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Abstract

Background: Several breast cancer risk-assessment models exist. Few studies have evaluated predictive accuracy of multiple
models in large screening populations.

Methods: We evaluated the performance of the BRCAPRO, Galil, Claus, Breast Cancer Surveillance Consortium (BCSC), and Tyrer-
Cuzick models in predicting risk of breast cancer over 6 years among 35 921 women aged 40-84 years who underwent mammogra-
phy screening at Newton-Wellesley Hospital from 2007 to 2009. We assessed model discrimination using the area under the re-
ceiver operating characteristic curve (AUC) and assessed calibration by comparing the ratio of observed-to-expected (O/E) cases. We
calculated the square root of the Brier score and positive and negative predictive values of each model.

Results: Our results confirmed the good calibration and comparable moderate discrimination of the BRCAPRO, Galil, Tyrer-
Cuzick, and BCSC models. The Gail model had slightly better O/E ratio and AUC (O/E =0.98, 95% confidence interval [CI] = 0.91
to 1.06, AUC =0.64, 95% CI = 0.61 to 0.65) compared with BRCAPRO (O/E =0.94, 95% CI = 0.88 to 1.02, AUC=0.61, 95% CI = 0.59
to 0.63) and Tyrer-Cuzick (version 8, O/E =0.84, 95% CI = 0.79 to 0.91, AUC =0.62, 95% 0.60 to 0.64) in the full study population,
and the BCSC model had the highest AUC among women with available breast density information (O/E=0.97, 95% CI = 0.89
to 1.05, AUC =0.64, 95% CI = 0.62 to 0.66). All models had poorer predictive accuracy for human epidermal growth factor re-
ceptor 2 positive and triple-negative breast cancers than hormone receptor positive human epidermal growth factor receptor
2 negative breast cancers.

Conclusions: In a large cohort of patients undergoing mammography screening, existing risk prediction models had similar,
moderate predictive accuracy and good calibration overall. Models that incorporate additional genetic and nongenetic risk
factors and estimate risk of tumor subtypes may further improve breast cancer risk prediction.

Approximately 40 000 US women die from breast cancer annu-
ally (1). Given the disease burden, identifying high-risk women
before breast cancer develops remains a pressing goal, so they
can consider more frequent screening with mammography and
breast magnetic resonance imaging, genetic testing, and che-
moprevention. Many breast cancer risk-assessment models
have been developed (2). Despite the abundance of risk models,
they have not been widely implemented to guide screening
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decisions in routine clinical settings. This is partly due to lack of
clarity on which risk model to use, limited accuracy of risk mod-
els, and the time needed to perform risk assessment and inter-
pret results.

Few studies have evaluated multiple breast cancer risk mod-
els simultaneously to compare their performance. Additionally,
breast cancer subtypes defined by estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor 2
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(HER2) have unique risk profiles (3), but few studies have evalu-
ated model performance for tumor subtypes. We evaluated five
models that have been well validated and used most commonly
in clinical practice in a large population of women undergoing
mammography, including the Gail model (4-7), the BRCAPRO
model (8), the Breast Cancer Surveillance Consortium (BCSC)
model (9), the Claus model (10-12), and the Tyrer-Cuzick (TC)
model (13). These models differ in terms of populations in
which they were developed, risk factors included, and treat-
ment of family history (Table 1). The goal of the study was to de-
termine which risk models are most appropriate for use at the
time of screening mammography to guide personalized screen-
ing decisions.

Methods

Study Population and Risk Assessment

We retrospectively assembled a cohort of women presenting to
Newton-Wellesley Hospital (Newton, MA) for mammography be-
tween February 1, 2007, and December 31, 2009. The Partners
Healthcare Institutional Review Board approved the study and
waived the need for informed consent. Patient-reported risk factors
were collected prior to mammography using an electronic ques-
tionnaire through the Hughes RiskApps system (CRA Health:
http://www.crahealth.com/). If a woman had multiple risk assess-
ments, only her first was included. A total of 42 919 women under-
went mammography and risk assessment during the time frame.
Women aged younger than 40years (n=4352) and older than
84years (n=744) were excluded. Patients diagnosed with ductal
carcinoma in situ (DCIS) or invasive breast cancer before risk as-
sessment (n=1705) or within 6 months of a positive or unknown
mammogram result (n=165) were excluded (n=1893) because
most models predict risk for women who are breast cancer-free at
the time of risk assessment. A sensitivity analysis excluding all
patients diagnosed with breast cancer within 6 months of screen-
ing is included in the Supplementary Materials (Supplementary
Table 1). Additionally, women with lobular carcinoma in situ (LCIS)
before risk assessment (n=15), women who tested positive for a
BRCA1/2 mutation before risk assessment (n=14), and women
with inconsistent dates of screening and death (n=23) were ex-
cluded, yielding a study population of 35 921. Breast Imaging
Reporting and Data System (BI-RADS) assessment and mammo-
graphic breast density were abstracted from radiology report text
using JMP software (Version 14, SAS Institute, Cary, NC). We com-
pared the abstracted Breast Imaging Reporting and Data System
score and density to the results of a manual review of 300 radiology
reports and found excellent agreement (kappa = 0.99; kappa = 0.97),
validating use of this tool.

Outcome Assessment

Breast cancer diagnoses through December 31, 2015, were deter-
mined from three sources: the Massachusetts Cancer Registry
(MCR), the cancer registries of Newton-Wellesley Hospital and
five nearby affiliated hospitals, and from self-report verified by
medical record abstraction. Nearly 82% of cancer cases were
obtained from the Massachusetts Cancer Registry (n=629,
81.6%), an additional 6.0% from hospital registries (n=46), and
12.3% from self-report/medical record abstraction (n=295). Most
of the self-reported cases were DCIS (92 out of 95).

Statistical Analysis

Patients were followed from the date of mammography until can-
cer diagnosis, death, or administrative censoring on December 31,
2015, allowing at least 6 years of follow-up. We estimated 6-year
risk of breast cancer using BRCAPRO, Gail, TC versions 7 and 8 (v7
and v8), BCSC, and Claus models, and compared with observed
breast cancer outcomes. Death was treated as a competing risk.
We used the BayesMendel R package (v2.1-4) (14); BCRA R package
(v2.1) (15); IBIS command line program (v8.0b, UK rates with com-
peting mortality option) (16); and BCSC SAS program (v2.0) (17) to
run BRCAPRO, Gail, TC, and BCSC, respectively. For Claus, we
used R to calculate risk estimates based on the Claus risk tables
(11,12). Because the Claus model provides predictions for 10-year
intervals from ages 29 to 79 years, to obtain 6-year risk estimates,
we multiplied the 10-year risk by 3/5 (18). Similarly, BCSC provides
5-year breast cancer risk, and 6-year risk estimates were obtained
by multiplying the risk estimate by 6/5.

Missing data were coded according to the specifications of
the software for each model. Information on relatives unaf-
fected by breast/ovarian cancer (used in BRCAPRO and TC) was
not available unless they had been diagnosed with another can-
cer. There was also limited genetic testing information and no
information on bilateral breast cancer (used in BRCAPRO and
TC). Polygenic risk scores (used in TC v8) were not available. For
the Claus model, missing breast/ovarian cancer diagnosis ages
among relatives (5.0%) were set to age 50 years. To account for
combinations of affected female first- or second-degree rela-
tives that do not have a corresponding Claus risk table, we used
the mother-maternal aunt table for any combination of a first-
degree relative and a maternal second-degree relative and we
used the mother-paternal aunt table for any combination of a
first-degree relative and a paternal second-degree relative. For
the BCSC model, women with unknown breast density
(n=2249) were excluded.

We validated the performance of BRCAPRO, Gail, TC, and
BCSC with respect to risk of invasive breast cancer, and Claus
with respect to risk of both DCIS and invasive breast cancer. We
compared the performance of BRCAPRO, Gail, and TC models on
the entire study cohort. We additionally compared BRCAPRO,
Gail, and TC with the BCSC model on the subset of patients for
whom BCSC was applicable (<75years, known breast density,
no mastectomy, and no breast implants) and with the Claus
model on the subset of patients for whom Claus was applicable
(age <79 years, >1 female first- or second-degree relative with
breast cancer or >1 first-degree relative with ovarian cancer).
We performed stratified analyses by family history, Ashkenazi
Jewish ancestry, age, and invasive tumor subtypes defined by
ER, PR, and HER2. We also calculated the Pearson correlation be-
tween risk predictions from each pair of models.

Discrimination was assessed using the area under the re-
ceiver operating characteristic curve (AUC). An AUC of 1 corre-
sponds to perfect discrimination, whereas an AUC of 0.5
indicates that the model performs no better than chance.
Calibration was assessed by comparing the ratio of observed-to-
expected cases. An observed-to-expected ratio (O/E) of 1 corre-
sponds to perfect calibration. Additionally, we plotted the
expected risk vs observed proportion of invasive breast cancer
cases in each decile of risk. We also calculated the square root
of the Brier score, which is the average squared difference be-
tween the observed outcome and the predicted risk. A lower
Brier score indicates better model accuracy. The recognized
clinical threshold for elevated 5-year risk of breast cancer for
chemoprevention is 1.67%. For our study, we considered a
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Table 2. Cohort characteristics

Variable No. (%)
N 35921
Age, mean (SD), y 53.9 (10.6)
Age category, y
40-49 15230 (42.4)
50-59 11203 (31.2)
60-69 5842 (16.3)
70+ 3646 (10.2)
Race
White 29 641 (82.5)
Black 467 (1.3)
Hispanic 482 (1.3)
Asian 1088 (3.0)
Native American 22(0.1)
Other/Unknown 4221 (11.8)
Ashkenazi Jewish
Yes 5165 (14.4)
No/Unknown 30 756 (85.6)
Relatives with breast cancer, categorized
0 24124 (67.2)
1 8823 (24.6)
2+ 2974 (8.3)
Relatives with ovarian cancer, categorized
0 33908 (94.4)
1+ 2013 (5.6)
BI-RADS density*
1 744 (2.1)
2 9234 (25.7)
3 18988 (52.9)
4 4706 (13.1)
Missing 2249 (6.3)

Years of follow-up, mean (interquartile range) 6.7 (6.3t07.1)

*Breast Imaging Reporting and Data System (BI-RADS) breast density category
1=almost entirely fat; 2 =scattered fibroglandular density; 3 =heterogeneously
dense; and 4 =extremely dense.

corresponding 6-year risk threshold of 2.0% (ie, 1.67% x 6/5).
Positive and negative predictive values of the models were cal-
culated relative to this risk threshold. We calculated 95% boot-
strap percentile confidence interval (ClIs) for the performance
metrics. All analyses were performed using R statistical soft-
ware (Www.R-project.org).

Results

The mean age of the study population was 53.9, and 42.4% of
women were aged in their 40s (Table 2). Most patients were
white (82.5%), and 14.4% had Ashkenazi Jewish ancestry. Of the
women, 32.9% reported a family history of breast cancer, and
5.6% reported a family history of ovarian cancer. The mean
follow-up time was 6.7years (interquartile range = 6.3-
7.1years). There were 770 (2.1%) breast cancers diagnosed, of
which 123 were DCIS and 647 were invasive, and 909 deaths
(2.5%) within 6 years of follow-up.

The performance of BRCAPRO, Gail, TC v7 and TC v8 was
compared in the entire study population (Table 3; receiver oper-
ating characteristic curves are in Supplementary Table 1). The
Gail model had slightly better calibration (O/E=0.98, 95% CI =
0.91 to 1.06) than BRCAPRO (O/E = 0.94, 95% CI = 0.88 to 1.02) and
TC (v7 O/E=0.90, 95% CI = 0.84 to 0.96; v8 O/E=0.84, 95% CI =
0.79 to 0.91) did. TC v7 and v8 slightly overpredicted the number

of cancers. When examining the calibration plots of predicted
and observed risk by deciles (Figure 1), the models appeared
well calibrated except in the highest decile for BRCAPRO, Gail,
and TC v8, and the highest two deciles for TC v7. Overprediction
of risk was most severe for TC v8, which, in comparison to TC
v7, uses mammographic density.

All models showed moderate discriminatory accuracy. The
Gail model had the highest discriminatory accuracy (AUC = 0.64,
95% CI = 0.61 to 0.65), followed by TC v8 (AUC=0.62, 95% CI =
0.60 to 0.64) and BRCAPRO (AUC =0.61, 95% CI = 0.59 to 0.63) and
TCv7 (AUC=0.61, 95% CI = 0.59 to 0.63). Comparing TC v7 to TC
v8, the AUC was only slightly improved with the inclusion of
breast density. Using the high-risk threshold of 2.0% for 6-year
risk, the positive predictive values of the models were low: 2.9%
(95% CI 2.6 to 3.2%) for Gail and 2.6% (95% CI = 2.3 to 2.9) for
BRCAPRO, TC v7 (95% CI = 0.024 to 0.029), and v8 (95% CI = 0.024
to 0.028). Negative predictive values were all above 98%.

When the population was limited to women with available
BCSC model risk scores (N=30 970), again, TC v7 and v8 were
more prone to overprediction than the other models were, but
performance metrics were otherwise similar across models. The
BCSC model had the best calibration (O/E=0.97, 95% CI = 0.89 to
1.05) and AUC (AUC=0.64, 95% CI = 0.62 to 0.66) (Table 3).

Next, we assessed model performance stratified by family
history of breast and ovarian cancer (Table 4). BRCAPRO over-
predicted the number of cancers in women with no affected
first- or second-degree family members, was well calibrated for
women with one affected first- or second-degree family mem-
ber, and underpredicted the number of cancers in women with
more than two affected first- or second-degree family members.
The AUC for BRCAPRO was similar for all three family history
strata, ranging from 0.59 (95% CI = 0.57 to 0.62) to 0.61 (95% CI =
0.57 to 0.65). The Gail model was well calibrated for women with
no family history and women with one affected family member,
but it underpredicted risk among women with two or more af-
fected family members. The AUC for the Gail model ranged
from 0.61 (95% CI = 0.57 to 0.65) to 0.63 (95% CI = 0.58 to 0.66) for
the three family history strata. TC v7 and v8 were well cali-
brated for women with no family history, but they overpre-
dicted the number of cancers in women with one affected
family member. TC v7 was well calibrated for women with two
or more affected family members, whereas TC v8 overpredicted
the number of cancers in this stratum. TC v7 and v8 had slightly
lower discriminatory accuracy in women with two or more af-
fected relatives (v7 AUC=0.56, 95% CI = 0.51 to 0.61; v8
AUC=0.56, 95% CI = 0.51 to 0.60) than in women with no family
history (v7 AUC=0.58, 95% CI = 0.54 to 0.61; v8 AUC=0.59, 95%
CI = 0.56 to 0.62) and women with one affected relative (v7
AUC=0.62, 95% CI = 0.58 to 0.66; v8 AUC=0.62, 95% CI = 0.58 to
0.66). In the subset of patients for whom the Claus model was
applicable, the Claus model underpredicted the number of can-
cers (O/E=1.69, 95% CI = 1.48 to 1.87), and the AUC was lower
than in the other models (AUC = 0.59, 95% CI = 0.56 to 0.62). The
positive predictive value was slightly higher for Claus than
other models, but negative predictive value was lower.

BRCAPRO and Gail were well calibrated in both Ashkenazi
Jewish and non-Ashkenazi Jewish women, whereas the TC
models were well calibrated for the Ashkenazi Jewish women
but overpredicted the number of cancers in non-Ashkenazi
Jewish women (Table 5). All models had similar AUCs in
Ashkenazi Jewish and non-Ashkenazi Jewish women, with
AUCGs ranging from 0.60 (95% CI = 0.55 to 0.67) to 0.66 (95% CI =
0.60 to 0.71) in the former and 0.61 (95% CI = 0.58 to 0.63) to 0.63
(95% CI = 0.61 to 0.65) in the latter. The TC models overpredicted
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Figure 1. Calibration curves. Plots of the expected risk vs observed proportion of invasive breast cancer cases in each decile of risk. The error bars correspond to 95%
Wald confidence intervals for the observed proportions. The dashed line is a 45-degree reference line where the observed risk equals the expected risk.

risk among women aged younger than 50 years, and BRCAPRO
and TC v8 slightly overpredicted risk among women aged 50
years or older (Table 6). AUCs did not differ much by age group.
The models performed best at predicting ER/PR+HER2—cancers
and performed more poorly for HER2+ and triple-negative
breast cancers; however, sample sizes were small for HER2+
(N'=42) and triple-negative (N = 64) breast cancers (Table 7).

For each model, density plots of the risk predictions by
breast cancer status show that the distributions for affected and
unaffected women are largely overlapping, with the distribution
for affected women shifted slightly to the right (Supplementary
Figure 2). For each pair of models, we calculated the overall cor-
relation and correlation by cancer status (Supplementary Figure
2). The Gail and BCSC models were most highly correlated
(r=0.749), and correlation was similar for both affected
(r=0.749) and unaffected women (r=0.747). BRCAPRO and TC
v8 were least correlated (r=0.343).

Discussion

To our knowledge, this is the first study to compare the predic-
tive accuracy of five validated breast cancer risk models

(BRCAPRO, Gail, TC, BCSC, and Claus) in a large cohort of women
undergoing mammography screening in the United States. Our
results confirmed the comparable moderate discrimination of
BRCAPRO, Gail, TC, and BCSC in predicting 6-year risk of cancer
in the screening population. The Gail model had slightly higher
discriminatory accuracy than BRCAPRO and TC did in the full
study population, and the BCSC model had the highest discrimi-
natory accuracy among women with available breast density in-
formation. The Claus model performed more poorly than the
other models did. The predictive accuracy for HER2+ and triple-
negative breast cancers was poorer than for ER/
PR+HER2-cancers, though the sample sizes for the HER2+ and
triple-negative categories were small. These results are useful
to guide the choice of breast cancer risk-assessment tools for
personalized breast cancer screening.

The measures of calibration and discrimination of the mod-
els in our study are consistent with the existing literature (9, 18-
29). Some studies have compared multiple risk models in the
same population, but most have focused on women with famil-
ial risk (18, 23, 28) or young women (27). In a prospective cohort
of approximately 50 000 women undergoing mammography in
the United Kingdom, the Gail and TC models were compared
with a median follow-up of 3.2years, and the TC model had a
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Table 3. Performance of breast cancer risk-assessment models
Model O/E (95% CI) AUC (95% CI)

Overall performance
(N = 35921 647 invasive
breast cancers)

BRCAPRO 0.94 (0.88t01.02)  0.61 (0.59 to 0.63)
Gail 0.98 (0.91 to 1.06) 0.64 (0.61 to 0.65)
TC7 0.90 (0.84t00.96)  0.61 (0.59 to 0.63)
TC8 0.84(0.79t00.91)  0.62 (0.60 to 0.64)
Among women with

relevant data for BCSC

model (N = 30970 527

invasive breast cancers)*

BRCAPRO 0.95(0.87t0 1.03)  0.61 (0.58 to 0.63)
Gail 0.95 (0.87 t0 1.03)  0.63 (0.61 to 0.65)
TC7 0.84 (0.77t00.91)  0.61 (0.59 to 0.64)
TC8 0.78(0.72t00.85)  0.63 (0.60 to 0.65)
BGCSC 0.97 (0.89t0 1.05)  0.64 (0.62 to 0.66)

Sqrt(BS) (95% CI) PPV (95% CI) NPV (95% CI)
0.1328 (0.1284 t0 0.1376)  0.026 (0.023 t0 0.029)  0.987 (0.985 to 0.988)
0.1328 (0.1283 t0 0.1376)  0.029 (0.026 t0 0.032)  0.987 (0.986 to 0.988)
0.1329 (0.1284 t0 0.1377)  0.026 (0.024 t00.029)  0.987 (0.985 to 0.988)
0.1330 (0.1285 t0 0.1377)  0.026 (0.024 t0 0.028)  0.987 (0.986 to 0.989)

0.1292 (0.1241t0 0.1346)  0.025 (0.022 t0 0.028)  0.987 (0.985 to 0.988)
0.1291 (0.1241t0 0.1344)  0.027 (0.024 t00.030) ~ 0.987 (0.986 to 0.989)
0.1292 (0.1242 t0 0.1345)  0.025 (0.022 t0 0.027)  0.987 (0.986 to 0.989)
0.1294 (0.1242 t0 0.1345)  0.024 (0.022 t0 0.027)  0.988 (0.987 to 0.990)
0.1290 (0.1240 t0 0.1344)  0.029 (0.026 t0 0.032)  0.988 (0.987 to 0.989)

*Younger than age 75 years; breast density data available; no prior mastectomy or implants. AUC = area under the receiver operating characteristic curve; BCSC =
Breast Cancer Surveillance Consortium; BS = Brier score; CI = confidence interval; NPV = negative predictive value; O/E = observed-to-expected ratio; PPV = positive

predictive value; Sqrt = square root; TC = Tyrer-Cuzick.

slightly higher AUC than the Gail model did for 10-year risk
(0.57 vs 0.55) (21). Another study from a general population co-
hort of over 60 000 women in the United Kingdom compared the
5-year performance of Gail and TC (29). In this cohort, Gail
underestimated risk in women aged younger than 50 years and
was well calibrated for women aged older than 50, whereas TC
overestimated risk in both subgroups. TC had a higher AUC
than Gail did in both subgroups.

In our study, the Gail and BCSC models had slightly better
AUCs and calibration than the TC model did, although confi-
dence intervals overlapped. This may be because the Gail and
BCSC models were developed among US women, whereas much
of the data used to develop TC were from non-US populations.
Also, because the population comes from a mammography
clinic rather than a high-risk clinic, the more comprehensive
evaluation of family history used by the BRCAPRO, TC, and Claus
models did not provide additional predictive accuracy for most
women compared with the simple summary of family history
used by Gail and BCSC models. We had limited data on unaf-
fected relatives, so risk estimates for BRCAPRO and TC may be
different than if a full pedigree was available. Prior work suggests
that this can lead to overestimation of risk if no adjustment is
made for missing unaffected relatives, but this has little impact
on discrimination (30). By default, BRCAPRO imputes the number
and ages of unaffected relatives in families with none reported,
potentially reducing the effect on calibration. Simpler family his-
tory may suffice for a screening population, whereas the more
extensive family history likely has greater value in the context of
genetic counseling for women with extensive family histories.

Though the AUC values were comparable across most mod-
els, the correlation of risk estimates was only moderate. This
highlights that various models identify different subgroups of
women as high risk, and an individual may be identified as high
risk by one model and not another. This is not surprising be-
cause the models use different risk factors and were developed
on different training populations. Gail and BCSC consider mainly
reproductive and hormonal risk factors; Claus and BRCAPRO rely
exclusively or almost exclusively on detailed family history in-
formation; and TC combines reproductive and hormonal risk
factors with detailed family history information. Future work

should evaluate whether combinations of models that are not
highly correlated may yield better estimation of risk.

Our results suggest better predictive accuracy for ER/PR+
cancers than HER2+ and triple-negative breast cancers, though
our sample sizes were small. A study of the Women’s Health
Initiative showed that the Gail model predicted ER+ breast can-
cers, but not ER— breast cancers (24). Because ER+ cancers are
far more common than ER— cancers, the models are trained to
learn risk factors related primarily to ER+ disease. It is increas-
ingly clear that both etiology and incidence patterns vary by
tumor subtype. Leveraging these differences may allow recali-
bration of existing models or creation of new models that esti-
mate risk for different breast cancer subtypes to increase
predictive accuracy.

Our study is the largest to simultaneously assess the perfor-
mance of the BRCAPRO, Gail, TC, BCSC, and Claus models in a
screening setting in the United States. Virtually every woman
who receives a mammogram at Newton-Wellesley Hospital first
completes a comprehensive breast cancer risk assessment,
which provided a large, unselected clinical population with de-
tailed risk information on which to evaluate the models.

Despite these strengths, several limitations must be consid-
ered. Missing information on unaffected relatives may have af-
fected risk estimates for BRCAPRO and TC, especially the
calibration of these models. Another widely used family his-
tory-based breast cancer risk prediction model is BOADICEA
(31), but we did not include BOADICEA in our analyses because
of the lack of easily accessible software for offline use. Our anal-
ysis highlights the inherent difficulty in comparing accuracy
across models, which vary in their exclusion criteria and han-
dling of missing data. We attempted to compare models across
similar populations using measures of both discrimination and
calibration. Additionally, the screening population was rela-
tively young, with 42.4% of women in their 40s. Results may not
generalize to older women. However, women in their 40s may
derive the most benefit from risk assessment, so having a large
sample in this key age group could also be viewed as a strength.
Furthermore, we assessed 6-year risk, but additional studies are
needed to evaluate model performance for longer-term risk
estimates, particularly because breast magnetic resonance
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Table 4. Model performance by family history

Model O/E (95% CI)
No family history of breast
or ovarian cancer in first- or
second-degree relatives
(N =22 927, 64%, 343
invasive breast cancers)
BRCAPRO 0.82 (0.74 to 0.91)
Gail 0.95 (0.86 to 1.06)
TC7 0.99 (0.89 to 1.10)
TC8 0.93 (0.84 to 1.03)

One first- or second-degree
family member with breast
or ovarian cancer (N = 9391,
26%, 186 invasive breast cancers)

BRCAPRO 1.02 (0.88 to 1.16)
Gail 0.93 (0.80 to 1.06)
TC7 0.77 (0.66 to 0.87)
TCS 0.73 (0.62 t0 0.82)

Two or more first- or second-degree
family members with breast or
ovarian cancer (N = 3603, 10%,
118 invasive breast cancers)

BRCAPRO 1.40 (1.20 to 1.65)
Gail 1.19 (1.03 to 1.41)
TC7 0.89 (0.7 to 1.06)
TC8 0.83 (0.71 t0 0.98)

Among women with relevant data
for Claus model (N = 11 873, 278
invasive breast cancers; 52 ductal
carcinoma in situ)*

BRCAPRO 1.18 (1.03 to 1.31)
Gail 1.02 (0.89 to 1.13)
TC7 0.79 (0.69 to 0.88)
TCS 0.74 (0.64 t0 0.82)
Claust 1.69 (1.48 to 1.87)

AUC (95% CI)

0.59 (0.57 to 0.62)
0.61 (0.58 to 0.64)
0.58 (0.54 to 0.61)
0.59 (0.56 to 0.62)

0.61 (0.57 to 0.64)
0.63 (0.58 to 0.66)
0.62 (0.58 to 0.66)
0.62 (0.58 to 0.66)

0.60
0.61
0.56
0.56

0.55 to 0.65)
0.57 to 0.65)
0.51 to 0.61)
0.51 to 0.60)

—_— =~ =

0.62 (0.59 to 0.65)
0.64 (0.60 to 0.67)
0.63 (0.60 to 0.66)
0.63 (0.60 to 0.66)
0.59 (0.56 to 0.62)

Sqrt(BS) (95% CI)

0.1214 (0.1155 to 0.1281
0.1213 (0.1154 to 0.1280)
0.1214 (0.1155 to 0.1281
0.1213 (0.1155 to 0.1281

ez

0.1392 (0.1288 to 0.1478)
0.1390 (0.1286 to 0.1476)
0.1392 (0.1289 to 0.1477)
0.1394 (0.1293 to 0.1480)

0.1779 (0.1647 to 0.1935)
0.1784 (0.1658 to 0.1937)
0.1783 (0.1657 to 0.1935)
0.1787 (0.1662 to 0.1939)

0.1510 (0.1414 to 0.1590)
0.1510 (0.1415 to 0.1590)
0.1511 (0.1418 to 0.1590)
0.1514 (0.1422 to 0.1591)
0.1646 (0.1543 to0 0.1731)
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PPV (95% CI)

0.022
0.024
0.023
0.022

0.019 to 0.026)
0.020 to 0.028)
0.018 to 0.027)
0.019 to 0.026)

—_ = =

0.028 (0.023 to 0.034)
0.028 (0.023 to 0.034)
0.024 (0.021 to 0.028)
0.024 (0.021 to 0.028)

0.042 (0.032 to 0.051)
0.043 (0.035 to 0.052)
0.035 (0.029 to 0.041)
0.035 (0.029 to 0.041)

0.033 (0.027 to 0.038)
0.033 (0.028 t0 0.037)
0.028 (0.024 to 0.031)
0.028 (0.024 to 0.031)
0.039 (0.031 to 0.046)

495

NPV (95% CI)

0.989
0.988
0.986
0.987

0.987 to 0.990
0.986 to 0.989
0.985 to 0.988
0.986 to 0.989

Ps

0.985 (0.982 to 0.988)
0.987 (0.984 to 0.990)
0.989 (0.985 to 0.992)
0.989 (0.985 to 0.992)

0.977 (0.970 to 0.983)
0.981 (0.974 to 0.987)
0.982 (0.969 to 0.993)
0.979 (0.967 to 0.990)

0.983 (0.980 to 0.986)
0.985 (0.982 to 0.989)
0.991 (0.987 to 0.994)
0.989 (0.986 to 0.992)
0.975 (0.972 to 0.978)

*Aged younger than 79 years with at least one first- or second-degree relative with breast cancer or at least one first-degree relative with ovarian cancer.
tValidated against diagnosis of ductal carcinoma in situ or invasive breast cancer. AUC = area under the receiver operating characteristic curve; BS = Brier score; CI =
confidence interval; NPV = negative predictive value; O/E = observed-to-expected ratio; PPV = positive predictive value; Sqrt = square root; TC = Tyrer-Cuzick.

Table 5. Model performance by Ashkenazi Jewish ancestry*

Model

O/E (95% CI)

AUC (95% CI)

Sqrt(BS) (95% CI)

PPV (95% ClI)

NPV (95% CI)

Ashkenazi Jewish women (N =5 165 114
invasive breast cancers)

BRCAPRO 0.95 (0.79 to 1.12) 0.61 (0.56 to 0.67) 0.1466 (0.1343 to 0.1586

Gail 1.13 (0.95 to 1.34) 0.66 (0.60 to 0.71) 0.1465 (0.1338 to 0.1586

TC7 0.98 (0.81 to 1.16) 0.60 (0.55 to 0.67) 0.1468 (0.1344 to 0.1587

TC8 0.91 (0.75 to 1.08) 0.63 (0.57 to 0.69) 0.1468 (0.1345 to 0.1587
Non-Ashkenazi Jewish women or

unknown ancestry (N = 30 756,

N =533 invasive

breast cancers)

BRCAPRO 0.94 (0.87 to 1.01) 0.61 (0.58 to 0.63) 0.1304 (0.1259 to 0.1350

Gail 0.95 (0.88 to 1.02) 0.63 (0.61 to 0.65) 0.1304 (0.1258 to 0.1350

TC7 0.88 (0.82 t0 0.94) 0.61 (0.59 to 0.64) 0.1304 (0.1259 to 0.1351

TC8 0.83 (0.77 to 0.89) 0.62 (0.59 to 0.64) 0.1305 (0.1260 to 0.1352

=22

0.029
0.037
0.032
0.031

—_— = =

) 0.026 (0.023 to 0.029
) 0.028 (0.025 to 0.032
) 0.025 (0.022 to 0.028
) 0.025 (0.022 to 0.028

0.023 to 0.036
0.028 to 0.046
0.024 to 0.039
0.024 to 0.039

=s==22

0.985 (0.981 to 0.990)
0.986 (0.982 to 0.990)
0.985 (0.980 to 0.989)
0.987 (0.982 to 0.991)

0.987
0.987
0.987
0.987

0.986 to 0.988
0.986 to 0.989
0.985 t0 0.988
0.986 to 0.989

PN NN

*AUC = area under the receiver operating characteristic curve; BS = Brier score; CI = confidence interval; NPV = negative predictive value; O/E = observed-to-expected
ratio; PPV = positive predictive value; Sqrt = square root; TC = Tyrer-Cuzick.

|w)
e}
s
2
o
o
Q
@
Q
=
o
3
=
f==
©
(7]
2
o
Q
©
Q
®
3
o
o
C
©
Q
o
3
—
>
Q.
=
)
=
Q
©
e
=
ry
N
N
o

Zzozsnbny 1z



>
=
=
0
=
]

496 | JNCIJ Natl Cancer Inst, 2020, Vol. 112, No. 5

Table 6. Model performance by age*

Model O/E (95% CI) AUC (95% CI) Sqrt(BS) (95% CI) PPV (95% CI) NPV (95% CI)
Aged younger than 50y (N = 15 230 193
invasive breast cancers)
BRCAPRO 1.03 (0.92 to 1.18) 0.58 (0.54 to 0.62) 0.1118 (0.1054 to 0.1198) 0.026 (0.014 to 0.039) 0.988 (0.986 to 0.989)
Gail 0.95 (0.84 to 1.09) 0.62 (0.57 to 0.66) 0.1117 (0.1052 to 0.1196) 0.029 (0.022 to 0.037) 0.989 (0.987 to 0.991)
TC7 0.79 (0.70 to 0.91) 0.60 (0.56 to 0.63) 0.1119 (0.1056 to 0.1198) 0.021 (0.017 to 0.026) 0.989 (0.988 to 0.991)
TC8 0.76 (0.67 to 0.87) 0.60 (0.56 to 0.64) 0.1119 (0.1057 t0 0.1199) 0.02 (0.016 to 0.023) 0.99 (0.987 to 0.991)
Aged 50y or older (N = 20 691,
N = 454 invasive breast cancers)
BRCAPRO 0.91 (0.84 to 0.99) 0.58 (0.55 to 0.61) 0.1464 (0.1405 to 0.1526) 0.026 (0.024 to 0.029) 0.985 (0.982 to 0.988)
Gail 0.99 (0.91 to0 1.08) 0.61 (0.58 to 0.63) 0.1464 (0.1405 to 0.1527) 0.029 (0.027 to 0.032) 0.984 (0.982 to 0.987)
TC7 0.95 (0.88 to 1.04) 0.59 (0.57 to 0.61) 0.1464 (0.1404 to 0.1526) 0.028 (0.025 to 0.031) 0.983 (0.981 to 0.986)
TC8 0.89 (0.81 t0 0.97) 0.60 (0.57 to 0.63) 0.1466 (0.1406 to 0.1528) 0.028 (0.025 to 0.031) 0.985 (0.983 to 0.987)

*AUC = area under the receiver operating characteristic curve; BS = Brier score; CI = confidence interval; NPV = negative predictive value; O/E = observed-to-expected

ratio; PPV = positive predictive value; Sqrt = square root; TC = Tyrer-Cuzick.

Table 7. Performance of breast cancer risk-assessment models by tumor subtype*

Model AUC (95% CI)

Sqrt(BS) (95% CI)

PPV (95% CI) NPV (95% CI)

Estrogen receptor/ progesterone
receptor+ HER2— (395 invasive
breast cancers)

BRCAPRO 0.64 (0.61 to 0.67)
Gail 0.65 (0.63 to 0.68)
TC7 0.62 (0.59 to 0.64)
TC8 0.63 (0.60 to 0.66)
HER2+ (42 invasive breast cancers)
BRCAPRO 0.51 (0.41 to 0.59)
Gail 0.50 (0.39 to 0.59)
TC7 0.55 (0.44 to 0.64)
TC8 0.57 (0.47 to 0.66)
Triple-negative (64 invasive breast cancers)
BRCAPRO 0.55 (0.49 to 0.63)
Gail 0.60 (0.54 to 0.68)
TC7 0.55 (0.49 to 0.63)
TGS 0.52 (0.45 to 0.61)

0.1051 (0.1005 to 0.1094) ( ) ( )
0.1050 (0.1004 to 0.1094) ( ) ( )
0.1053 (0.1007 t0 0.1097)  0.016 (0.014t0 0.018)  0.992 (0.991 to 0.993)
0.1056 (0.1010 to 0.1099) ( ) ( )

0.018 (0.015 to 0.020
0.019 (0.016 to 0.022

0.993 (0.991 to 0.994
0.992 (0.991 to 0.993

0.017 (0.015 to 0.019 0.993 (0.991 to 0.994

0.0399 (0.0356 t0 0.0447)  0.001 (0.001t00.002)  0.999 (0.998 to 0.999)
0.0398 (0.0355 t0 0.0448)  0.001 (0.001t0 0.002)  0.999 (0.998 to 0.999)
0.0408 (0.0365 t0 0.0456)  0.002 (0.001t0 0.003)  0.999 (0.999 to 0.999)
0.0421 (0.0381 t0 0.0468)  0.002 (0.001t0 0.002)  0.999 (0.999 to 0.999)
0.0467 (0.0419 t0 0.0507)  0.002 (0.002t0 0.003)  0.999 (0.998 to 0.999)
0.0466 (0.0417 t0 0.0506)  0.003 (0.002t0 0.004)  0.999 (0.998 to 0.999)
0.0475 (0.0427 t0 0.0515)  0.002 (0.001 t0 0.003)  0.998 (0.998 to 0.999)
0.0487 (0.0440 t0 0.0526)  0.002 (0.001t0 0.003)  0.998 (0.998 to 0.999)

*AUC = area under the receiver operating characteristic curve; BS: = Brier score; CI = confidence interval; HER = human epidermal growth factor receptor; NPV = nega-
tive predictive value; PPV = positive predictive value; Sqrt = square root; TC = Tyrer-Cuzick.

imaging recommendations are based on lifetime risk. Finally,
our study population was predominantly white, and additional
studies in nonwhite populations are warranted.

Our results are reassuring in that the BRCAPRO, Galil, TC, and
BCSC models have similar calibration and predictive accuracy in a
mammography screening population. However, model discrimi-
nation is only modest, and this modest discrimination in conjunc-
tion with the time and difficulty of obtaining risk factors have led
to limited adoption of breast cancer risk-assessment models out-
side of high-risk clinics. Employing technology that can electroni-
cally obtain risk factors and automatically calculate risk will be
key to enabling adoption of personalized screening approaches.
Additionally, improving risk models by adding risk factors or by
differentiating risk by tumor subtypes may further improve risk
prediction and thereby lead to increased use of breast cancer risk-
assessment models in routine clinical care.
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