 to 74 years. The P value 
for the Hosmer-Lemeshow test among women age 75 years and 
older in WHI-ES was .05.

In both cohorts, the 95% confidence intervals of the E/O ratios 
crossed one for women age 75 years and older when we limited 
our sample to women who underwent mammography and were 
without significant illness (E/O ratios decreased from 1.30, 95% 
CI = 1.17 to 1.45, to 1.13, 95% CI = 0.98 to 1.29, P = .12 in NHS and 
from 1.10, 95% CI = 1.00 to 1.21, to 1.04, 95% CI = 0.92 to 1.16 in 
WHI-ES, P  =  .42). Modifying our samples did not improve E/O 
ratios for women age 55 to 74 years. Using 2006 to 2010 SEER inci-
dence rates led to statistically significantly increased E/O ratios 
among women age 55 to 74 years in both cohorts but did not sta-
tistically change E/O ratios among women age 75 years and older.

Within WHI-ES, BCRAT’s calibration was similar between 
WHI-OS and WHI-CT participants (Supplementary Table 4, avail-
able online). Among WHI-CT participants, including informa-
tion on history of atypia did not change BCRAT’s calibration 
(Supplementary Table 4, available online). Including women with 
a history of cancer also did not change calibration in WHI-ES 
(Supplementary Table 8, available online).

Discrimination

BCRAT c-statistics ranged between 0.56 and 0.58 in both cohorts 
regardless of age and regardless of which SEER breast cancer 
incidence rates were used. None of the sensitivity analyses led 
to statistically significant improvements in c-statistics. However, 
c-statistics tended to improve among women age 75 years and 
older when the outcome was limited to ER+ breast cancer (eg, in 
NHS, c-statistic improved from 0.57 to 0.60, P = .21).

Relative Risks

RRs for the interaction between family history and age at first 
birth tended to be higher in the BCRAT development cohort 

Breast cancer risk  
assessment tool risk factors

NHS* WHI-ES*

Overall
(n = 73 072)

57–74‡ y
(n = 53 356)

75+ y
(n = 19 716)

Overall
(n = 97 081)

55–64 y
(n = 68 741)

75+ y
(n = 28 340)

Stroke, % 2.2 1.5 4.2 2.2 1.6 3.7
Congestive heart failure, % 3.1 1.9 6.4 2.2 1.4 4.0
Number of significant illnesses from above
0, % 77.9 81.0 69.2 79.5 81.9 73.7
1, % 17.9 15.9 23.2 16.7 15.2 20.5
2+, % 4.3 3.1 7.5 3.8 2.9 5.9
Outcomes¶
Breast cancer diagnosed during study, % 1.8 1.8 1.8 2.0 2.0 1.9
Died during study, % 6.8 3.6 15.3 5.4 3.1 11.0

* Nurses’ Health Study included participants that completed the 2004 questionnaire. Women’s Health Initiative Extension Study began in 2005. NHS = Nurses’ Health 

Study; WHI-ES = Women’s Health Initiative Extension Study.

† All comparisons between NHS and WHI-ES overall were statistically significant at P < .001 using chi-square statistics, except the P value for the difference between 

breast cancer incidence was P = .02.

‡ The youngest women in NHS at study entry were age 57 years.

§ Body mass index was based on nurse self-report in NHS and was measured in WHI.

|| In NHS, diabetes, myocardial infarction, peripheral artery disease, and stroke were confirmed by participants and/or adjudicated by review of their medical records. 

Congestive heart failure, myocardial infarction, peripheral artery disease, and stroke were physician adjudicated with medical records in WHI-ES.

¶ Participants were followed for five years.

Table 1. Continued

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
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(Breast Cancer Demonstration and Detection Project, BCDDP) 
(10) than in NHS or WHI-ES (Table 4). Age at menarche was not 
a statistically significant breast cancer risk factor for WHI-ES or 
for NHS participants age 75 years and older.

Discussion

In WHI-ES, BCRAT accurately predicted five-year breast cancer 
risk for women age 55 to 74 years and overpredicted breast can-
cer risk by 10% on average among participants age 75 years and 
older. In NHS, BCRAT overpredicted breast cancer risk by 16% on 
average among women age 57 to 74 years and by 31% on average 
among women age 75 years and older. In both cohorts, BCRAT 
was most likely to overpredict breast cancer among women cat-
egorized as being at higher risk. BCRAT’s prediction accuracy 
improved among women age 75 years and older when the sam-
ples were limited to women who underwent mammography and 
were without significant illness, suggesting that BCRAT may be 
most appropriate to use among older women with these char-
acteristics. BCRAT’s discrimination was modest in both cohorts 
and age groups, with c-statistics ranging between 0.56 and 0.58.

BCRAT’s performance has previously been tested among 
NHS participants using data from: 1)  1976 (26), 2)  1982 (26), 
and 3) 1992 (27) (when participants were age 30–55, 36–61, and 
45–71 years, respectively). In the first two analyses, the model 
was used to predict invasive and noninvasive breast cancer and 
baseline breast cancer incidence was estimated using BCDDP 
data. In the third analysis, BCRAT was used to predict only inva-
sive breast cancer and 1987 SEER incidence rates were used 
to estimate baseline breast cancer incidence. In the first two 

analyses, BCRAT was found to overestimate breast cancer risk 
by 33%, which was attributed to greater use of mammography 
by BCDDP participants than NHS participants. Because mam-
mography may find breast cancer before symptoms develop 
and may even find some cancers that would never have caused 
problems, mammography may lead to an increased estimated 
risk among those who are screened (28,29). In the third analysis, 
BCRAT was found to underestimate breast cancer by 6%, which 
was attributed to greater use of mammography by NHS partici-
pants than among SEER participants. Similar to our findings, 
BRCAT’s c-statistic in the third analysis was 0.58 (95% CI = 0.56 
to 0.60) (27).

In addition, BCRAT’s performance was tested among WHI 
participants beginning at enrollment (between 1993–1998) (24). 
In that study, BCRAT was found to underestimate breast cancer 
by 20%, which was attributed to greater use of mammography 
and breast biopsies among WHI participants than in SEER. That 
study also found that BCRAT’s c-statistic was 0.58 and improved 
to 0.60 when the outcome was limited to ER+ breast cancer. This 
finding was attributed to the fact that older women are more 
likely to develop ER+ breast cancer (30) and may explain why 
we also found that BCRAT tended to show better discrimina-
tion among women age 75  years and older when predicting 
ER+ breast cancer. BCRAT’s performance has also been tested 
in other cohorts of older women. In the National Institutes 
of Health–AARP Diet and Health Study (recruited women 
age 50–71  years between 1995–1996) and the Prostate, Lung, 
Colorectal, and Ovarian Cancer Screening trial (recruited women 
age 55–74  years between 1993–2001), BCRAT underpredicted 
breast cancer by 13% to 14%, which was attributed to use of 

Figure 2. Calibration by decile of risk and by age among participants in the Nurses’ Health Study (n = 73 072) and the Women’s Health Initiative Extension Study (n = 97 

081).
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SEER incidence rates from 1983 to 1987 (21). BCRAT’s calibration 
improved when 1995 to 2003 SEER incidence rates were used, 
which corresponded to the time period of that study. BCRAT’s 
c-statistic in these cohorts was 0.58 to 0.59 (22,24). These studies 
and our data suggest that BCRAT has modest discrimination in 
predicting breast cancer among postmenopausal women.

Interestingly, we found BCRAT’s calibration to be better in 
WHI-ES than NHS. This is likely because breast cancer incidence 
in WHI-ES (2.0%) was more similar to SEER (Supplementary 
Table 5, available online). Breast cancer incidence may have been 
lower in NHS (1.8%) because NHS participants were less likely 
to undergo breast biopsy, were less likely to be obese, and were 
more likely to undergo oophorectomy. Also, NHS participants, 
particularly those age 75  years and older, were more likely to 

have significant illness and to die. Competing mortality risks 
may have prevented these women from undergoing mammog-
raphy and as a result these women would have been less likely 
to have an early-stage breast cancer detected (Supplementary 
Table 6, available online). Also, 1069 NHS participants (1.5% of 
our sample) remained alive during our study but did not com-
plete a follow-up questionnaire. Breast cancer may have been 
missed among these women. If we assume that 2.0% of these 
women were diagnosed with breast cancer, then our overall 
incidence in NHS would increase to 1.9%. Only 111 of the WHI 
participants that remained alive during our study period did not 
complete a follow-up questionnaire.

While we found that BCRAT provides accurate probabili-
ties of five-year breast cancer risk for older women without 

Table 4. Relative risks and 95% confidence intervals for Breast Cancer Risk Assessment Tool risk factors from BCDDP, NHS, and WHI-ES

Risk factors

BCDDP* NHS*,† WHI-ES*,† NHS*,† WHI-ES*,† NHS*,† WHI-ES*,†

Overall Overall Overall 55–74 y‡ 55–74 y 75+ y 75+ y

(n = 71 293) (n = 79 611) (n = 52 111) (n = 57 009) (n = 19 182) (n = 22 602)

Age at menarche, y
≤11, % 1.21 1.27

(1.07 to 1.50)
1.08

(0.93 to 1.25)
1.38

(1.14 to 1.68)
1.02

(0.86 to 1.21)
0.99

(0.72 to 1.37)
1.22

(0.92 to 1.62)
12–13, % 1.10 1.13

(1.04 to 1.22)
1.04

(0.96 to 1.12)
1.17

(1.07 to 1.30)
1.01

(0.93 to 1.10)
0.99

(0.85 to 1.17)
1.10

(0.96 to 1.27)
≥14, % 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Age at first birth, y X 0,1,2+ first degree relatives
≤19 and 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
≤19 and 1 2.61 1.46

(1.12 to 1.91)
1.48

(1.21 to 1.81)
1.33

(0.96 to 1.84)
1.47

(1.15 to 1.86)
1.87

(1.16 to 3.00)
1.50

(1.01 to 2.22)
≤19 and 2+ 6.80 2.13

(1.25 to 3.64)
2.18

(1.45 to 3.29)
1.77

(0.92 to 3.40)
2.15

(1.33 to 3.48)
3.50
(1.35, 9.02)

2.24
(1.02 to 4.91)

20–24 and 0 1.24 1.11
(1.01 to 1.22)

1.13
(1.06 to 1.21)

1.13
(1.02 to 1.26)

1.14
(1.06 to 1.23)

1.09
(0.91 to 1.30)

1.12
(0.98 to 1.27)

20–24 and 1 2.68 1.58
(1.30 to 1.90)

1.67
(1.44 to 1.92)

1.51
(1.21 to 1.89)

1.71
(1.44 to 2.01)

1.82
(1.26 to 2.62)

1.61
(1.22 to 2.14)

20–24 and 2+ 5.78 2.24
(1.63 to 3.07)

2.45
(1.91 to 3.16)

2.01
(1.38 to 2.94)

2.54
(1.89 to 3.42)

3.05
(1.67 to 5.56)

2.33
(1.42 to 3.80)

25–29/nulliparous§ 
and 0

1.55 1.23
(1.03 to 1.48)

1.28
(1.13 to 1.46)

1.28
(1.03 to 1.59)

1.31
(1.12 to 1.52)

1.18
(0.83 to 1.69)

1.25
(0.97 to 1.60)

25–29/nulliparous 
and 1

2.76 1.70
(1.40 to 2.06)

1.88
(1.61 to 2.20)

1.71
(1.36 to 2.16)

1.98
(1.64 to 2.40)

1.77
(1.22 to 2.58)

1.74
(1.29 to 2.33)

25–29/nulliparous 
and 2+

4.91 2.34
(1.80 to 3.05)

2.75
(2.13 to 3.56)

2.29
(1.65 to 3.18)

3.00
(2.19 to 4.12)

2.65
(1.65 to 4.27)

2.41
(1.54 to 3.78)

≥30 and 0 1.93 1.37
(1.04 to 1.80)

1.46
(1.20 to 1.77)

1.46
(1.05 to 2.01)

1.49
(1.19 to 1.88)

1.29
(0.75 to 2.20)

1.40
(0.96 to 2.04)

≥30 and 1 2.83 1.83
(1.39 to 2.41)

2.12
(1.68 to 2.68)

1.95
(1.38 to 2.75)

2.30
(1.72 to 3.07)

1.72
(1.04 to 2.85)

1.87
(1.23 to 2.85)

≥30 and 2+ 4.17 2.46
(1.59 to 3.79)

3.09
(2.04 to 4.68)

2.60
(1.47 to 4.60)

3.55
(2.11 to 5.96)

2.31
(1.14 to 4.67)

2.51
(1.23 to 5.09)

No. of biopsies
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1 1.27 1.32

(1.21 to 1.45)
1.27

(1.19 to 1.36)
1.33

(1.20 to 1.48)
1.25

(1.15 to 1.35)
1.29

(1.07 to 1.57)
1.33

(1.18 to 1.50)
2+ 1.62 1.75

(1.45 to 2.10)
1.61

(1.41 to 1.84)
1.77

(1.43 to 2.18)
1.55

(1.33 to 1.82)
1.67

(1.13 to 2.46)
1.77

(1.38 to 2.26)

* Nurses’ Health Study began in 2004. Women’s Health Initiative Extension Study began in 2005. BCDDP = Breast Cancer Demonstration and Detection Project (31); 

CI = confidence interval; NHS = Nurses’ Health Study; RR = relative risk; WHI-ES = Women’s Health Initiative Extension Study.

† The relative risks for Gail model risk factors were estimated from logistic regression models. The Gail model treated each variable (as it is categorized) as 

continuous in its model.

‡ The youngest women in NHS in 2004 were age 57 years.

§ No separate indicator was used for nulliparous women.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv348/-/DC1
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significant illness who undergo mammography, it has modest 
discrimination. Including additional breast cancer risk factors 
in BCRAT such as breast density has been shown to improve 
discrimination modestly (31); unfortunately, our data do not 
include adequate information on participant breast density. 
Considering risk factors that are important in predicting late-
life breast cancer (eg, obesity) may also be needed to improve 
BCRAT’s discrimination among older women. Also, the RRs asso-
ciated with some of the risk factors in BCRAT, such as family his-
tory, may no long be accurate. Broad use of mammography has 
led to increased detection of early-stage breast cancers and may 
have attenuated the impact of a family history of breast cancer 
on late-life breast cancer risk.

Our study has limitations. Family history of breast cancer 
and diagnosis of emphysema (for WHI-CT participants only) 
were obtained on average 8.5 years before start of the WHI-ES 
and therefore may be underestimated in WHI-ES. Although 17% 
of WHI-ES participants were missing data on age at first birth, 
when we repeated our analyses including these women our 
results did not change (Supplementary Table 8, available online).

In summary, BCRAT provides accurate five-year probabili-
ties of breast cancer among women age 75  years and older 
who undergo mammography and are without significant ill-
ness but tends to overpredict breast cancer among postmeno-
pausal women categorized at the highest risk of breast cancer. 
Discrimination of the model is modest among all postmenopau-
sal women. Incorporating other aspects of personalized breast 
cancer risk including lifelong estrogen exposure (eg, from obesity) 
and competing mortality risks may improve model performance.
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