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Abstract
Background
Biennial screening is generally recommended for average-risk women aged 50 to 74
years, but tailored screening may provide greater benefits.

Objective
To estimate outcomes for various screening intervals after age 50 based on breast density
and risk for breast cancer.

Design
Collaborative simulation modeling using national incidence, breast density, and screening performance data.

Setting
United States

Patients
Women aged 50 years or older with various combinations of breast density and relative
risk (RR) of 1.0, 1.3, 2.0, or 4.0.

Interventions
Annual, biennial, or triennial digital mammography screening from ages 50 to 74 years
(vs. no screening) and ages 65 to 74 years (vs. biennial digital mammography from ages
50 to 64 years)

Measurements
Lifetime breast cancer deaths, life expectancy and quality-adjusted life-years (QALYs),
false-positive mammograms, benign biopsy results, overdiagnosis, cost-effectiveness,
and ratio of false-positive results to breast cancer deaths averted

Results
Screening benefits and overdiagnosis increase with breast density and RR. False-positive
mammograms and benign results on biopsy decrease with increasing risk. Among
women with fatty breasts or scattered fibroglandular density and an RR of 1.0 or 1.3,
breast cancer deaths averted were similar for triennial versus biennial screening for both
age groups (50 to 74 years, median of 3.4 to 5.1 vs. 4.1 to 6.5 deaths averted; 65 to 74
years, median of 1.5 to 2.1 vs. 1.8 to 2.6 deaths averted). Breast cancer deaths averted
increased with annual versus biennial screening for women aged 50 to 74 years at all
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levels of breast density and an RR of 4.0, and those aged 65 to 74 years with heterogeneously or extremely dense breasts and an RR of 4.0. However, harms were almost 2-fold
higher. Triennial screening for the average-risk subgroup and annual screening for the
highest-risk subgroup cost less than $100 000 per QALY gained

Limitations
Models did not consider women younger than 50 years, those with an RR less than 1, or
other imaging methods.

Conclusions
Average-risk women with low breast density undergoing triennial screening and higherrisk women with high breast density receiving annual screening will maintain a similar
or better balance of benefits and harms than average-risk women receiving biennial
screening.

Primary Funding Source
National Cancer Institute
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Introduction
Debate surrounding breast cancer screening for women in their 40s continues; however,
there is a greater consensus about U.S. guidelines for average-risk women 50 or older
(1, 2), with groups now recommending biennial mammography from ages 50 or 55 to 74
years (3, 4). Biennial screening is supported by clinical trials (5, 6), observational studies
(5, 7), and modeling results (8). Present recommendations also acknowledge that implementing screening in clinical practice should involve shared decision making to consider
preferences, risk levels, and breast density (3, 4). However, data to guide clinicians and
women in making personalized decisions about screening intervals based on such factors
are limited.
Observational data (7, 9) and modeling studies (10, 11) suggest that annual screening
may be more effective than biennial screening for women at high risk for breast cancer
due to dense breasts and other risk factors, further, triennial screening may retain most
of the benefit of biennial screening but may be less harmful and more cost-effective for
low-risk women with low density. However, past empirical research on alternative screening intervals did not include mortality outcomes (12). Moreover, most prior modeling
studies have relied on single models (10, 11), data on film-screen mammography and
older treatment regimens (10, 11, 13), and did not consider changes in breast density as
women age (10), or triennial intervals (8).
To fill this gap, the Cancer Intervention and Surveillance Modeling Network (14)
collaborating with the Breast Cancer Surveillance Consortium (BCSC) (a longstanding
network of 6 U.S. breast imaging registries with links to tumor and pathology registries
(15)), used 3 well-established models to evaluate various screening intervals for digital
mammography among subgroups of women based on age, risk, and breast density.
Outcomes were projected for women aged 50 (or 65) years who were deciding whether
to initiate (or continue) biennial screening until age 74 years or to have annual or triennial
screening. Study results are intended to inform discussions about implementing tailored
breast cancer screening intervals to maximize screening benefits while minimizing harms.

Methods
Overview of Breast Cancer Screening Strategies
The study included the following 3 microsimulation models: Model E (Erasmus Medical
Center, Rotterdam, Netherlands), Model GE (Georgetown University Medical Center,
Washington, DC; and Albert Einstein College of Medicine, Bronx, New York), and Model
W (University of Wisconsin–Madison, Madison, Wisconsin; and Harvard Medical School,
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Boston, Massachusetts). These models were either exempt from human subjects review
or approved by review boards at each institution.
The models used a lifetime horizon to evaluate screening strategies for 2 populations,
women aged 50 years who were starting screening for the first time and those aged 65
years who had received biennial screening from ages 50 to 64 years. We selected these
populations because there is a consensus on screening women in their 50s and because
at age 65 years, increases in competing mortality risks and decreases in breast density
might alter the balance of benefits and harms.
Strategies for each age group varied by screening interval (annual, biennial, and triennial) and were compared with no screening. These intervals were applied to population
subgroups based on combinations of the following 4 breast density levels, as defined by
the American College of Radiology’s Breast Imaging Reporting and Data System: almost
entirely fat (“a”), scattered fibroglandular density (“b”), heterogeneously dense (“c”), or
extremely dense (“d”) (16)], and 4 exemplar relative risk (RR) levels, which incorporated
risk factors other than breast density. These levels represent common risk factors considered alone or in combination: 1.0 (average), 1.3 (for example, postmenopausal obesity)
(17-27), 2.0 (for example, history of benign breast biopsy results), and 4.0 (history of
lobular carcinoma in situ) (25-29) (Appendix Table 1). Populations with risk suggestive
of mutations in breast cancer susceptibility genes 1 and 2 were not included in these
analyses.

Model Overview
The models shared common inputs but used different structures and underlying assumptions (Appendix Table 2) (8, 14). They started with estimates of age-specific breast cancer incidence (31) and survival trends specific to breast cancer stage, estrogen receptor
(ER) status, and human epidermal growth factor receptor 2 (HER2) status (30) all without
screening or adjuvant treatment. Incidence in the absence of screening was calibrated
from an age–period–cohort model that accounted for changes in underlying risk (for
example, secular patterns in postmenopausal hormone use) (31). Tumors had a range
of preclinical periods during which they could be detected by screening (that is, sojourn
times). Data on screening and ER/HER2-specific adjuvant treatment were added to generate breast cancer–specific incidence and mortality (14). Models have been validated
using data from the U.K. Age trial During the preclinical detectable period, screening
could result in the identification and treatment of earlier-stage or smaller tumors and
lead to a reduction in breast cancer mortality reduction (Appendix Figure 1). All models
assumed that a portion of ductal carcinoma in situ lesions was non-progressive and
nonlethal; model W also considered that some types of small invasive cancer would not
progress.
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Model Input Parameters
The models used a common set of age-specific variables for population demographics
(32), breast cancer natural history and risk (30, 31, 33-36), digital mammography (37, 38),
breast density, treatment (39-41), mortality (30), costs (42, 43), and quality of life (Table 1
and Appendix Table 2) (14, 44-46). Each model also included parameters to represent
preclinical detectable times, lead time, and age- and ER/HER2-specific stage distribution
in screen- versus non–screendetected cancer based on each model’s specific structure.
These model-specific parameters were based on assumptions about combinations of
values that reproduced U.S. trends in breast cancer incidence and breast cancer–specific
mortality from 1975 to 2010 in the SEER (Surveillance, Epidemiology, and End Results)
program (47). To isolate the effect of various screening strategies, all models assumed
100% adherence to screening and receipt of the most effective treatment. The population
included women born in 1970 and followed until death. This birth cohort was chosen because these women experience modern conditions (for example, digital mammography
performance, treatment effectiveness, and competing mortality) and for consistency with
recent collaborative modeling reports (8). In each simulation, subgroups of women were
followed from age 25 years until death or age 100 years. Subgroups were defined on the
basis of combinations of 4 RR levels (1.0, 1.3, 2.0, and 4.0) and 4 breast density levels,
with the combination of breast density levels and other factors treated multiplicatively.
The risk level modified the underlying breast cancer incidence in the absence of screening. We assumed that risk level was constant over age and did not affect other model
parameters. Women were assigned to either the same breast density category or the
next lower category at ages 50 and 65 years based on observed age-specific prevalence
in the BCSC(27, 48). Density also affected mammography performance (Table 1 and
Appendix Table 3).
Digital mammography sensitivity and specificity were based on age, initial or subsequent screening, screening interval, and breast density using BCSC data (Table 1 and
Appendix Table 3). Models GE and W used these data for calibration, and model E
fit estimates from the BCSC and other sources Specificity data were used to estimate
rates of false-positive mammograms. The BCSC rates of biopsy recommendations were
applied to these estimates to calculate the number of benign biopsy results. Treatment
effectiveness was based on clinical trials and modeled as a reduction in mortality risk
(model GE) or an increase in the proportion cured (models E and W) compared with age-,
stage-, and ER/HER2- specific survival in the absence of therapy (39). Women died of
either breast cancer or other causes.

Screening Outcomes
Primary outcomes were lifetime benefits and harms; secondary outcomes were use of
services and costs. Benefits included breast cancer deaths averted and life-years and
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Table 1 Model Input Parameters
Parameter

Description

Data Source

Population Demographics
Birth cohorts

1970 birth cohort

(32)

Natural History of Breast Cancer
Incidence in the
An age-period-cohort model is used as a starting point for
absence of screening calibration to observed SEER Program rates.

(31)

Stage distribution

Stage distribution among clinically-detected and digital screen- BCSC data from
detected women by age group (<50, 50–64, ≥65 years), screening 1994–2013 (digital
round (first, subsequent), and screening interval (annual, biennial, from 2003–2013)
triennial).

ER/HER2 joint
distribution

Probability of ER/HER2 conditional on age and stage at
diagnosis.

BCSC

Sojourn time

Sojourn time by joint ER/HER2 status and age.

(30)

Mean stage dwell
time/tumor growth
rates

Varies by models; can vary by age and/or ER/HER2 status.

(33-35)

Breast Cancer Screening
Mammography use

Assume all women are screened by digital mammography.

Sensitivity/
detection rates of
digital screening

Sensitivity of initial and subsequent digital mammography by age BCSC
group, screening interval (annual, biennial, triennial), and breast
density. See Appendix Table 3.

(37, 38)

Specificity

False-positive mammograms are calculated as the difference
between the overall number of positive mammograms in a
screening scenario minus the number of positive mammograms
among breast cancer cases.

Prevalence of breast
density

BCSC
Prevalence of breast density (BI-RADS a, b, c, d) by age group.
Density is assigned at age 40 years and can decrease by one level
or remain the same at age 50 years and again at age 65 years.

BCSC

Risk levels for density Risk of breast cancer based on BI-RADS relative to average
density by age group.

BCSC

Risk levels for factors
other than density

(36)

RR=1 is used at the referent for average population. RR=1.3, 2.0,
and 4.0 are used as levels associated with common risk factors.

Breast Cancer Treatment
Treatment use

Assume receipt of and adherence to the most effective available
treatment specific to age, stage and ER/HER2 status.

1997–2010 (40, 41)

Treatment effects

Meta-analyses of clinical trial results.

(39)

Survival
Breast cancer survival 26-year breast cancer survival before adjuvant treatment by joint
ER/HER2 status, age group, and AJCC/SEER stage or tumor size

(30)

Non-breast cancer
mortality

Age- and cohort-specific all-cause mortality rates by year.

Vanness D, Personal
communication, 2015

$138.28

Medicare
reimbursement

Costs
Screening
mammogram

Work-up after falseImaging costs: $141.42 (all ages). Biopsy costs by age: $1,354.05 (42)
positive mammogram for ages 50-64; $1,361.39 for ages 65-74; and $1,442.19 for ages
75-100. Biopsies applied to 10.6% of women screened within each
age group.

7

8

Erasmus Medical Center Rotterdam

Table 1 Model Input Parameters (continued)
Parameter

Description

Work-up after true
By age: $2,154.58 for ages 50-64; $2,166.52 for ages 65-74; and
positive mammogram $1,826.80 for ages 75-100.
Breast cancer
treatment

Data Source
(42)

(43)
By stage during initial treatment: $13,695.67 for DCIS and local
stage; $25,893.77 for regional stage; and $39,990.86 for distant
stage. During the last year of life among women with cancers that
were not cured/progressed, depending on stage at diagnosis:
$37,070.10 for DCIS and local stage; $43,878.64 for regional
stage; and $61,544.91 for distant stage.

Utilities
Healthy women

Age-specific quality of life utilities among women without breast
cancer.

(45)

Screening
mammogram

0.994 for 1 week

(44)

Diagnostics after
0.895 for 5 weeks
positive mammogram
Cancer treatment

(44)

By stage: 0.9 for 2 years for DCIS and local stage; 0.75 for 2 years (46)
for regional stage; and 0.6 until death for distant stage.

Abbreviations: AJCC, American Joint Committee on Cancer; BCSC, Breast Cancer Surveillance Consortium; BI-RADS, Breast Imaging Reporting and Data System; DCIS, ductal carcinoma in situ; ER,
estrogen receptor; HER2, human epidermal growth factor 2; RR, relative risk; SEER, Surveillance,
Epidemiology, and End Results.
Note: Not all models use all parameters; some models use parameters as direct inputs and others
use them as a target for calibration or other estimation (See Appendix Table 2).

quality-adjusted life-years (QALYs) gained. The QALYs were based on utilities for the
general U.S. population estimated both with and without adjustments for having a
screening examination (0.006 for 1 week per examination = –1 hour per examination)
and having a positive screening result and undergoing diagnostic evaluation (0.0105 for
5 weeks = –8.8 hours). We also adjusted for breast cancer treatment (Table 1).
Harms included false-positive mammograms, benign biopsies, and overdiagnosis. The
rate of false-positive mammograms was the number read as abnormal in women without
cancer divided by the total. Benign biopsies were defined as a biopsy recommendation
among women with false-positive screening results (49). Overdiagnosis was defined as
screen-detected cancer that would not have been diagnosed in a woman’s lifetime in the
absence of mammography (14, 50).
Costs (reported in 2014 U.S. dollars) were estimated based on the number of mammograms; evaluation of positive mammograms, including additional imaging or biopsy
among women with cancer and those with false-positive mammograms; and stagespecific cancer treatments based on Medicare reimbursement schedules and published
studies (Table 1).
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Table 2 Lifetime benefits of screening annually, biennially or triennially per 1000 women screened by
relative risk, breast density, and age group across 3 models.
Breast cancer deaths averted vs. no
screening, median (range across models)
Density

Life years gained vs. no screening,
median (range across models) *

RR Triennial

Biennial

Annual

Triennial

Biennial

Annual

1

Extremely
dense

Heterogeneously
dense

Scattered
fibroglandular

Almost
entirely fatty

Ages 50-74†
3.4 (1.8-3.6)

4.1 (2.4-4.3)

4.7 (3.2-5.6)

50 (35-64)

64 (47-73)

84 (62-85)

1.3 4.4 (2.4-4.6)

5.3 (3.1-5.5)

6.0 (4.1-7.1)

64 (46-82)

82 (60-94)

108 (80-109)

2

8.0 (4.8-8.0)

9.1 (6.2-10.3)

94 (69-124)

120 (92-142)

159 (122-163)

6.4 (3.6-7.0)

4

11.0 (7.2-13.1)

13.8 (9.2-15.0)

17.2 (12.0-17.7) 164 (136-235) 209 (177-269) 277 (233-309)

1

4.0 (2.9-5.9)

5.2 (3.8-6.8)

6.9 (5.1-7.9)

59 (56-107)

77 (74-123)

106 (101-143)

1.3 5.1 (3.7-7.5)

6.5 (4.9-8.7)

8.7 (6.6-10.1)

75 (72-137)

97 (95-158)

134 (129-184)

2

9.2 (7.4-12.9)

12.3 (9.9-15.0)

109 (107-204) 144 (139-236) 194 (191-275)

7.2 (5.6-11.2)

4

11.5 (10.8-20.2) 14.7 (13.9-23.3) 19.4 (18.4-27.0) 207 (175-372) 269 (227-430) 360 (308-502)

1

4.8 (3.3-8.4)

6.3 (4.4-9.8)

8.4 (6.1-11.7)

72 (64-149)

94 (86-175)

1.3 6.0 (4.2-10.7)

7.7 (5.6-12.4)

10.4 (7.8-14.8)

90 (82-190)

117 (110-223) 161 (155-267)

2

10.6 (8.3-18.1)

14.3 (11.6-21.6) 124 (122-278) 162 (162-326) 230 (224-392)

8.3 (6.3-15.5)

130 (122-210)

4

12.4 (11.4-26.5) 15.8 (15.1-31.0) 21.0 (20.8-37.1) 221 (192-485) 294 (248-568) 411 (338-685)

1

5.1 (3.1-9.9)

6.5 (4.2-11.7)

8.9 (6.0-14.4)

75 (61-174)

98 (82-206)

1.3 6.2 (4.0-12.5)

8.0 (5.4-14.7)

10.9 (7.7-18.1)

93 (79-219)

122 (106-261) 170 (155-323)

138 (121-255)

2

8.4 (5.9-17.9)

10.8 (7.9-21.1)

14.7 (11.4-26.0) 127 (115-317) 166 (155-376) 231 (226-468)

4

12.0 (10.4-29.3) 15.4 (14.0-34.7) 20.5 (20.2-42.9) 204 (187-534) 277 (242-634) 402 (332-789)

1

1.5 (0.8-1.6)

1.8 (1.0-2.0)

2.3 (1.4-2.4)

16 (11-21)

19 (15-26)

26 (21-31)

1.3 1.9 (1.0-2.0)

2.3 (1.4-2.6)

3.0 (1.9-3.1)

20 (14-27)

24 (19-34)

34 (27-40)

2

2.7 (1.5-3.0)

3.2 (2.1-3.9)

4.3 (2.8-4.4)

28 (20-40)

33 (29-50)

47 (41-59)

4

4.2 (2.6-5.4)

5.1 (3.8-7.0)

6.8 (5.0-8.0)

44 (37-71)

54 (52-92)

73 (73-107)

1

1.7 (1.1-2.3)

2.1 (1.6-2.9)

3.0 (2.2-3.4)

18 (17-30)

23 (22-39)

33 (32-45)

1.3 2.1 (1.5-2.9)

2.6 (2.1-3.7)

3.6 (2.9-4.3)

22 (21-38)

30 (27-49)

42 (39-58)

2

2.9 (2.1-4.2)

3.5 (3.0-5.4)

4.9 (4.1-6.3)

30 (29-55)

43 (36-71)

60 (53-84)

4

4.0 (3.6-7.2)

5.3 (4.9-9.4)

7.2 (6.8-10.9)

50 (41-96)

74 (50-124)

102 (73-146)

1

Extremely
dense

Heterogeneously
dense

Scattered
fibroglandular

Almost
entirely fatty

Ages 65-74‡

2.0 (1.2-3.6)

2.5 (1.8-4.7)

3.6 (2.5-5.7)

21 (17-47)

26 (25-62)

38 (37-75)

1.3 2.5 (1.5-4.5)

3.0 (2.2-5.9)

4.3 (3.2-7.1)

26 (21-59)

32 (31-77)

47 (47-95)

2

3.2 (2.2-6.4)

3.9 (3.2-8.4)

5.5 (4.6-10.1)

33 (31-84)

46 (40-111)

66 (60-135)

4

4.0 (3.6-10.1)

5.4 (4.8-13.3)

7.6 (6.7-16.1)

50 (40-134)

76 (49-176)

109 (72-216)

1

2.0 (1.1-4.3)

2.5 (1.7-5.9)

3.6 (2.4-7.3)

21 (16-57)

26 (24-77)

39 (36-97)

1.3 2.4 (1.4-5.4)

3.0 (2.1-7.3)

4.3 (3.1-9.1)

25 (20-72)

31 (30-96)

46 (45-122)

2

3.0 (2.0-7.5)

3.7 (3.0-10.1)

5.3 (4.4-12.6)

31 (29-99)

43 (38-134)

64 (57-170)

4

3.5 (3.3-11.2)

4.9 (4.3-15.1)

7.3 (6.0-18.9)

46 (36-149)

70 (43-202)

105 (64-257)

Abbreviations: RR, relative risk.
* Life years gained are undiscounted.
† Screening is initiated at age 50.
‡ Women who are currently 65 and have been screened biennially from 50-64.
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Statistical Analysis
For each age group modeled (≥50 and ≥65 years), there were 16 possible population
subgroups based on combinations of breast cancer risk and density. Benefits and harms
for each strategy were compared with no screening for every 1000 women screened. No
screening was assumed to occur before age 50 years in all analyses. Screening strategies
for women aged 65 to 74 years assumed that they received biennial mammography during ages 50 to 64 years. We report the median benefits and harms and the range across
models as a measure of uncertainty. In secondary analyses, the ratio of false-positive
mammograms to breast cancer deaths averted was calculated as a metric of the tradeoffs
of harms to benefits. We also estimated the incremental costs per QALY for each strategy
and population risk–density subgroup. For this estimate, the change in cost was divided
by the change in benefit (for example, QALYs) when each more costly screening strategy
was compared with the strategy with the next lowest cost within the subgroup. Costs and
QALYs were discounted at 3% per year, and QALYs included screening and work-up adjustments. Screening strategies were considered cost-effective with a common threshold
of $100 000 per QALY gained (51).

Role of the Funding Source
The National Cancer Institute funded this research but had no role in the design or
conduct of the study; collection, management, analysis, or interpretation of the data;
preparation, review, or approval of the manuscript; or the decision to submit the manuscript for publication.

Results
The results of all 3 models illustrate that across intervals and age groups, screening (vs.
no screening) (Appendix Table 4, available at www.annals.org) had a greater absolute
benefit in terms of breast cancer deaths averted, life-years gained, and QALYs gained
among 2 groups of women: those with dense breasts and those at higher RR within each
breast density group (Tables 2 and 3). Adjustments for screening harms did not affect the
ordering of screening strategies by QALY.

Women Starting Screening at Age 50
For all screening intervals, as risk and breast density increased, the benefits (breast
cancer deaths averted, life-years gained, and QALYs gained) of screening increased and
the harms (false-positive mammograms and benign biopsy results but not overdiagnosis)
decreased with greater risk (Tables 2 to 4).Among average-risk women with fatty breasts
(RR, 1.0 or 1.3), biennial screening, compared with no screening, in women aged 50 to 74
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Table 3 Lifetime QALY benefits of screening annually, biennially or triennially per 1000 women
screened by relative risk, breast density, and age group with and without screening and work-up
adjustments.
QALYs gained with screening and work-up
adjustments vs. no screening, median
(range across models) *
Density

RR Triennial

QALYs gained without screening and workup adjustments vs. no screening, median
(range across models)*

Biennial

Annual

Triennial

Biennial

Annual

32 (21-44)

41 (29-49)

51 (36-51)

37 (26-50)

48 (35-58)

63 (47-66)

1.3 43 (29-59)

54 (39-66)

69 (50-71)

47 (34-65)

61 (45-75)

80 (61-86)

2

65 (46-93)

82 (63-105)

106 (81-116)

70 (52-99)

89 (69-114)

118 (93-131)

4

118 (98-183)

150 (128-209)

194 (168-234)

123 (103-190)

157 (135-217)

206 (180-249)

1

36 (35-76)

47 (47-86)

60 (60-92)

43 (43-85)

57 (56-99)

78 (78-115)

1.3 48 (47-101)

63 (62-114)

82 (81-126)

55 (55-110)

73 (72-127)

99 (98-148)

2

75 (71-155)

100 (92-178)

132 (123-200)

83 (78-164)

110 (102-190)

149 (140-222)

4

153 (122-292)

199 (158-336)

264 (212-386)

160 (129-301)

209 (168-349)

280 (228-407)

1

44 (40-110)

57 (55-126)

75 (73-143)

52 (49-120)

69 (66-141)

95 (94-169)

1.3 57 (54-143)

74 (74-165)

100 (98-190)

65 (63-153)

85 (85-180)

120 (119-216)

2

86 (83-215)

114 (108-249)

159 (145-292)

94 (91-225)

125 (119-263)

178 (165-317)

4

164 (133-384)

220 (173-448)

305 (233-533)

172 (141-394)

230 (184-461)

322 (251-556)

1

47 (40-131)

62 (54-154)

84 (77-185)

54 (47-140)

71 (64-166)

100 (94-206)

1.3 60 (54-169)

79 (73-199)

108 (104-240)

67 (61-177)

88 (82-211)

124 (120-261)

2

85 (83-248)

112 (112-293)

161 (153-358)

92 (90-257)

121 (121-305)

176 (169-379)

4

154 (129-425)

210 (169-503)

302 (231-622)

161 (136-433)

218 (178-514)

317 (246-641)

9 (6-15)

Extremely
dense

Heterogeneously
dense

Scattered
fibroglandular

Almost
entirely fatty

Ages 50-74†
1

Extremely
dense

Heterogeneously
dense

Scattered
fibroglandular

Almost
entirely fatty

Ages 65-74‡
1

11 (8-18)

15 (11-20)

11 (8-16)

13 (10-21)

19 (15-24)

1.3 12 (8-19)

15 (11-24)

20 (16-27)

14 (10-21)

17 (14-27)

24 (20-31)

2

18 (13-30)

22 (19-38)

29 (26-42)

20 (15-31)

24 (21-40)

34 (30-47)

4

30 (25-55)

37 (36-71)

50 (49-81)

32 (27-57)

39 (38-73)

54 (53-85)

1

10 (10-21)

13 (12-27)

18 (17-29)

13 (13-23)

17 (16-30)

24 (23-36)

1.3 13 (13-28)

18 (16-35)

25 (22-39)

16 (15-30)

22 (19-39)

31 (28-46)

2

28 (23-53)

38 (32-60)

21 (21-44)

31 (26-57)

44 (38-67)

19 (19-42)

4

35 (28-75)

52 (33-96)

71 (47-111)

37 (30-77)

55 (37-99)

77 (53-117)

1

12 (10-35)

15 (14-45)

20 (20-52)

15 (13-38)

19 (18-49)

27 (27-60)

1.3 15 (13-45)

20 (18-58)

27 (26-68)

18 (16-47)

24 (22-62)

35 (33-76)

2

21 (20-65)

30 (25-85)

43 (36-100)

24 (23-67)

34 (29-89)

50 (43-108)

4

35 (27-105)

54 (33-138)

76 (46-167)

38 (30-107)

57 (36-142)

82 (52-174)

1

12 (10-44)

15 (15-58)

21 (21-72)

15 (12-46)

18 (18-62)

27 (27-78)

1.3 15 (13-55)

20 (18-74)

28 (27-91)

18 (15-57)

23 (21-77)

34 (32-98)

2

20 (20-78)

29 (24-104)

43 (35-130)

22 (22-80)

32 (27-107)

48 (41-136)

4

33 (24-118)

51 (29-159)

76 (43-201)

35 (26-120)

53 (32-162)

80 (47-206)

Abbreviations: QALY, quality-adjusted life year; RR, relative risk.
* QALYs gained are undiscounted.
† Screening is initiated at age 50.
‡ Women who are currently 65 and have been screened biennially from 50-64.
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Table 4 Lifetime harms of screening annually, biennially or triennially per 1000 women screened by
relative risk, breast density, and age group
Density
and RR

False-positives vs. no screening,
median (range across models)
Triennial

Biennial

Annual

Ages 50-74†
Almost entirely fatty
1

489 (424-616)

618 (613-858)

1101 (1094-1548)

1.3

484 (420-611)

612 (606-851)

1089 (1081-1536)

2

471 (412-600)

598 (590-836)

1062 (1051-1507)

4

438 (390-571)

564 (547-794)

996 (972-1429)

Scattered areas of fibroglandular density
1

781 (693-935)

1009 (991-1326)

1806 (1776-2440)

1.3

767 (683-922)

994 (972-1309)

1776 (1740-2406)

2

734 (662-894)

963 (929-1267)

1714 (1659-2329)

4

649 (613-818)

888 (818-1158)

1568 (1452-2123)

Heterogeneously dense
1

917 (822-1064)

1197 (1171-1524)

2123 (2080-2829)

1.3

894 (807-1043)

1174 (1141-1493)

2078 (2023-2771)

2

842 (775-995)

1125 (1073-1424)

1984 (1896-2642)

4

715 (703-875)

1016 (906-1248)

1778 (1585-2308)

Extremely dense
1

732 (652-849)

939 (925-1200)

1668 (1647-2225)

1.3

712 (638-827)

917 (898-1169)

1626 (1597-2167)

2

666 (608-780)

872 (839-1102)

1540 (1487-2039)

4

555 (543-663)

776 (697-933)

1359 (1223-1719)

Ages 65-74‡
Almost entirely fatty
1

145 (137-169)

209 (206-227)

413 (395-459)

1.3

142 (135-166)

206 (202-224)

405 (388-453)

2

135 (130-160)

198 (193-217)

387 (373-438)

4

119 (118-145)

178 (169-197)

340 (335-399)

Scattered areas of fibroglandular density
1

230 (225-278)

343 (333-375)

667 (648-757)

1.3

223 (220-271)

335 (322-366)

645 (632-741)

2

209 (206-257)

317 (298-348)

597 (597-704)

4

180 (166-225)

276 (239-299)

520 (480-607)

Heterogeneously dense
1

273 (260-329)

407 (397-432)

794 (760-875)

1.3

262 (250-319)

394 (381-417)

762 (735-845)

2

238 (230-298)

367 (346-384)

693 (684-779)

4

182 (181-254)

302 (264-311)

580 (528-617)

Tailoring screening intervals to breast density and risk

Benign biopsies vs. no screening,
median (range across models)

Over-diagnosis vs. no screening, median (range
across models)*

Triennial

Biennial

Annual

Triennial

Biennial

Annual

79 (68-106)

91 (91-136)

127 (127-191)

11 (9-17)

12 (11-20)

17 (12-24)

78 (67-106)

91 (90-135)

126 (125-190)

12 (11-21)

15 (11-26)

21 (12-31)

76 (66-104)

89 (88-133)

123 (122-187)

17 (11-31)

22 (11-37)

30 (12-44)

71 (63-99)

84 (81-126)

116 (113-177)

27 (11-53)

35 (11-63)

49 (12-75)

126 (111-158)

150 (147-206)

209 (206-296)

13 (11-22)

17 (11-27)

23 (12-35)

123 (110-156)

148 (144-203)

206 (202-292)

16 (11-28)

20 (11-34)

29 (12-44)

118 (107-152)

143 (138-197)

199 (193-283)

21 (10-39)

28 (11-48)

39 (12-62)

105 (99-140)

132 (122-181)

183 (169-259)

31 (11-60)

40 (12-74)

56 (13-95)

163 (146-195)

178 (174-235)

266 (261-365)

16 (10-20)

20 (11-26)

28 (12-38)

159 (144-191)

174 (169-230)

261 (254-358)

19 (10-25)

24 (11-32)

34 (12-46)

150 (138-183)

167 (160-220)

249 (238-342)

25 (10-34)

32 (11-44)

45 (13-63)

128 (126-162)

152 (136-194)

224 (200-301)

32 (11-49)

41 (12-63)

57 (14-89)

130 (116-156)

139 (137-185)

209 (206-288)

16 (10-17)

21 (11-22)

31 (12-32)

127 (113-152)

136 (133-181)

204 (200-281)

19 (10-21)

26 (11-27)

37 (12-39)

119 (108-144)

129 (125-171)

193 (186-265)

26 (10-26)

34 (11-35)

47 (13-53)

99 (97-123)

116 (104-146)

171 (154-225)

32 (10-37)

41 (12-49)

56 (15-74)

22 (20-25)

29 (29-32)

45 (43-51)

5 (4-8)

6 (5-11)

9 (5-13)

21 (20-25)

29 (28-31)

45 (43-50)

7 (4-10)

8 (5-14)

11 (5-17)

20 (20-24)

28 (27-30)

43 (41-48)

9 (4-15)

11 (5-20)

15 (6-25)

18 (18-22)

25 (24-28)

37 (37-44)

14 (5-25)

16 (6-34)

22 (7-41)

34 (34-42)

48 (47-52)

73 (71-83)

7 (4-10)

8 (5-15)

12 (5-20)

33 (33-41)

47 (45-51)

71 (69-81)

8 (4-13)

10 (5-19)

14 (6-24)

31 (31-39)

44 (42-49)

66 (66-77)

11 (5-18)

13 (6-26)

18 (6-34)

27 (25-34)

39 (33-42)

57 (53-67)

14 (5-27)

17 (7-38)

23 (8-50)

46 (44-56)

57 (56-61)

95 (91-105)

8 (4-10)

10 (5-14)

14 (6-20)

45 (43-54)

55 (53-58)

91 (88-101)

10 (5-12)

12 (6-17)

17 (7-25)

41 (39-51)

51 (48-54)

83 (82-93)

12 (5-16)

15 (7-23)

21 (8-33)

31 (31-43)

42 (37-44)

70 (63-74)

13 (6-22)

16 (8-32)

22 (10-46)
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Table 4 Lifetime harms of screening annually, biennially or triennially per 1000 women screened by
relative risk, breast density, and age group (continued)
Density
and RR

False-positives vs. no screening,
median (range across models)
Triennial

Biennial

Annual

Extremely dense
1

202 (187-239)

295 (291-312)

583 (553-631)

1.3

193 (179-231)

284 (279-298)

559 (532-604)

2

175 (161-214)

263 (253-268)

507 (491-544)

4

133 (118-180)

197 (191-221)

404 (383-412)

Abbreviations: RR, relative risk.
* Over-diagnosed cases are defined as cases that would not have been clinically detected in the
absence of screening. The value includes DCIS and invasive over-diagnosis. Over-diagnosis is calculated by comparing cases detected in the screening scenario to those detected in the unscreened
scenario.
† Per 1000 women compared to no screening at any age.
‡ Per 1000 women compared to biennial mammograms 50-64 with no subsequent screening.

years averted a median of 4.1 and 5.3 breast cancer deaths per 1000 women screened,
respectively. In average-risk women with scattered fibroglandular density (RR, 1.0 or 1.3),
biennial screening compared with no screening averted a median of 5.2 and 6.5 breast
cancer deaths, respectively (Table 2). Screening outcomes were similar for triennial screening compared with no screening in average-risk women with low-breast density; for every
1000 women screened, the median number of breast cancer deaths averted ranged from
3.4 to 5.1. Screening triennially compared with biennially for average-risk women with
low breast density resulted in a median ranging from 21% to 23% fewer false-positive
mammograms, 13% to 17% fewer benign biopsies, and 8% to 20% fewer overdiagnosed
cases (Table 4). Among women with fatty breasts (RR, 2.0), triennial screening, compared
with biennial screening, averted a median of 1.6 breast cancer deaths per 1000 screened.
In women with scattered fibroglandular density (RR, 2.0), triennial screening, compared
with biennial screening, averted 2 breast cancer deaths per 1000 women screened. Thus,
1000 women with fatty breasts (RR, 2.0) and 1000 women with scattered fibroglandular
density (RR, 2.0) would have 9 rounds of triennial screening resulting in 6.4 and 7.2 breast
cancer deaths averted, 471 and 734 false-positive mammograms, and 76 and 118 biopsy
results, respectively; for 13 rounds of biennial screening, we noted 8.0 and 9.2 breast
cancer deaths averted, 598 and 963 false-positive mammograms, and 89 and 143 biopsy
results, respectively.
The benefits of more frequent screening increased as density increased and RR increased to 2 or greater. For example, biennial screening, compared with no screening,
among women aged 50 to 74 years in subgroups with an RR of 2 and heterogeneously
dense breasts resulted in a median of 10.6 breast cancer deaths averted and 1125

Tailoring screening intervals to breast density and risk

Benign biopsies vs. no screening,
median (range across models)

Over-diagnosis vs. no screening, median (range
across models)*

Triennial

Biennial

Annual

Triennial

Biennial

Annual

34 (32-41)

41 (41-44)

70 (66-76)

7 (4-9)

10 (6-11)

15 (7-17)

33 (30-39)

40 (39-42)

67 (64-72)

9 (5-10)

12 (6-13)

18 (7-20)

30 (27-36)

37 (35-37)

61 (59-65)

12 (5-12)

15 (7-17)

21 (9-27)

23 (20-31)

28 (27-31)

49 (46-49)

12 (6-16)

14 (9-24)

20 (11-38)

false-positive mammograms per 1000 women screened. If these women received annual
rather than biennial screening, a median of 3.7 more deaths could have been averted;
however, false-positive mammograms would increase almost 2-fold (1984 vs. 1125 falsepositive mammograms per 1000 women screened). Breast cancer deaths averted per
1000 women screened were highest with annual screening for women ages 50 to 74
years with all levels of breast density and an RR of 4.0; averted deaths ranged from 17.2
in women with fatty breasts to 20.5 in women with extremely dense breasts.
The Figure (top) is an exemplar model showing the ratio of harms and benefits for
subgroups of women with different levels of risk and density screened from ages 50 to 74
years. Compared with the ratios projected for biennial screening of average-risk women
from ages 50 to 74 years regardless of breast density, annual screening has a similar or
better ratio when the RR is 2 or greater across all density groups. Triennial screening has
similar or better ratios of harms and benefits than biennial screening for average-risk
women regardless of breast density in nearly all of the RR and density subgroups because
false-positive mammograms are reduced with triennial screening, and the magnitude of
breast cancer deaths averted is similar or slightly lower than with biennial screening.

Women at Age 65
The different intervals among women aged 65 to 74 years had similar patterns of benefits
and harms across subgroups as observed for screening during ages 50 to 74 years but
with lower absolute magnitudes (Tables 2 to 4 and Figure, bottom). If women changed
from biennial to triennial screening at age 65 years, fewer than a median of 1 less death
per 1000 women screened was averted for all RRs and density subgroups. The exception
was women with an RR of 4 and heterogeneously or extremely dense breasts; a median
of 1.4 fewer breast cancer deaths were averted in this group (Table 2). For example,
continuing biennial screening among average-risk women (RR, 1.0 or 1.3) and women
with fatty breasts or scattered fibroglandular density averted a median of 1.8 to 2.3
deaths for women with fatty breasts and 2.1 to 2.6 deaths for women with scattered
fibroglandular density for every 1000 women screened (Table 2); switching to triennial
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Table 5 Incremental costs per quality-adjusted life year gained* by breast density, risk level, screening interval, and age for 3 models.
Density

Fatty

RR

1.0

1.3

2.0

4.0

Scat-tered

1.0

1.3

2.0

4.0

Het. dense

1.0

1.3

2.0

4.0

Dense

1.0

Screening
Frequency

Age 50-74

Age 65-74

Model E

Model W

Model GE

Model E

Model W

Model GE

Triennial

68,777

117,753

43,098

100,058

131,294

27,639

Biennial

122,007

123,132

232,710

109,587

212,665

104,235

Annual

389,195

586,116

Dom

435,881

516,979

>1,000,000

Triennial

50,231

83,220

27,022

70,716

92,938

15,785

Biennial

83,577

86,426

133,826

75,433

135,221

67,152

Annual

231,495

309,654

>1,000,000

258,193

286,643

799,501

Triennial

30,910

W Dom

10,364

42,229

58,276

3,004

Biennial

50,526

50,084†

65,297

46,300

70,911

32,912

Annual

122,540

148,375

392,745

141,183

146,961

263,493

Triennial

14,969

22,663

†

19,130

W Dom

†

Biennial

22,802

23,295

19,932

21,242

30,054

5,331

Annual

54,906

56,451

95,362

69,089

62,251

76,840

Triennial

69,714

72,156

18,509

W Dom

55,051

14,112

Biennial

111,605

75,673

104,454

101,612

Dom

61,723

Annual

317,991

288,199

Dom

382,578

612,349

>1,000,000

Triennial

50,010

51,493

9,683

W Dom

60,785

5,449

Biennial

75,416

53,967

63,057

72,488

73,479

39,636

Annual

186,322

171,038

488,376

224,322

201,088

450,818

Triennial

31,053

29,757

641

W Dom

38,299

†

Biennial

43,721

31,198

28,182

42,160

42,347

15,956

Annual

96,584

85,607

144,723

120,188

104,553

159,293

Triennial

15,414

12,179

†

W Dom

17,507

Dom

Biennial

19,733

13,116

5,116

20,076

17,977

‡

Annual

44,019

32,452

39,105

61,818

39,362

42,660

Triennial

57,924

W Dom

8,016

W Dom

75,197

611

Biennial

85,241

60,333†

50,421

85,145

96,863

23,104

Annual

222,789

185,805

268,798

279,586

290,534

179,689

Triennial

42,324

41,815

2,179

60,235

54,355

†

Biennial

61,309

42,551

31,442

61,760

60,225

11,809

Annual

137,983

116,700

134,915

169,196

174,243

97,850

Triennial

26,726

23,375

†

W Dom

31,637

†

Biennial

35,235

26,574

12,543

36,446

36,762

478

Annual

75,747

57,557

56,331

99,035

85,503

44,784

Triennial

13,432

8,534

Dom

W Dom

13,298

Dom

Biennial

16,745

9,256

‡

18,673

13,814

‡

Annual

36,845

22,339

14,716

57,264

32,355

8,752

Triennial

50,563

52,953

3,017

W Dom

63,918

†

Biennial

68,216

55,420

27,942

75,917

77,061

8,555

Tailoring screening intervals to breast density and risk

Table 5 Incremental costs per quality-adjusted life year gained* by breast density, risk level, screening interval, and age for 3 models. (continued)
Density

RR

1.3

2.0

4.0

Screening
Frequency

Age 50-74

Age 65-74

Model E

Model W

Model GE

Model E

Model W

Model GE

Annual

148,014

129,536

89,425

187,329

203,860

60,177

Triennial

37,937

36,486

†

W Dom

45,929

†

Biennial

49,172

40,051

16,293

55,033

52,754

2,547

Annual

101,399

87,230

56,264

130,774

130,339

36,740

Triennial

24,715

20,626

†

W Dom

26,367

Dom

Biennial

30,291

23,683

4,631

35,097

32,766

‡

Annual

60,577

47,687

25,753

82,794

71,187

15,070

Triennial

13,169

7,130

Dom

W Dom

10,180

Dom

Biennial

14,856

7,823

‡

19,207

11,669

Dom

Annual

31,433

18,224

4,407

52,645

26,834

§

Note: Incremental ratios bold if values are <$100,000, a common threshold for least costly and most
effective strategies (dominant). Unless otherwise indicated, triennial strategies are compared to no
screening. Breast density categories shown as: fatty, almost entirely fat; scattered, scattered fibroglandular density; het. dense, heterogeneously dense; and dense, extremely dense.
Abbreviations: RR, relative risk; Dom, more expensive and less effective (strongly dominated); W
Dom, more expensive and more effective but less efficient (weakly dominated).
*Costs and quality-adjusted life years discounted at 3% per year. Quality-adjusted life years include
disutility from participation in screening mammography.
†Strategy with no screening is strongly dominated. Triennial is the least costly strategy for comparison.
‡Strategy with biennial screening is the least costly.
§Strategy with annual screening is the least costly

screening averted a median of 1.5 to 1.9 deaths for women with fatty breasts and 1.7 to
2.1 deaths for women with scattered fibroglandular density. Switching from biennial to
annual screening increased the median number of breast cancer deaths averted to 2 or
more for women with heterogeneously or extremely dense breasts and an RR of 4.
As was the case for screening in women aged 50 to 74 years, the ratio of harms (measured as false-positive mammograms) and benefits (breast cancer deaths averted) for
annual screening in women aged 65 to 74 years was similar to or better (lower) than
that seen in biennial screening of average-risk women with an RR of 2 or greater in all
density subgroups; exceptions were rare (Figure, bottom). Triennial screening also had
a lower or more favorable ratio than biennial screening because it reduces false-positive
mammograms, and the magnitude of breast cancer deaths averted is the same or slightly
lower. Continuing biennial screening has a similar balance as triennial screening for most
subgroups as seen for average-risk groups, regardless of breast density
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Cost-Effectiveness
When we used a common threshold of $100 000 per QALY, triennial strategies were
the only costeffective strategies for subgroups with average risk and low breast density
(fatty breasts or scattered fibroglandular density) in both age groups (Table 5). Biennial
strategies were cost-effective for most density subgroups at average or intermediate risk
(RR, 1.3 or 2.0). Annual strategies were only consistently cost-effective across models for
subgroups with an RR of 4, regardless of density, or an RR of 2 or greater and heterogeneously or extremely dense breasts.

DISCUSSION
This collaborative modeling study shows that risk and density level can be useful for
guiding tailored screening recommendations. For average-risk women in low-density
subgroups, which comprise a large proportion of the population, triennial screening provides a reasonable balance of benefits and harms and is costeffective. Annual screening
has a favorable balance of benefits and harms and would be considered costeffective
for subgroups of women aged 50 years with risk levels that are 2 to 4 times the average and that have heterogeneously or extremely dense breasts. Benefits of screening
women with heterogeneously dense breasts (at any interval) were greater than screening
those with extremely dense breasts at each risk level, reflecting increased risk but fewer
missed cases of cancer than screening women with extremely dense breasts. The same
patterns are seen for women aged 65 years such that subgroups at average risk with low
breast density can consider triennial screening. In contrast, the few women who remain
at higher risk might benefit from annual screening. Of note, biennial screening maintains
an acceptable balance of outcomes and is also cost-effective for women with an RR of 1.3
or 2 as long as they are not in the highest-density groups. Screening benefits and harms
exist on a continuum across age, risk, and density, with the optimal screening interval
depending on women’s values and preferences for benefits and harms.
Current U.S. screening guidelines focus on the average-risk population and generally
recommend biennial screening for women in their 50s or older (3, 4). These new modeling results support this recommendation for women who do not have either higher-than
average risk and high breast density or average to low risk and low breast density. Annual
screening has been suggested for high-risk women (4). The current results provide further
guidance on the specific combinations of RRs and breast density after age 50 years that
identify the subgroups in which annual screening should be considered; these subgroups
are estimated to constitute fewer than 1% of the population at both ages 50 and 65 years
(BCSC; Miglioretti DL. Personal communication. 2016).
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Figure 1 False-positives mammograms per breast cancer death averted for women (A) aged 5074 and (B) aged 65-74 according to screening frequency and risk level (relative risk group, breast
density) using an exemplar model (Model E). Values for all screening frequencies compared to the
scenario with no mammography screening. Values for ages 65-74 assume all women received biennial screening during ages 50-64. Dashed lines show this value for women with average density and
average risk receiving biennial screening (147.7 for ages 50-74 and 105.8 for ages 65-74). Having
fewer false-positives per death averted than this level, i.e., a value below the dashed line, would be
more favorable.

Although triennial screening is routinely used in several countries (52, 53), this interval
has not been considered in the United States. Our modeling suggests that triennial
screening has a similar balance of benefits and harms compared with biennial screening
in some groups. Decisions about using triennial versus biennial screening for averagerisk women in the lowdensity subgroups result in fewer false-positive mammograms,
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biopsies, and overdiagnosis with minimal effect on breast cancer deaths averted. Others
have noted that triennial screening can be cost-effective for average-risk women or those
with an RR of 2 or less aged 60 to 79 years with fatty breasts or scattered fibroglandular
density(10, 11). We found that 12% of women aged 50 years and 20% of those aged 65
years have low breast density (fatty breasts and scattered fibroglandular density) and an
RR of 1.0 or 1.3 (BCSC; Miglioretti DL. Personal communication. 2016).
Breast cancer screening guidelines include an upper limit based on age or life expectancy (3, 4, 54). Although we did not evaluate comorbidity, our study results suggest that
screening intervals for older women should be based on competing causes of mortality, breast cancer risk, and changes in breast density associated with aging. The ability
to tailor screening based on density may become increasingly feasible with the trend
toward mandated standard reporting of breast density to women after a mammogram.
Because our results show that the RR of breast cancer in combination with breast density
has a strong influence on the net benefit of mammography at all screening intervals,
evaluation of different risk assessment tools will be important in this context.
Although the models provide new data and have consistent conclusions, several caveats
should be considered. First, the 3 models used common inputs but varied in how these
data were implemented based on model structure. These variations led to differences
in the absolute values for outcome metrics. For example, based on assumptions about
temporal trends in underlying incidence, models with the lowest projected incidence
estimate fewer breast cancer deaths averted than those with higher incidence. This
analysis includes 3 of 6 Cancer Intervention and Surveillance Modeling Network breast
models and is an extension of work conducted by all 6 groups(8). Second, because the
analytic goal was to determine screening efficacy, the models assumed 100% adherence
to screening and use of the most effective modern treatments. Actual benefits will fall
short of those projected under these assumptions. Third, we did not explicitly consider
lower-than-average risk (that is, RR <1). It will be important to extend our analyses to
lower-risk groups because most U.S. women have an RR less than 1 across all density
subgroups (70% of women aged 50 years and 66% aged 65 years) (BCSC; Miglioretti DL.
Personal communication. 2016). By extension, our current findings suggest that triennial screening would be a reasonable option for lower-than-average risk women with
fatty breasts or scattered fibroglandular density. Fourth, we did not model the effect of
screening from ages 40 to 49 years, other combinations of ages and intervals, or carriers
of breast cancer susceptibility genes 1 and 2. Whether the lack of strategies incorporating screening women in their 40s would affect the balance of benefits and harms against
longer (or shorter) screening intervals after age 50 years is unclear. Fifth, although 2 age
groups and change in density between age groups were considered, our results do not
provide guidance for women whose risk changes over time; modeling change in risk with
aging is an important area for future research. Sixth, we used RR rather than absolute risk
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level because our simulation models were better suited for this approach. Absolute risk
calculators are commonly available (27, 55-57), and the suitability of these calculators to
assign risk to personalize screening intervals should continue to be evaluated. Finally, we
did not evaluate alternative or supplemental imaging.
Overall, this comparative modeling study illustrates consistent patterns in benefits and
harms that could be useful for guiding shared decision making and tailoring screening
intervals. The results show that for all screening intervals, benefits and harms change
with risk and breast density. Further, the threshold to decide on the screening interval
will depend on individual preference(1). Assessing breast density and breast cancer risk
can identify subgroups of average-risk women with low breast density who can consider
triennial screening and higher-risk women with high breast density who may benefit from
annual screening.
Reproducible Research Statement: Study protocol: Not available. Statistical code: Detailed information about the models is available online at http://cisnet.cancer.gov/breast/
profiles.html and in reference (14). Data set: Input and output data from the models are
available at reference (14) and by contacting Dr. Trentham-Dietz at trentham@wisc.edu.
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* Risk estimates were based on the comparison group consisting of the largest proportion of women,
i.e., “average risk.” Women with reduced risk were not modeled, including women who engaged in
regular moderate–vigorous physical activity with age at menarche >13 y or age at menopause <50
y with almost entirely fat breast density (Breast Imaging Reporting and Data System category = “a”)
or who breastfed for ≥1 y. Relative risks associated with breast density categories are shown in Appendix Table 3.

DCIS = ductal carcinoma in situ; E = Erasmus Medical Center; ER = estrogen receptor; GE = Georgetown University Medical Center and Albert Einstein College of Medicine; HER2 = human epidermal
growth factor receptor 2; SEER = Surveillance, Epidemiology, and End Results; W = University of
Wisconsin–Madison and Harvard Medical School. * Adapted from reference 14. Additional information is available at https://resources.cisnet.cancer.gov/registry/site-summary/breast. † Combined
output from all 3 models was analyzed using SAS software, version 9.4 (SAS Institute).
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Sojourn time is the duration of the preclinical, screen-detectable phase of the tumor. Lead time is
the interval from screen detection to the time of clinical diagnosis, which is when the tumor would
have surfaced without screening. See Appendix Table 2 for the description of the implementation of
screening benefit in the 3 simulation models.

DCIS = ductal carcinoma in situ. * Annual mammography was defined as 9- to 18-mo intervals; biennial mammography was defined as 19- to 30-mo intervals; triennial mammography was defined as
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31- to 42-mo intervals. Data were obtained from the Breast Cancer Surveillance Consortium. † Agespecific relative risk for breast cancer associated with breast density; reference group is women with
average density. ‡ Corrected for missing data.

QALY = quality-adjusted life-year.
* Values are median numbers (range across models).
† Screening was initiated at age 50 y.
‡ Women who were currently age 65 y and have been screened previously biennially from ages 5064 y.
§ Undiscounted.

