
UCLA
UCLA Previously Published Works

Title
Variability Among Breast Cancer Risk Classification Models When Applied at the Level of 
the Individual Woman.

Permalink
https://escholarship.org/uc/item/5vn729mb

Journal
Journal of General Internal Medicine, 38(11)

Authors
Paige, Jeremy
Lee, Christoph
Wang, Pin-Chieh
et al.

Publication Date
2023-08-01

DOI
10.1007/s11606-023-08043-4
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5vn729mb
https://escholarship.org/uc/item/5vn729mb#author
https://escholarship.org
http://www.cdlib.org/


Vol.:(0123456789)

Variability Among Breast Cancer Risk Classification Models 
When Applied at the Level of the Individual Woman
Jeremy S. Paige, MD, PhD1, Christoph I. Lee, MD, MS, MBA2, Pin‑Chieh Wang, PhD3, 
William Hsu, PhD1, Adam R. Brentnall, PhD4, Anne C. Hoyt, MD1, Arash Naeim, MD, PhD5, and 
Joann G. Elmore, MD, MPH6 

1Department of Radiology, University of California, Los Angeles, CA, USA; 2Department of Radiology, University of Washington School 
of Medicine, Seattle, WA, USA; 3Department of Medicine, Division of General Internal Medicine and Health Services Research, David 
Geffen School of Medicine, and Office of Health Informatics and Analytics, University of California, Los Angeles, Los Angeles, USA; 4Centre 
for Evaluation and Methods, Wolfson Institute of Population Health, Charterhouse Square, Queen Mary University of London, London, UK; 
5Division of Hematology and Oncology, Department of Medicine, David Geffen School of Medicine, University of California, Los Angeles, 
CA, USA; 6Department of Medicine, Division of General Internal Medicine and Health Services Research and the National Clinician 
Scholars Program, David Geffen School of Medicine, University of California, Los Angeles, 1100 Glendon Ave, Ste. 900, Los Angeles, 
CA 90024, USA

BACKGROUND: Breast cancer risk models guide 
screening and chemoprevention decisions, but the 
extent and effect of variability among models, particu-
larly at the individual level, is uncertain.
OBJECTIVE: To quantify the accuracy and disagree-
ment between commonly used risk models in categoriz-
ing individual women as average vs. high risk for devel-
oping invasive breast cancer.
DESIGN: Comparison of three risk prediction models: 
Breast Cancer Risk Assessment Tool (BCRAT), Breast 
Cancer Surveillance Consortium (BCSC) model, and 
International Breast Intervention Study (IBIS) model.
SUBJECTS: Women 40 to 74 years of age presenting 
for screening mammography at a multisite health sys-
tem between 2011 and 2015, with 5-year follow-up for 
cancer outcome.
MAIN MEASURES: Comparison of model discrimina-
tion and calibration at the population level and inter-
model agreement for 5-year breast cancer risk at the 
individual level using two cutoffs (≥ 1.67% and ≥ 3.0%).
KEY RESULTS: A total of 31,115 women were included. 
When using the ≥ 1.67% threshold, more than 21% of 
women were classified as high risk for developing breast 
cancer in the next 5 years by one model, but average 
risk by another model. When using the ≥ 3.0% thresh-
old, more than 5% of women had disagreements in risk 
severity between models. Almost half of the women 
(46.6%) were classified as high risk by at least one of 
the three models (e.g., if all three models were applied) 
for the threshold of ≥ 1.67%, and 11.1% were classified 
as high risk for ≥ 3.0%. All three models had similar 
accuracy at the population level.
CONCLUSIONS: Breast cancer risk estimates for indi-
vidual women vary substantially, depending on which 
risk assessment model is used. The choice of cutoff 
used to define high risk can lead to adverse effects for 
screening, preventive care, and quality of life for misi-
dentified individuals. Clinicians need to be aware of the 
high false-positive and false-negative rates and variation 
between models when talking with patients.

KEY WORDS: breast cancer; risk models; screening; mammography; 
chemoprevention
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INTRODUCTION
Breast cancer risk models estimate a woman’s risk of devel-
oping invasive breast cancer over a defined period, most 
commonly 5 years. These models have been developed and 
validated at a population level,1 and their use for individual 
patients in clinical practice is encouraged. These risk models 
differ in the number and weighting of variables included in 
their calculations. While age is the strongest predictor in 
all models, other components are variable and may include 
family history, genetic carrier status, and nongenetic risk 
factors such as breast density and previous breast biopsy.2 
These commonly used risk prediction models have similar 
accuracy and good discrimination when assessed in large 
populations.3–5

While current breast cancer risk assessment tools work 
well at a population level, little attention has been paid to 
how they perform at an individual level or to the impact 
of different thresholds for defining high risk. As we move 
toward a precision medicine approach in healthcare, these 
risk models are increasingly being used to identify women 
who would benefit from  chemoprevention6–11 and supple-
mental MRI screening.12–15 In 2019, the US Preventive 
Services Task Force recommended that clinicians offer 
risk-reducing medications, such as tamoxifen, raloxifene, 
or aromatase inhibitors, to women who are at high risk for 
breast cancer in the next 5 years and at low risk for adverse 
medication effects.10 While prior recommendations and 
clinical trials have supported using a 5-year risk cutoff of 
1.67%, the Task Force in 2019 recommended a new cutoff of 
3%. Previous publications have not adequately assessed the 
variation in risk estimates for the ≥ 3.0% 5-year threshold 
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at the level of the individual. The few studies evaluating 
differences in model performance at the level of the indi-
vidual woman have used small sample sizes and only evalu-
ate lifetime risk,16,17 or report results for a 5-year threshold 
of ≥ 1.67%.18 Since key screening and medical intervention 
decisions are based on a woman’s estimated risk of devel-
oping invasive breast cancer, a consistent and accurate risk 
estimate is essential.

The objective of this study was to evaluate the accuracy 
and extent of disagreement of three common clinical risk 
models at the individual level when using these two different 
cutoffs (≥ 1.67% and ≥ 3.0%) to define high risk of breast 
cancer at 5 years. We focused on the models most likely 
to be used across all clinical specialties including, impor-
tantly, primary care and general internal medicine provid-
ers. The three risk models evaluated in this paper are the 
Breast Cancer Risk Assessment Tool (BCRAT, also called 
the Gail model),19 the Breast Cancer Surveillance Consor-
tium (BCSC),20,21 and the International Breast Intervention 
Study (IBIS, also called the Tyrer-Cuzick model).22 The 
BCRAT and IBIS are thought to be the two most commonly 
used models in clinical practice in the USA.23,24 Moreover, 
these three models all have readily accessible simple online 
calculators and are recommended for use in primary care.25 
In addition to assessing inter-model disagreement at the level 
of the individual, we used a subset of women with long-term 
cancer outcomes from cancer registry linkage to assess the 
accuracy of the risk models, as well as model calibration and 
discrimination at the population level.

METHODS
Data from UCLA Health, a diverse, multisite US health system 
serving a large geographic region of Southern California, were 
used for this study. Data were collected as part of the Athena 
Breast Health Network, a statewide quality improvement ini-
tiative across the University of California medical and cancer 
centers.26 Women participated at the time of mammography 
screening by completing informed consent and digital surveys 
that assessed their health history, lifestyle behaviors, and family 
history of cancer (IRB #10-001083). If a woman had multiple 
mammography examinations during the study period and thus 
filled out multiple surveys, the earliest most complete survey 
with the least amount of missing information was used. Over-
all, 50 variables were extracted from the survey and electronic 
health record to generate a dataset to use for the three risk mod-
els in this study. The key variables are listed in Table 1 and 
Supplementary Table 1. As data on body mass index (BMI) and 
mammographic density were not included in the original self-
reported survey data, we acquired these data from participants’ 

Table 1  Patient Characteristics and Risk Factors for Women 
Presenting for Screening Mammography Between 2011 and 2015 

(N = 31,115)

Unless otherwise indicated, data are number of patients with percent-
ages in parentheses. Age is recorded in years
NA not applicable, SD standard deviation
*Data are means ± standard deviation, with range in parentheses

Characteristic All patients (N = 31,115)

Age, mean ± SD (range)* 55.3 ± 9.6 (40–74)
Age at menarche, mean ± SD (range)* 12.7 ± 1.5 (9–17)
Age at first live birth, mean ± SD (range)* 31.9 ± 7.3 (19–41)
Age groups
   40–49 10,350 (33.3%)
   50–59 9699 (31.2%)
   60–69 8335 (26.8%)
   70–74 2731 (8.8%)
Race or ethnicity
   Non-Hispanic White 16,776 (53.9%)
   Non-Hispanic Black 2545 (8.2%)
   Hispanic 3053 (9.8%)
   Asian 3418 (11.0%)
   Other 2718 (8.7%)
   Unknown 2605 (8.4%)
Age at menarche
   11 and younger 5844 (18.8%)
   12–13 17,168 (55.2%)
   More than 13 8103 (26.0%)
Body mass index (kg/m2)
   18–24 14,007 (45.0%)
   25–29 6552 (21.1%)
   30 and above 5066 (16.3%)
   Unknown 5490 (17.6%)
Age at first live birth
   < 20 1914 (6.2%)
   20–24 3334 (10.7%)
   25–29 5667 (18.2%)
   30 and above 9087 (29.2%)
   Nulliparous 10,754 (34.6%)
   Unknown 359 (1.2%)
Menopausal status
   Pre-menopausal 10,950 (35.2%)
   Peri-menopausal 1268 (4.1%)
   Post-menopausal 18,110 (58.2%)
   Unknown 787 (2.5%)
Menopausal hormone therapy use
   Never or unknown 29,412 (94.5%)
   Ever 1703 (5.5%)
Personal history of benign breast disease
   No 3278 (10.5%)
   Yes 235 (0.8%)
   Unknown 27,602 (88.7%)
Mammographic density
   Almost entirely fatty 4445 (14.3%)
   Scattered fibroglandular 16,181 (52.0%)
   Heterogeneously dense 8397 (27.0%)
   Extremely dense 2092 (6.7%)
Result of biopsy
   No prior biopsy 27,335 (87.9%)
   Prior biopsy but diagnosis unknown 3545 (11.4%)
   Atypical hyperplasia 235 (0.8%)
First-degree relatives with breast cancer
   0/NA 26,158 (84.1%)
   1 4619 (14.8%)
   2 and above 338 (1.1%)
Second-degree relatives with breast cancer
   0/NA 23,995 (77.1%)
   1 5923 (19.0%)
   2 and above 1197 (3.8%)
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electronic health records. We calculated BMI by using height 
and weight recorded within 1 year of the survey date. Mam-
mographic density (BI-RADSTM) was acquired from the mam-
mography report. If multiple mammography screening exams 
were available for a woman, we used the one closest to the date 
when the woman completed the survey.

All women aged 40 to 74 years presenting for screening 
mammography between January 1, 2011, and December 31, 
2015, were considered for inclusion for the primary analysis. 
For a subgroup of women who entered the study from 2011 
to 2013, a minimum of five full years of follow-up data were 
available and breast cancer outcome data for these women 
were collected from the health system and regional cancer 
registry linkage. For women with invasive breast cancer, the 
last follow-up date is the date of diagnosis. For non-cancer 
cases, a full 5 years of follow-up data were available from 
the date of their survey. We identified 382 cases of invasive 
cancer in these asymptomatic women presenting for screen-
ing mammograms, of which 16 women died within 5 years, 
making the 5-year survival 97%. This 5-year survival is simi-
lar to that reported in other studies reporting the survival of 
women with invasive breast cancer detected by screening 
mammography.27–29

The study population included a mix of women on annual 
and biennial screening intervals, with more women screened 
in the health system in later years as capacity expanded. 
Patients were offered enrollment into the Athena Breast 
Health Network at each screening exam; therefore, patients 
may have only answered the survey questionnaire once but 
may still have had more than one subsequent screening exam 
during the study period. Women were excluded from our 
analysis if they had a previous diagnosis of invasive breast 
cancer or ductal carcinoma in situ (DCIS), prior breast aug-
mentation, or prior mastectomy.

BCRAT software (Breast Cancer Risk Assessment SAS 
Macro, Version 4, Gail Model) was downloaded from the 
National Institute of Health, Division of Cancer Epidemiol-
ogy & Genetics.30 BCSC software was downloaded from 
the Breast Cancer Surveillance Consortium.31 IBIS soft-
ware (IBIS Breast Cancer Risk Evaluation Tool, version 8) 
was downloaded from the Wolfson Institute of Preventative 
Medicine.32 Missing data for the IBIS model were prepared 
according to the instructions provided on the IBIS website 
(https:// ems- trials. org/ riske valua tor/).

Statistical Analysis
Five-year breast cancer risk was calculated using the three 
different models for each woman. Women were divided into 
average- or high-risk groups for 5-year risk estimates using 
the cutoffs of ≥ 1.67% and ≥ 3.0%, the two values used by 
clinicians when considering chemoprevention treatment rec-
ommendations.10 The “average-risk” group includes what are 
likely to be both low- and average-risk women, two terms that 

are not well defined for 5-year risk by the existing models. 
Therefore, for the purpose of this study, we have grouped any 
women who were not high risk under the term “average risk.”

We describe self-reported demographics and key breast 
cancer risk factors obtained at the time of imaging. Two-
sided hypothesis testing on descriptive statistics employed 
chi-squared testing for categorical variables and non-para-
metric Wilcoxon test for continuous variables. We calcu-
lated population-level model performance based on calibra-
tion and discrimination for the subset of women with full 
cancer outcome data at 5 years. We assessed each model’s 
ability to discriminate between women who did and did not 
develop invasive breast cancer within 5 years by estimating 
and testing for differences in the C-statistic and plotting ROC 
curves. Calibration was assessed using both observed prob-
ability and predicted scores for 5-year breast cancer outcome 
from three models and plots by risk decile. Expected value 
is calculated as the sum of the predicted 5-year absolute 
risk estimated from each risk model. Observed value and 
the 95% confidence interval were calculated for a Poisson 
distribution. To compare binary 5-year risk between breast 
cancer risk models, we describe pairwise comparison in 2 
× 2 tables. SAS version 9.4 (SAS Institute, NC) was used to 
perform all statistical analyses.

RESULTS
Over the 5-year study period, 48,980 women presenting for 
mammography were surveyed, of which 36,438 women met 
the eligibility criteria for risk models, with 85.4% (31,115) 
of eligible women having the minimum recorded risk data to 
run all three models (age, age at menarche, breast density, and 
history of breast biopsy [Supplementary Figure 1]). The clini-
cal variables included in each risk model and percentage with 
complete data for each risk factor are shown in Supplementary 
Table 1. Overall, 26,170 women (84.1%) had complete data 
on the 7 BCRAT risk factors, 26,391 (84.8%) had complete 
data on the 5 BCSC risk factors, and 26,170 (84.1%) had com-
plete risk factor data for both BCRAT and BCSC models. No 
woman in our cohort had complete data for the IBIS model, 
which uses 84 questions about immediate and non-immediate 
family members as inputs. Among the subgroup of women 
who had 5 years of follow-up (N = 11,589), 382 (3.3%) had 
an invasive breast cancer diagnosis within 5 years.

Patient Characteristics and Population‑Level 
Breast Cancer Risk Assessment
Characteristics of the 31,115 women are shown in Table 1. 
For the overall population, the percentage of women identified 
as having ≥ 1.67% 5-year risk for developing invasive breast 
cancer was 35.5%, 20.0%, and 27.4% for BCRAT, BCSC, and 
IBIS, respectively, while the percent identified as having ≥ 3.0% 
5-year risk was 6.6%, 2.6%, and 6.6%, respectively, for the same 
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three models (Table 2). To test for the impact of missing data, 
a sensitivity analysis was conducted to examine the high-risk 
proportion for patients with complete data (N = 26,170) for both 
the BCRAT and BCSC models. The percentages of 5-year high 
risk from this complete data were similar to that from the full 
data (Supplementary Table 2).

Discordance Between the Models at the 
Level of the Individual
Pairwise comparisons of the individual women’s 5-year risk 
estimates across the three risk models are shown in Figure 1. 

When the risk cutoff was ≥ 1.67%, and two models were used, 
more than one in five women received a different risk classi-
fication (discordance values ranging from 21.0 to 26.0%). For 
example, when comparing the risk estimates from BCSC ver-
sus BCRAT models, 23.6% discordance was noted (i.e., almost 
one in four women were labeled “high risk” by one model but 
not the other). IBIS versus BCRAT models had 26.0% discord-
ance. IBIS versus BCSC models had 21.0% discordance. When 
using the cutoff of ≥ 3.0% and two models were used, more 
than 5% of women received a different risk classification (with 
discordance values ranging from 5.7 to 7.9%).

Table 2  Five-Year Risk Estimates for Women Assessed Across Three Different Breast Cancer Risk Models (N = 31,115)

Data are number of patients with percentages in parentheses
BCRAT  Breast Cancer Risk Assessment Tool, BCSC Breast Cancer Surveillance Consortium, IBIS International Breast Cancer Intervention Study 
model

Risk model Cutoff ≥ 1.67% Cutoff ≥ 3.0%

Average risk (< 1.67%) High risk (≥ 1.67%) Average risk (< 3.0%) High risk (≥ 3.0%)

BCRAT 20,069 (64.5%) 11,046 (35.5%) 29,067 (93.4%) 2048 (6.6%)
BCSC 24,903 (80.0%) 6212 (20.0%) 30,295 (97.4%) 820 (2.6%)
IBIS 22,604 (72.6%) 8511 (27.4%) 29,052 (93.4%) 2063 (6.6%)

Panel a. Dashed lines in the scatter plots indicate a 1.67% cutoff for binary 
classification of high- vs. average-risk.

      BCSC vs. BCRAT
           23.6% Discordance

           IBIS vs. BCSC
           21.0% Discordance

          BCRAT vs. IBIS
           26.0% Discordance

Panel b. Dashed lines in the scatter plots indicate a 3.0% cutoff for binary classification 
of high- vs. average-risk.

         BCSC vs. BCRAT
        5.7% Discordance

         IBIS vs. BCSC
        6.3% Discordance

       BCRAT vs. IBIS
       7.9% Discordance
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Figure 1  Pairwise comparisons of an individual woman’s risk of being told she is at “high risk” of a breast cancer diagnosis within 5 
years when using the three commonly used risk models (N = 31,115). * Panel a. Dashed lines in the scatter plots indicate a 1.67% cutoff for 

binary classification of high- vs. average-risk. Panel b. Dashed lines in the scatter plots indicate a 3.0% cutoff for binary classification of 
high- vs. average-risk. *The sum of the percentages may not add up to 100% due to rounding. 
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Agreement of the risk model results for individual women 
identified as high risk within 5 years on one, two, or all three 
of the models is shown in Figure 2. When evaluating the 
individual’s risk of being categorized as high risk using all 
three models, and using a cutoff of ≥ 1.67%, 46.6% (14,495) 
of women were identified as having high 5-year risk by at 
least one of the models, 24.9% (7761) were identified as 
having high 5-year risk on at least two of the models, and 
11.3% (3513) were identified as having high 5-year risk by 
all three models. The proportion of women noted as high risk 
for the cutoff point of ≥ 3.0% was lower, with 11.1% (3445) 
of women identified as having high 5-year risk by at least 
one of the models, 3.6% (1127) by at least two models, and 
1.2% (359) by all three models.

Accuracy of Risk Classification in the 
Subgroup of Women with 5 Years of 
Follow‑Up
All three models performed similarly at a population level 
with similar discriminatory power and calibration plots 
in the subgroup of women with 5 years of follow-up data 
(Fig. 3 and Supplementary Figure 2). Supplementary Table 3 
summarizes baseline characteristics between women with 
and without subsequent breast cancer diagnosis.

The accuracy of classifications when using these risk mod-
els is shown in Table 3. When using the ≥ 1.67% threshold, 
the sensitivity of the models ranged from 37.7 to 56.3% and 
specificity ranged from 63.7 to 77.9%. As an example, when 
the BCRAT was applied to the 11,589 women, about half of 

Figure 2  Agreement of breast cancer risk model results for individual women identified as high risk within 5 years on at least one of the 
breast cancer risk prediction models (N = 31,115). The Venn diagram at the bottom presents data for all women identified as high risk by 

at least one model, using shaded overlapping regions to represent the Boolean operation. The size of each Venn diagram circle corresponds 
to the number of women identified as high risk by each risk model. 
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the women diagnosed with breast cancer within 5 years were 
correctly identified as high risk using the ≥1.67% threshold 
(215/382; true-positive rate: 56.3%) while over 4000 women 
who did not develop invasive breast cancer were classified 
as high risk (false-positive rate: 36.3%). When using the 
more conservative ≥ 3.0% cutoff, the sensitivity of the three 
models dropped to a range of 6.3 to 17.0% and specificity 
increased to a range of 91.3 to 96.7%. When the BCRAT 
was used, a much smaller number of women with breast 
cancer were identified as high risk (49/382; 12.8%), thus 
misclassifying most of the women with breast cancer, yet 
there was also a much smaller number of women who did 
not develop invasive breast cancer incorrectly classified as 
high risk using this cut-point (N = 740; 6.6%).

DISCUSSION
Breast cancer risk models are increasingly used in clinical 
care to provide more personalized, risk-based screening and 
prevention recommendations. In our analysis, we found sub-
stantial variability in categorizing individuals as high risk for 
developing invasive breast cancer based on the risk model 
and the 5-year cutoff used. Thus, women are likely receiv-
ing vastly different recommendations depending on which 
breast cancer risk model is used and which cutoff is used to 
define “high risk.” While these models perform similarly 
at the population level, as noted in our study and in prior 
studies,3–5,18,33,34 our analyses highlight marked disagree-
ment between models in who they identify as “high risk.” 
For example, more than 20% of women would be classified 
as high risk of developing invasive breast cancer in the next 
5 years by one model but average risk by a second model if 
using the ≥ 1.67% threshold. We found that if all three mod-
els were used, almost half of women would be considered 
at high 5-year risk by at least one model when using the ≥ 
1.67% cutoff. However, most women will not be diagnosed 
with breast cancer within 5 years, thus leading to many 
women being incorrectly classified as high risk.

These findings highlight the tradeoff of sensitivity and 
inaccurate classification as being “high risk” when using the 
two different thresholds currently recommended to define 
high risk. For example, when using the ≥ 1.67% cutoff for 
considering chemoprevention, about half of the women 
diagnosed with a future breast cancer might be correctly 
identified as high risk, yet many more women will be falsely 
classified as high risk. When using the more conservative ≥ 
3.0% cutoff, there will be a much smaller number of women 
incorrectly classified as high risk, yet most of the women 
with a future breast cancer diagnosis will be missed.

We focused on the BCRAT, BCSC, and IBIS models as 
they are commonly used models, readily accessible online, 
and recommended for use in primary care.23–25 In contrast, 
more specialized models such as BOADICEA (CanRisk) 

Figure 3  Receiver operating characteristic curve (ROC curve) 
illustrating the similar population-level performance of the three 
models for 5-year breast cancer risk prediction (N = 11,589 with 

5 years of follow-up data). 

Table 3  Accuracy of 5-Year Breast Cancer Risk Prediction by Model in the Subgroup of Women with 5 Years of Follow-Up Data (N = 
11,580)

Data are percentages with 95% confidence intervals in parentheses
BBCRAT  Breast Cancer Risk Assessment Tool, BCSC Breast Cancer Surveillance Consortium, IBIS International Breast Cancer Intervention Study 
model

Risk model Sensitivity Specificity Positive predictive value Negative predictive value

≥ 1.67% cutoff for binary classification of 5-year high vs. average risk
   BCRAT 56.3 (51.3–61.3) 63.7 (62.8–64.6) 5.0 (4.4–5.7) 97.7 (97.4–98.1)
   BCSC 37.7 (32.8–42.6) 77.9 (77.1–78.6) 5.5 (4.6–6.4) 97.3 (97.0–97.7)
   IBIS 46.9 (41.9–51.9) 68.8 (68.0–69.7) 4.9 (4.2–5.6) 97.4 (97.1–97.8)
≥ 3.0% cutoff for binary classification of 5-year high vs. average risk
   BCRAT 12.8 (9.5–16.2) 93.4 (92.9–93.9) 6.2 (4.5–7.9) 96.9 (96.6–97.2)
   BCSC 6.3 (3.8–8.7) 96.7 (96.4–97.1) 6.2 (3.8–8.5) 96.8 (96.5–97.1)
   IBIS 17.0 (13.2–20.8) 91.3 (90.8–91.8) 6.2 (4.8–7.7) 97.0 (96.7–97.3)
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and BRCAPRO, while well validated, are recommended for 
use by genetics specialists or designed to assess the prob-
ability of specific genetic risk factors.35–38 Whether or not 
our findings of variable high-risk categorization at the indi-
vidual level holds across these additional models should be 
explored in future studies.

While the current practice of shared decision-making 
based on women’s breast cancer risk estimates from these 
commonly used risk models is not precise, newer risk 
models are being developed. Some models are now includ-
ing information on breast cancer susceptibility genes and 
genetic susceptibility variants, while several recent studies 
suggest that quantitative imaging biomarkers and artificial 
intelligence algorithms might also supplement or supplant 
the current, subjective clinical risk assessment tools.39–42 
Risk prediction based on objective imaging-based deep 
learning breast cancer risk models has the potential to 
remove the subjectivity involved with the use of self-
reported risk information that currently drives risk-based 
screening and prevention practices.43,44 However, these 
new tools require having had a screening mammography 
examination and thus may not be useful to assess risk in 
the context of deciding what age to start screening.45

This study has several limitations. The cohort was 
drawn from women enrolled in a longitudinal screen-
ing study. Although we had extensive risk factor data 
on many participants, some family history was missing 
as was data on polygenetic risk scores. Despite this, the 
percentage of women identified as high risk was simi-
lar for both those with complete and incomplete (mini-
mum required) data for the BCRAT and BCSC models, 
suggesting that the most impactful risk factors were 
recorded for most women. Moreover, we suspect that 
the results based on the minimum number of risk factors 
required to calculate each model are more representa-
tive of how these models are likely used in real-world 
clinical practice, where risk factor data are typically 
self-reported. Several prior studies have demonstrated 
inconsistencies in a woman’s accuracy at remember-
ing age of menstruation and other historical data.46,47 
Finally, BCRAT and BCSC were developed to evaluate 
risk of invasive breast cancer, yet IBIS was developed 
to evaluate risk of invasive or ductal carcinoma in situ. 
In order to compare across models, we used the outcome 
of invasive breast cancer only for all three models.48,49

Our study has multiple strengths. First, we considered 
the differences in model performance at the individual 
level. The few studies that have done this are limited by 
small sample size, did not evaluate disagreement between 
models when a woman uses more than one risk model, 
or did not provide comparative evaluation using the more 
conservative 5-year risk threshold of ≥ 3.0%. Our analysis 
also uses data from a large racially and ethnically diverse 
population of women.

In summary, we noted substantial discordance in how 
three commonly used clinical risk models predicted 5-year 
invasive breast cancer risk, especially when using the cut-
off of ≥ 1.67% to define high risk. While risk models are 
generally considered useful in determining eligibility for 
high-risk screening and intervention at the population 
level, they may be less useful for guiding discussions about 
screening and interventions at the individual level. Our 
findings highlight the risk of a blanket approach to using 
risk prediction models to inform individual-level medical 
screening and treatment decisions. Future research efforts 
are necessary to improve on the ability of these risk models 
to inform shared decision-making for individual patients.

Corresponding Author: Joann G. Elmore, MD, MPH; Department of 
Medicine, Division of General Internal Medicine and Health Services 
Research and the National Clinician Scholars Program, David Geffen 
School of Medicine, University of California, Los Angeles, 1100 Glendon 
Ave, Ste. 900, Los Angeles, CA, 90024, USA (e-mail: jelmore@mednet.
ucla.edu).       
 
Supplementary Information The online version contains supplementary 
material available at https:// doi. org/ 10. 1007/ s11606- 023- 08043-4.

IRB The Athena Breast Health Network is a statewide quality-
improvement initiative across the University of California medical 
and cancer centers (IRB #10-001083).

Role of the Funder Funders had no role in the design and con-
duct of the study; no role in the collection, management, analysis, 
and interpretation of the data; no role in the preparation, review, or 
approval of the manuscript; and no role in the decision to submit the 
manuscript for publication.

Author Contribution J. Paige contributed to the conception and 
design; the acquisition, analysis, and interpretation of the data; and 
the drafting of and critically revising the manuscript for important 
intellectual content. C. Lee provided substantial contributions to the 
conception and design of the work, the analysis and interpretation of 
the data, and drafting and critically revising the manuscript. P. Wang 
contributed to the conception and design, the acquisition, analysis, 
and interpretation of the data, and drafting and critically revising the 
manuscript. W. Hsu contributed to the acquisition and interpretation 
of the data and critically revising the manuscript for important intel-
lectual content. A. Hoyt contributed to the validation and interpreta-
tion of the data, and provided critical manuscript revisions including 
breast imaging perspective. A. Brentnall contributed to the interpre-
tation of the data and critically revising the manuscript. A. Naeim 
contributed to the acquisition of the data and critically revising the 
manuscript. J. Elmore contributed to the conception and design, the 
acquisition, analysis, and interpretation of the data, and drafting 
and critically revising the manuscript. All authors provided final 
approval of the version to be published, and agree to be account-
able for all aspects of the work in ensuring that questions related to 
the accuracy or integrity of any part of the work are appropriately 
investigated and resolved.

Funding This work was supported in part by the Program Leader 
Vision Award from the UCLA Jonsson Comprehensive Cancer Center 
to J.G.E., the National Cancer Institute at the National Institutes of 
Health (R37 CA240403), UCLA Jonsson Comprehensive Cancer 
Center study recruitment funding, University of California Office 
of the President Multi-campus Research Programs and Initiatives 
Grant, and a generous donation from the Safeway Foundation.

Data Availability The data underlying this article cannot be shared 
publicly due to privacy and ethical considerations for the individuals 

2590

https://doi.org/10.1007/s11606-023-08043-4


Paige et al.: Breast Cancer Risk ClassificationJGIM

that participated in the study. The data will be shared on reasonable 
request to the corresponding author.

Declarations 

Conflict of Interest Dr. J. G. Elmore serves as Editor-in-Chief of Pri-
mary Care (Adult) topics at UpToDate. Dr. C. I. Lee receives textbook 
royalties from Oxford University Press, UpToDate, Inc., and McGraw 
Hill, Inc.; previously received personal fees from GRAIL, Inc. for work 
on a data safety monitoring board; and receives personal fees from 
the American College of Radiology for journal editorial board work; 
all outside the submitted work. Dr. W. Hsu has received a research 
grant support from Siemens Medical Solutions. Dr. A. Brentnall re-
ports receiving royalty payments from licenses for commercial use of 
the IBIS algorithm, through Cancer Research UK.

Disclaimer Pin-Chieh Wang, University of California, Los Angeles, 
conducted the data analysis. P. Wang had full access to all the data 
in the study and takes responsibility for the integrity of the data and 
the accuracy of the data analysis.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in 
this article are included in the article’s Creative Commons licence, 
unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http:// creat iveco 
mmons. org/ licen ses/ by/4. 0/.

REFERENCES

 1. Brentnall AR, Cuzick J. Risk models for breast cancer and their valida-
tion. Stat Sci 2020;35(1):14-30.

 2. Cintolo-Gonzalez JA, Braun D, Blackford AL, et al. Breast cancer risk 
models: a comprehensive overview of existing models, validation, and 
clinical applications. Breast Cancer Res Treat 2017;164(2):263-284.

 3. McCarthy AM, Guan Z, Welch M, et al. Performance of breast cancer 
risk-assessment models in a large mammography cohort. J Natl Cancer 
Inst 2020;112(5):489-497.

 4. Terry MB, Liao Y, Whittemore AS, et al. 10-year performance of 
four models of breast cancer risk: a validation study. Lancet Oncol 
2019;20(4):504-517.

 5. Li SX, Milne RL, Nguyen-Dumont T, et al. Prospective evalua-
tion over 15 years of six breast cancer risk models. Cancers (Basel) 
2021;13(20):5194.

 6. Fisher B, Costantino JP, Wickerham DL, et al. Tamoxifen for preven-
tion of breast cancer: report of the national surgical adjuvant breast and 
bowel project P-1 study. J Natl Cancer Inst 1998;90(18):1371-1388.

 7. Cuzick J, Sestak I, Cawthorn S, et al. Tamoxifen for prevention of 
breast cancer: extended long-term follow-up of the IBIS-I breast cancer 
prevention trial. Lancet Oncol 2015;16(1):67-75.

 8. Vogel VG, Costantino JP, Wickerham DL, et al. Effects of tamoxifen 
vs raloxifene on the risk of developing invasive breast cancer and other 
disease outcomes: the NSABP study of tamoxifen and raloxifene (STAR) 
P-2 trial. JAMA. 2006;295(23):2727-2741.

 9. Rockhill B, Spiegelman D, Byrne C, Hunter DJ, Colditz GA. Valida-
tion of the Gail et al. Model of breast cancer risk prediction and impli-
cations for chemoprevention. J Natl Cancer Inst 2001;93(5):358-366.

 10. U. S. Preventive Services Task Force. Medication use to reduce risk 
of breast cancer: US preventive services task force recommendation 
statement. JAMA. 2019;322(9):857-867.

 11. Smith SG, Sestak I, Forster A, et al. Factors affecting uptake and 
adherence to breast cancer chemoprevention: a systematic review and 
meta-analysis. Ann Oncol 2016;27(4):575-590.

 12. Smith RA, Andrews KS, Brooks D, et al. Cancer screening in the 
United States, 2019: A review of current American Cancer Society 
guidelines and current issues in cancer screening. CA Cancer J Clin 
2019;69(3):184-210.

 13. Saslow D, Boetes C, Burke W, et al. American cancer society guide-
lines for breast screening with MRI as an adjunct to mammography. CA 
Cancer J Clin 2007;57(2):75-89.

 14. Expert Panel on Breast Imaging, Mainiero MB, Moy L, et al. ACR 
appropriateness Criteria® breast cancer screening. J Am Coll Radiol 
2017;14(11S):S383-S390.

 15. Monticciolo DL, Newell MS, Moy L, Niell B, Monsees B, Sickles EA. 
Breast cancer screening in women at higher-than-average risk: recom-
mendations from the ACR. J Am Coll Radiol 2018;15(3 Pt A):408-414.

 16. Niell BL, Augusto B, McIntyre M, et al. Distribution of estimated 
lifetime breast cancer risk among women undergoing screening mam-
mography. AJR Am J Roentgenol 2021;217(1):48-55.

 17. Ozanne EM, Drohan B, Bosinoff P, et al. Which risk model to use? 
Clinical implications of the ACS MRI screening guidelines. Cancer Epi-
demiol Biomark Prev 2013;22(1):146-149.

 18. McCarthy AM, Liu Y, Ehsan S, et al. Validation of breast cancer risk 
models by race/ethnicity, family history and molecular subtypes. Can-
cers (Basel) 2021;14(1): 45.

 19. Costantino JP, Gail MH, Pee D, et al. Validation studies for models 
projecting the risk of invasive and total breast cancer incidence. J Natl 
Cancer Inst 1999;91(18):1541-1548.

 20. Tice JA, Cummings SR, Smith-Bindman R, Ichikawa L, Barlow WE, 
Kerlikowske K. Using clinical factors and mammographic breast den-
sity to estimate breast cancer risk: development and validation of a new 
predictive model. Ann Intern Med 2008;148(5):337-347.

 21. Tice JA, Bissell MCS, Miglioretti DL, et al. Validation of the breast 
cancer surveillance consortium model of breast cancer risk. Breast 
Cancer Res Treat 2019;175(2):519-523.

 22. Tyrer J, Duffy SW, Cuzick J. A breast cancer prediction model 
incorporating familial and personal risk factors. Stat Med 
2004;23(7):1111-1130.

 23. Quante AS, Whittemore AS, Shriver T, Strauch K, Terry MB. Breast 
cancer risk assessment across the risk continuum: genetic and non-
genetic risk factors contributing to differential model performance. 
Breast Cancer Res 2012;14(6):R144.

 24. Amir E, Freedman OC, Seruga B, Evans DG. Assessing women at 
high risk of breast cancer: a review of risk assessment models. J Natl 
Cancer Inst 2010;102(10):680-691.

 25. Schonberg MA, Karamourtopoulos M, Pinheiro A, et al. Variation 
in breast cancer risk model estimates among women in their 40s seen 
in primary care. J Women’s Health (Larchmt) 2022;31(4):495-502.

 26. Elson SL, Hiatt RA, Anton-Culver H, et al. The athena breast health 
network: developing a rapid learning system in breast cancer pre-
vention, screening, treatment, and care. Breast Cancer Res Treat 
2013;140(2):417-425.

 27. Rodes ND, Lopez MJ, Pearson DK, Blackwell CW, Lankford HD. 
The impact of breast cancer screening on survival. A 5- to 10-year 
follow-up study. Cancer. 1986;57(3):581-585.

 28. Lehtimaki T, Lundin M, Linder N, et al. Long-term prognosis of 
breast cancer detected by mammography screening or other methods. 
Breast Cancer Res 2011;13(6):R134.

 29. Joensuu H, Lehtimaki T, Holli K, et al. Risk for distant recurrence of 
breast cancer detected by mammography screening or other methods. 
JAMA. 2004;292(9):1064-1073.

 30. National Cancer Institute Division of Cancer Epidemiology & 
Genetics. Breast Cancer Risk Assessment SAS Macro (Version 4, 
Gail Model). https:// dceg. cancer. gov/ tools/ risk- asses sment/ bcras 
asmac ro. Accessed 12 Jan 2022

 31. Breast Cancer Surveillance Consortium (BCSC). Breast Cancer 
Surveillance Consortium Risk Calculator (V 2.0) Web site. https:// 
tools. bcsc- scc. org/ BC5ye arRisk. Published. 2015. Accessed 12 Jan 
2022

 32. IBIS Breast Cancer Risk Evaluation Tool (V8) (v8.0b September 
2017). http:// www. ems- trials. org/ riske valua tor/. Accessed 12 Jan 
2022

 33. Palmer JR, Zirpoli G, Bertrand KA, et al. A validated risk predic-
tion model for breast cancer in US Black women. J Clin Oncol 
2021;39(34):3866-3877.

2591

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://dceg.cancer.gov/tools/risk-assessment/bcrasasmacro
https://dceg.cancer.gov/tools/risk-assessment/bcrasasmacro
https://tools.bcsc-scc.org/BC5yearRisk
https://tools.bcsc-scc.org/BC5yearRisk
http://www.ems-trials.org/riskevaluator/


Paige et al.: Breast Cancer Risk Classification JGIM

 34. Guan Z, Huang T, McCarthy, AM, et al. Combining breast cancer 
risk prediction models. arXiv preprint arXiv:200801019. 2020.

 35. Lee A, Mavaddat N, Wilcox AN, et al. BOADICEA: a comprehensive 
breast cancer risk prediction model incorporating genetic and non-
genetic risk factors. Genet Med 2019;21(8):1708-1718.

 36. Carver T, Hartley S, Lee A, et al. CanRisk Tool-A web interface for 
the prediction of breast and ovarian cancer risk and the likelihood 
of carrying genetic pathogenic variants. Cancer Epidemiol Biomark 
Prev 2021;30(3):469-473.

 37. Archer S, Babb de Villiers C, Scheibl F, et al. Evaluating clini-
cian acceptability of the prototype CanRisk tool for predicting risk 
of breast and ovarian cancer: A multi-methods study. PLoS One 
2020;15(3):e0229999.

 38. Berry DA, Iversen ES, Jr., Gudbjartsson DF, et al. BRCAPRO 
validation, sensitivity of genetic testing of BRCA1/BRCA2, and 
prevalence of other breast cancer susceptibility genes. J Clin Oncol 
2002;20(11):2701-2712.

 39. Tehranifar P, Wei Y, Terry MB. Less is more-ways to move forward for 
improved breast cancer risk stratification. Cancer Epidemiol Biomark 
Prev 2021;30(4):587-589.

 40. Lang K, Hofvind S, Rodriguez-Ruiz A, Andersson I. Can artificial 
intelligence reduce the interval cancer rate in mammography screen-
ing? Eur Radiol 2021;31(8):5940-5947.

 41. Behravan H, Hartikainen JM, Tengstrom M, Kosma VM, 
Mannermaa A. Predicting breast cancer risk using interacting 
genetic and demographic factors and machine learning. Sci Rep 
2020;10(1):11044.

 42. Yala A, Mikhael PG, Strand F, et al. Multi-institutional validation 
of a mammography-based breast cancer risk model. J Clin Oncol 
2021:JCO2101337.

 43. Yala A, Mikhael PG, Strand F, Lin G, Smith K, Wan YL, Lamb 
L, Hughes K, Lehman C, Barzilay R. Toward robust mam-
mography-based models for breast cancer risk. Sci Transl Med 
2021;13(578):eaba4373.

 44. Lehman CD, Mercaldo S, Lamb LR, King TA, Ellisen LW, Specht M, 
Tamimi RM. Deep learning vs traditional breast cancer risk models 
to support risk-based mammography screening. J Natl Cancer Inst 
2022;114(10):1355-1363.

 45. Hendrix N, Hauber B, Lee CI, Bansal A, Veenstra DL. Artificial intel-
ligence in breast cancer screening: primary care provider preferences. 
J Am Med Inform Assoc 2021;28(6):1117-1124.

 46. Must A, Phillips SM, Naumova EN, et al. Recall of early menstrual 
history and menarcheal body size: after 30 years, how well do women 
remember? Am J Epidemiol 2002;155(7):672-679.

 47. Lundblad MW, Jacobsen BK. The reproducibility of self-reported age 
at menarche: The Tromso study. BMC Womens Health 2017;17(1):62.

 48. Gail MH. Twenty-five years of breast cancer risk models and their appli-
cations. J Natl Cancer Inst 2015;107(5): djv042.

 49. Brentnall AR, Harkness EF, Astley SM, et al. Mammographic den-
sity adds accuracy to both the Tyrer-Cuzick and Gail breast cancer 
risk models in a prospective UK screening cohort. Breast Cancer Res 
2015;17(1):147.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

2592


	Variability Among Breast Cancer Risk Classification Models When Applied at the Level of the Individual Woman
	Anchor 2
	Background: 
	Objective: 
	Design: 
	Subjects: 
	Main Measures: 
	Key Results: 
	Conclusions: 

	INTRODUCTION
	METHODS
	Statistical Analysis

	RESULTS
	Patient Characteristics and Population-Level Breast Cancer Risk Assessment
	Discordance Between the Models at the Level of the Individual
	Accuracy of Risk Classification in the Subgroup of Women with 5 Years of Follow-Up

	DISCUSSION
	References




