
Breast Cancer Screening Strategies for Women With ATM, CHEK2, and
PALB2 Pathogenic Variants
A Comparative Modeling Analysis
Kathryn P. Lowry, MD; H. Amarens Geuzinge, MSc; Natasha K. Stout, PhD; Oguzhan Alagoz, PhD; John Hampton, MS; Karla Kerlikowske, MD;
Harry J. de Koning, MD, PhD; Diana L. Miglioretti, PhD; Nicolien T. van Ravesteyn, PhD; Clyde Schechter, MD; Brian L. Sprague, PhD;
Anna N. A. Tosteson, PhD; Amy Trentham-Dietz, PhD; Donald Weaver, MD; Martin J. Yaffe, PhD; Jennifer M. Yeh, PhD; Fergus J. Couch, PhD;
Chunling Hu, MD, PhD; Peter Kraft, PhD; Eric C. Polley, PhD; Jeanne S. Mandelblatt, MD, MPH; Allison W. Kurian, MD, MSc; Mark E. Robson, MD; for the
Breast Working Group of the Cancer Intervention and Surveillance Modeling Network (CISNET), the Breast Cancer Surveillance Consortium (BCSC), and
the Cancer Risk Estimates Related to Susceptibility (CARRIERS) Consortium

IMPORTANCE Screening mammography and magnetic resonance imaging (MRI) are
recommended for women with ATM, CHEK2, and PALB2 pathogenic variants. However, there
are few data to guide screening regimens for these women.

OBJECTIVE To estimate the benefits and harms of breast cancer screening strategies using
mammography and MRI at various start ages for women with ATM, CHEK2, and PALB2
pathogenic variants.

DESIGN, SETTING, AND PARTICIPANTS This comparative modeling analysis used 2 established
breast cancer microsimulation models from the Cancer Intervention and Surveillance
Modeling Network (CISNET) to evaluate different screening strategies. Age-specific breast
cancer risks were estimated using aggregated data from the Cancer Risk Estimates Related to
Susceptibility (CARRIERS) Consortium for 32 247 cases and 32 544 controls in 12
population-based studies. Data on screening performance for mammography and MRI were
estimated from published literature. The models simulated US women with ATM, CHEK2, or
PALB2 pathogenic variants born in 1985.

INTERVENTIONS Screening strategies with combinations of annual mammography alone and
with MRI starting at age 25, 30, 35, or 40 years until age 74 years.

MAIN OUTCOMES AND MEASURES Estimated lifetime breast cancer mortality reduction,
life-years gained, breast cancer deaths averted, total screening examinations, false-positive
screenings, and benign biopsies per 1000 women screened. Results are reported as model
mean values and ranges.

RESULTS The mean model-estimated lifetime breast cancer risk was 20.9% (18.1%-23.7%) for
women with ATM pathogenic variants, 27.6% (23.4%-31.7%) for women with CHEK2
pathogenic variants, and 39.5% (35.6%-43.3%) for women with PALB2 pathogenic variants.
Across pathogenic variants, annual mammography alone from 40 to 74 years was estimated
to reduce breast cancer mortality by 36.4% (34.6%-38.2%) to 38.5% (37.8%-39.2%)
compared with no screening. Screening with annual MRI starting at 35 years followed by
annual mammography and MRI at 40 years was estimated to reduce breast cancer mortality
by 54.4% (54.2%-54.7%) to 57.6% (57.2%-58.0%), with 4661 (4635-4688) to 5001
(4979-5023) false-positive screenings and 1280 (1272-1287) to 1368 (1362-1374) benign
biopsies per 1000 women. Annual MRI starting at 30 years followed by mammography and
MRI at 40 years was estimated to reduce mortality by 55.4% (55.3%-55.4%) to 59.5%
(58.5%-60.4%), with 5075 (5057-5093) to 5415 (5393-5437) false-positive screenings and
1439 (1429-1449) to 1528 (1517-1538) benign biopsies per 1000 women. When starting MRI at
30 years, initiating annual mammography starting at 30 vs 40 years did not have a
meaningfully reduce mean mortality rates (0.1% [0.1%-0.2%] to 0.3% [0.2%-0.3%]) but was
estimated to add 649 (602-695) to 650 (603-696) false-positive screenings and 58 (41-76)
to 59 (41-76) benign biopsies per 1000 women.

CONCLUSIONS AND RELEVANCE This analysis suggests that annual MRI screening starting at 30
to 35 years followed by annual MRI and mammography at 40 years may reduce breast cancer
mortality by more than 50% for women with ATM, CHEK2, and PALB2 pathogenic variants. In
the setting of MRI screening, mammography prior to 40 years may offer little additional
benefit.
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G enetic testing for breast cancer susceptibility has been
an important aspect of cancer prevention since BRCA1
(OMIM 113705) and BRCA2 (OMIM 600185) (BRCA1/2)

were identified in 1994 and 1995, respectively.1,2 This discov-
ery facilitated the development of breast cancer screening and
risk reduction guidelines for women with BRCA1/2 patho-
genic variants (PVs) and their relatives.3,4 More recently, a group
of non-BRCA1/2 PVs conferring moderate to high risk of breast
cancer has been recognized, the most common of which are
ATM (OMIM 607585), CHEK2 (OMIM 604373), and PALB2
(OMIM 610355). Each of these PVs increases breast cancer risk
by at least 2-fold, and collectively they are identified in 2% to
3% of women with a diagnosis of breast cancer and in approxi-
mately 1% of the population.5,6

Because of the increasing availability and affordability of
multigene panel testing,7,8 an increasing number of women are
learning that they are carriers of these moderate- to high-risk
PVs. The optimal approach to breast cancer screening for these
women has not been established. Based on expert opinion and
experience with magnetic resonance imaging (MRI) screen-
ing for women with BRCA1/2 PVs,9-11 the National Compre-
hensive Cancer Network recommends consideration of an-
nual MRI in addition to mammography for ATM and CHEK2
PV carriers starting at age 40 years and for PALB2 PV carriers
at age 30 years.12 Clinical trials comparing multiple ap-
proaches with breast cancer screening for women with each
PV are not feasible given the prohibitively large sample sizes
and follow-up times required.

In the absence of clinical trials, simulation modeling can
be used to synthesize available data and compare screening
strategies based on the projected effect on screening out-
comes. Simulation models from the Cancer Intervention and
Surveillance Modeling Network (CISNET) have previously in-
formed cancer screening guidelines for the US Preventive Ser-
vices Task Force13-15 and the American Cancer Society.16,17 For
this analysis, we adapted 2 CISNET breast cancer simulation
models for women with ATM, CHEK2, and PALB2 PVs using
risk estimates from the Cancer Risk Estimates Related to Sus-
ceptibility (CARRIERS) Consortium, the largest US consor-
tium of familial- and population-based studies of breast can-
cer risk due to cancer susceptibility genes.5 Using these models,
we evaluated the benefits and harms of screening strategies
using MRI and mammography to inform guideline recommen-
dations for carriers of these moderate- to high-risk PVs.

Methods
Model Overview
The CISNET models used in this analysis were Model E (Eras-
mus Medical Center, Rotterdam, the Netherlands) and Model
W-H (University of Wisconsin–Madison, Madison; and Har-
vard Medical School, Boston, Massachusetts). Full details re-
garding the development and validation of these models have
been described previously18-21 and can be found online.22 These
models were independently developed using different struc-
tures, assumptions, and methods to implement unobserv-
able parameters for the natural history of breast cancer.23 The

use of 2 separate models therefore provides a plausible range
of results given the inherent uncertainty of unobservable
parameters related to the natural history of breast cancer. The
models also share some common data elements, including non–
breast cancer mortality risk, screening performance, and treat-
ment effectiveness.23 Both models have been previously vali-
dated and reproduce age-specific Surveillance, Epidemiology,
and End Results Program incidence rates and mortality rates
in the US population.24,25 This modeling analysis was deter-
mined not to be human participants research by the institu-
tional review boards of Erasmus Medical Center, University of
Wisconsin–Madison, and Harvard Medical School; therefore,
this study was exempt from institutional review board ap-
proval and did not require informed consent.

The models simulate lifetime horizons of individual
women and background US breast cancer incidence (includ-
ing ductal carcinoma in situ and invasive breast cancer) in the
absence of screening and treatment based on age-period-
cohort models.26 Breast cancer survival is dependent on age
and tumor size and/or stage at diagnosis, estrogen receptor sta-
tus, ERBB2 status, and treatment effectiveness. When screen-
ing is performed, cancers can be diagnosed at earlier size and
stage than with clinical detection, potentially reducing mor-
tality. Women in the models can die of breast cancer or non-
cancer causes.

Population and Model Input Parameters
We modeled US women with ATM, CHEK2, or PALB2 PVs born
in 1985 (the youngest birth cohort for whom intensive breast
cancer screening could potentially be recommended in 2010-
2020) and observed from the age of 25 years for their life-
times. Input parameters for cancer risk and for incidence, sub-
type, screening performance, and treatment effectiveness are
summarized in Table 1.5,9,27-31

Risk of Breast Cancer
Parameters for incidence and subtype of breast cancer for each
PV were derived from data provided by the CARRIERS

Key Points
Question What is the optimal approach to breast cancer
screening for women with ATM, CHEK2, and PALB2 pathogenic
variants?

Findings This comparative modeling analysis using 2 Cancer
Intervention and Surveillance Modeling Network simulation
models and risk estimates from the Cancer Risk Estimates Related
to Susceptibility Consortium found that annual mammography
from age 40 to 74 years was estimated to reduce breast cancer
mortality by 36% to 39%; and adding annual magnetic resonance
imaging (MRI) starting at age 30 or 35 years was estimated to
reduce breast cancer mortality by 54% to 60%. When screening
MRI was used, starting mammography before age 40 years did not
meaningfully reduce mortality but increased false-positive
screenings.

Meaning This modeling analysis suggests that screening MRI
starting at age 30 to 35 years may substantially reduce breast
cancer mortality for women with moderate- to high-risk
pathogenic variants for breast cancer.
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Consortium.5 We used aggregated data for 32 247 cases and
32 544 controls in 12 population-based studies.32-43 Population-
based studies of breast cancer risk are more generalizable than
studies of women accrued after clinical genetic testing, which
is often performed because of a strong family history of can-
cer or early age at diagnosis. Our use of the population-based
subset of the CARRIERS Consortium data thus ensures that the
models’ results are more broadly relevant across the popula-
tion. Overall breast cancer risk estimates from the CARRIERS
Consortium for 28 cancer predisposition genes have been pre-
viously published.5 For this analysis, age-specific odds ratios

of breast cancer for women with ATM, CHEK2, or PALB2 PVs
were separately estimated using logistic regression models ad-
justed for study, first-degree family history of breast cancer,
race and ethnicity, age, and an interaction of age and PV. These
odds ratios were then applied to the derived background age-
specific, cohort-specific, and period-specific breast cancer in-
cidence for the 1985 birth cohort of the US population (eTable 1
in Supplement 1).5 Estrogen receptor and ERBB2 breast can-
cer subtype distributions for each PV were also calculated and
incorporated into the simulation models (Table 1).5,9,27-31

Table 1. Model Input Parameters

Parameter ATM PALB2a CHEK2a Source
Breast cancer risk and subtype

Odds ratio of breast cancer 1.82 3.67 2.36 CARRIERS Consortium5 (age-specific odds ratios
available in eTable 1 in Supplement 1)

Subtype distributions, % CARRIERS Consortium5

ER positive and ERBB2 negative 70 47 67

ER positive and ERBB2 positive 22 13 22

ER negative and ERBB2 positive 4 1 5

ER negative and ERBB2 negative 4 39 7

MMG MRI MMG plus MRI

Screening performance

Sensitivity, % Overall, 40.8 90.8 (84.7) 96.0 (92.2) Chiarelli et al,9 with age-specific adjustments for
MMGb,c

At age 30-39 y,
40.0
At age 40-49 y,
40.4
At age 50-69 y,
41.9

Specificity, % Chiarelli et al9

Initial screening 88.0 79.7 (78.8 to 80.6) 72.2 (71.2 to 73.1)

With DBT 89.6 NA 73.8 Conant et al27d

Second or later screening 92.5 90.5 (89.9 to 91.0) 84.5 (83.8 to 85.2)

With DBT 94.1 NA 85.5 Conant et al27d

False-positive screenings with biopsy
performed, %

Chiarelli et al9

Initial screening 19 36 28

Second or later screening 13 38 26

AJCC stage (screening-detected
cancers), %

Chiarelli et al,9 adjusted for missing stage of cancers
treated with NAC28

DCIS 22 22 23

I 48 58 57

II 24 15 15

III 6 4 4

Treatment and mortality

Treatment receipt Guideline treatment by age, stage, and receptor status NCCN29

Treatment effectiveness Estimated from meta-analyses of randomized trials Peto et al30

Nonbreast cancer mortality Age-specific and birth cohort–specific all-cause mortality Gangnon et al31

Abbreviations: AJCC, American Joint Committee on Cancer; BCSC, Breast
Cancer Surveillance Consortium; CARRIERS, Cancer Risk Estimates Related to
Susceptibility; DBT, digital breast tomosynthesis; DCIS, ductal carcinoma in situ;
ER, estrogen receptor; MMG, mammography; MRI, magnetic resonance
imaging; NA, not applicable; NAC, neoadjuvant chemotherapy; NCCN, National
Comprehensive Cancer Network.
a Values shown in parentheses were used in sensitivity analyses.
b In the study by Chiarelli et al,9 all women received MMG and MRI performed

concurrently, and sensitivity calculations for each modality include cancers

detected by the other modality as false-negative screenings. The models were
therefore calibrated with MMG and MRI performed concurrently, adjusting the
individual performance of each modality until the model output matched the
observed data.

c Age-specific MMG sensitivity was derived from the overall sensitivity reported
in the study by Chiarelli et al,9 by adjusting for differences in breast density by
age based on data from the BCSC.

d Specificity of MMG and MMG plus MRI were adjusted by decreasing
false-positive screenings due to MMG by 15%.
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Screening Performance and Breast Cancer Stage
Screening performance (ie, sensitivity, specificity, and rates of
benign biopsies) for mammography and MRI was derived from
published estimates from the High Risk Ontario Breast Screen-
ing Program (OBSP).9 The OBSP is an organized screening pro-
gram for women at high risk for breast cancer receiving an-
nual mammography and MRI screening because of various risk
factors (including genetic risk, family history, and history of
prior radiotherapy to the chest). Because the performance of
mammography in the OBSP is calculated for mammography
performed in conjunction with MRI (with cancers detected only
by MRI counting as false-negative screenings), we calibrated
screening performance by simulating joint mammography and
MRI screening and calculating the sensitivity of each modal-
ity in the same fashion. We also adjusted OBSP estimates of
mammography sensitivity by age using data from the Breast
Cancer Surveillance Consortium to account for the higher
prevalence of dense breasts among young women.44 The dis-
tributions of breast cancer stage by mode of detection were es-
timated based on OBSP data,9 with adjustments for missing
pathologic stage information for women treated with neoad-
juvant chemotherapy based on published estimates.28 We as-
sumed equal screening performance across PVs.

Treatment and Mortality
To isolate the effects of breast cancer screening on mortality,
we assumed that all women with a diagnosis of breast cancer
received guideline-concordant age-specific, stage-specific, and
cancer subtype–specific therapy.12 Treatment effectiveness was
based on meta-analyses of clinical trials.30 Risk of non–breast
cancer mortality was based on age-specific and birth cohort–
specific all-cause mortality rates.31

Statistical Analysis
We evaluated 5 primary screening strategies for each PV: an-
nual mammography alone starting at age 40 years and an-
nual mammography starting at age 40 years with annual MRI
starting at age 40, 35, 30, and 25 years. Annual mammogra-
phy starting at age 40 years was chosen because it is the least-
intensive screening mammography strategy recommended in
the setting of elevated risk for breast cancer.4,29 In a second-
ary analysis, we examined 2 additional strategies testing the
effect of earlier start ages for mammography (35 and 30 years)
with MRI screening at age 30 years. For all strategies, we as-
sumed that screening was continued until age 74 years. To proj-
ect the efficacy of screening, we assumed a 100% screening
participation rate. Simulations were continued until all women
died of either breast cancer or non–breast cancer causes, and
individual events were tracked and aggregated as lifetime
population metrics.

Outcomes included lifetime screening benefits with screen-
ing vs no screening per 1000 women screened, including breast
cancer mortality reduction (expressed as the percentage rela-
tive reduction in total breast cancer deaths), absolute breast
cancer deaths averted, and life-years gained (LYG). We as-
sessed cumulative lifetime screening resources and harms
(total screenings, false-positive screenings, and benign biop-
sies) per 1000 women screened. Finally, we calculated incre-

mental ratios of false-positive screenings and benign biop-
sies per LYG for each strategy relative to the next least-
intensive screening strategy. Outcomes were reported as mean
values and ranges across models.

Sensitivity Analyses
We varied parameters related to breast cancer risk and screen-
ing performance to evaluate the effect of parameter uncer-
tainty with the robustness of results. We assumed higher and
lower breast cancer risk for each PV by adding and subtract-
ing the SE from the age-specific risk estimates provided by the
CARRIERS Consortium (eTable 1 in Supplement 1). We varied
the sensitivity of the performance of MRI alone and the per-
formance of mammography with MRI using the lower bounds
of the 95% CIs9 and MRI specificity across the upper and lower
CIs in the OBSP (Table 1).5,9,27-31 To account for potential dif-
ferences in screening specificity by age, we evaluated out-
comes using alternative screening specificity estimates strati-
fied by age and screening round provided by the Breast Cancer
Surveillance Consortium (eTable 2 in Supplement 1). Finally,
we considered a scenario with digital breast tomosynthesis
used for mammography screening; for this scenario, we as-
sumed a 15% reduction in mammography false-positive screen-
ings (Table 1)5,9,27-31 with no change in overall sensitivity based
on prior work.27

Results
Breast Cancer Incidence and Mortality
Results are reported as model mean values and ranges. The
mean model-estimated projections for cumulative lifetime
breast cancer risk in the absence of screening was 20.9% (range
across models, 18.1%-23.7%) for women with the ATM PVs,
27.6% (23.4%-31.7%) for women with the CHEK2 PVs, and
39.5% (35.6%-43.3%) for women with the PALB2 PVs. Cumu-
lative mean lifetime risks of breast cancer death in the ab-
sence of screening were 3.4% (2.4%-4.5%) for women with the
ATM PVs, 4.6% (3.1%-6.1%) for women with the CHEK2 PVs,
and 7.7% (6.4%-9.1%) for women with the PALB2 PVs.

Screening Benefits and Harms by Screening Strategy
Across PVs, lifetime mortality benefits and harms with screen-
ing increased with multimodality screening and with younger
screening ages compared with mammography alone starting
at age 40 years. Per 1000 women screened, annual mammog-
raphy alone starting at age 40 years compared with no screen-
ing was estimated to reduce breast cancer mortality by a mean
of 36.4% (34.6%-38.2%) to 38.5% (37.8%-39.2%) and resulted
in 13.3 (9.0-17.6) to 29.7 (22.0-37.4) breast cancer deaths averted
(Table 2), 2092 (2085-2099) to 2224 (2222-2227) false-
positive screenings, and 279 (278-280) to 296 (296-297) be-
nign biopsies across PVs (Table 3). Annual mammography and
MRI starting at age 40 years was estimated to reduce breast
cancer mortality by 52.3% (51.4%-53.1%) to 53.6% (52.9%-
54.3%) and resulted in 18.4 (12.5-24.4) to 42.4 (32.7-52.2) breast
cancer deaths averted (Table 2), 4233 (4213-4252) to 4569
(4555-4583) false-positive screenings, and 1109 (1104-1114) to
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1196 (1193-1200) benign biopsies compared with no screen-
ing (Table 3). The most intensive strategy (annual MRI alone
from 25-39 years and annual mammography and MRI from
40-74 years) reduced breast cancer mortality by 55.7% (55.5%-
55.8%) to 60.2% (58.9%-61.2%) and averted 20.5 (14.5-26.4)
to 45.0 (35.4-54.5) breast cancer deaths (Table 2), and re-
sulted in 5592 (5563-5621) to 5932 (5907-5957) false-positive
screenings and 1637 (1629-1645) to 1725 (1718-1732) benign bi-
opsies per 1000 women (Table 3).

Screening Efficiency
Compared with mammography alone from age 40 to 74 years,
annual MRI screening from age 35 to 39 years followed by mam-
mography and MRI screening from age 40 to 74 years was more
efficient (fewer false-positive screenings and benign biopsies
per LYG) than annual mammography and MRI from age 40 to
74 years for all PVs (Figure; eTable 3 in Supplement 1). This strat-
egy resulted in 7.0 (6.4-7.6) to 15.3 (14.9-15.6) additional false-
positive screenings and 2.7 (2.5-3.0) to 5.9 (5.8-6.0) benign bi-
opsies per LYG relative to mammography alone from age 40
to 74 years. Starting MRI at age 30 vs 35 years similarly re-
sulted in 12.8 (11.6-14.0) to 15.2 (14.9-15.5) additional false-
positive screenngs and 4.9 (4.5-5.4) to 5.9 (5.8-6.0) benign bi-
opsies per LYG, making it another efficient strategy. However,
starting MRI at age 25 years was considerably less efficient than
starting at age 30 years, resulting in 47.0 (32.6-61.3) to 57.9
(43.5-72.3) additional false-positive screenings and 18.0 (12.5-
23.4) to 22.2 (16.7-27.7) benign biopsies per LYG. Results were
similar when comparing false-positive screenings and be-
nign biopsies per breast cancer death averted (eFigure 1 in
Supplement 1).

Strategies With Earlier Mammography
With annual MRI screening from age 30 to 39 years, starting
mammography earlier than 40 years increased false-positive
screenings and benign biopsies but had little effect on mor-
tality reduction or LYG (Table 4). For example, with annual MRI
starting at age 30 years, adding mammography at age 30 vs 40
years decreased mortality by only 0.1% (0.1%-0.2%) to 0.3%
(0.2%-0.3%) and increased LYG by 3 (3-4) to 5 (5-5) per 1000
women screened but resulted in 649 (602-695) to 650 (603-
696) additional false-positive screenings and 58 (41-76) to 59
(41-76) additional biopsies per 1000 women screened.

Sensitivity Analyses
Sensitivity analyses varying breast cancer risk (eTables 4 and
5 and eFigure 2 in Supplement 1), MRI sensitivity (eTable 6 in
Supplement 1), and screening specificity (eTables 7-10 and eFig-
ure 3A-C in Supplement 1) did not meaningfully change con-
clusions regarding the relative efficiency of the screening strat-
egies, although absolute benefits and harms varied by scenario.
Using lower and higher breast cancer risk estimates, mean life-
time breast cancer risk ranged from 17.6% (15.6%-19.6%) to
24.9% (21.3%-28.4%) for ATM, 24.5% (20.5%-28.4%) to 31.0%
(26.9%-35.1%) for CHEK2, and 33.4% (28.3%-38.5%) to 46.8%
(43.9%-49.6%) for PALB2. With annual MRI screening from age
30 to 39 years and mammography and MRI from age 40 to 74
years, breast cancer mortality reduction ranged from a meanTa
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Table 3. Total Screenings, False-Positive Screenings, and Benign Biopsies for Screening Strategies With Annual Mammography at AGe 40 to 74 Years Alone and With Annual MRI

Start age

Total screenings, mean (range)a False-positive screenings, mean (range)a,b Benign biopsies, mean (range)a,b

ATM CHEK2 PALB2 ATM CHEK2 PALB2 ATM CHEK2 PALB2
Annual mammography at
40 y

29 182
(29 148-29 215)

28 505
(28 582-28 527)

27 412
(27 321-27 503)

2224
(2222-2227)

2174 (2172-2175) 2092 (2085-2099) 296 (296-297) 290 (290-290) 279 (278-280)

Plus MRI at 40 y 57 173
(57 050-57 296)

55 511
(55 463-55 559)

52 814
(52 664-52 964)

4569
(4555-4583)

4441 (4438-4443) 4233 (4213-4252) 1196
(1193-1200)

1163 (1162-1164) 1109 (1104-1114)

Plus MRI at 35 y 61 789
(61 568-62 010)

60 104
(60 058-60 150)

57 392
(57 149-57 636)

5001
(4979-5023)

4871 (4861-4880) 4661 (4635-4688) 1368
(1362-1374)

1334 (1331-1337) 1280 (1272-1287)

Plus MRI at 30 y 66 100
(65 867-66 333)

64 403
(63 988-64 818)

61 694
(61 474-61 913)

5415
(5393-5437)

5284 (5249-5319) 5075 (5057-5093) 1528
(1517-1538)

1493 (1479-1508) 1439 (1429-1449)

Plus MRI at 25 y 71 507
(71 247-71 767)

69 819
(69 731-69 906)

67 100
(66 827-67 373)

5932
(5907-5957)

5802 (5789-5815) 5592 (5563-5621) 1725
(1718-1732)

1691 (1687-1695) 1637 (1629-1645)

Abbreviation: MRI, magnetic resonance imaging.
a Results are shown as model mean values of cumulative lifetime outcomes per 1000 women screened across

Model E (Erasmus Medical Center, Rotterdam, the Netherlands) and Model W-H (University of

Wisconsin–Madison, Madison; Harvard Medical School, Boston, Massachusetts).
b Total false-positive screenings and benign biopsies exceed the number of women screened because women can

experience multiple false-positive screenings and/or benign biopsies during their lifetimes.
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of 54.7% (54.2%-55.1%) to 59.5% (58.8%-60.3%) across the
range of breast cancer risk considered and only decreased to
51.6% (50.1%-53.1%) to 55.5% (54.9%-56.0%) with lower MRI

sensitivity (eTable 6 in Supplement 1). When MRI specificity
varied, false-positive screenings per 1000 women ranged from
a mean of 4841 (4824-4858) to 5165 (5145-5186) with the best
specificity to 5318 (5298-5337) to 5673 (5649-5696) with the
lowest specificity based on OBSP data (eTables 7 and 8 in
Supplement 1) and 5106 (5073-5138) to 5375 (5338-5412) false-
positive screenings using age-specific specificity from the
Breast Cancer Surveillance Consortium (eTable 9 in Supple-
ment 1). When mammography specificity was adjusted for digi-
tal breast tomosynthesis screening, false-positive screenings
decreased to a mean of 4800 (4780-4819) to 5411 (5093-
5140) per 1000 women (eTable 10 in Supplement 1).

Discussion
To our knowledge, this is the first study to use comparative
modeling to evaluate breast cancer screening strategies for
women with ATM, CHEK2, and PALB2 PVs. We found that, for
the modeled women with these PVs, combined annual MRI and
mammography screening was estimated to reduce breast can-
cer mortality by more than 50% for all strategies considered.
Based on our results, annual MRI screening starting at age 30
to 35 years followed by combined annual MRI and mammog-
raphy at age 40 years likely offers the best balance of screen-
ing benefits and harms. Starting mammography earlier than
40 years increased false-positive screenings and benign biop-
sies but added little benefit for women receiving MRI.

Our study adds to the growing body of literature support-
ing the use of MRI for women at elevated risk of breast can-
cer. Prior modeling analyses using CISNET models have esti-
mated that MRI screening reduces breast cancer mortality by
38% to 62% for women with BRCA1/2 PVs45,46 and 56% to 71%
for women with a history of radiotherapy to the chest.47 We
estimated a 52% to 60% reduction in breast cancer mortality
with MRI among women with PVs in ATM, CHEK2, or PALB2,
suggesting that MRI has important benefits even in the set-
ting of moderate risk due to genetic susceptibility. Women with
PALB2 PVs experienced the most benefit associated with MRI
screening, with the most breast cancer deaths averted and
greatest life expectancy gains for all strategies, although the
incremental benefits of starting MRI screening at age 30 vs 35
years were similar to those among women with CHEK2 and
ATM PVs. This larger benefit is expected, given the higher risk
of breast cancer overall and for estrogen receptor–negative
breast cancers with PALB2 PVs, which have a poorer prognosis.5

We examined incremental benefits and harms for MRI
screening starting at age 25 to 40 years to quantify relative ben-
efits of earlier screening. Although there is no established
threshold of screening benefits to harms for women with a
moderate or high risk of breast cancer, our models suggest that
MRI screening prior to age 30 years considerably increases
false-positive screenings and benign biopsies, with little ef-
fect on mortality or life expectancy. In other settings, effi-
ciency ratios of procedures per LYG have been used to guide
cancer screening policies, such as 40 colonoscopies per LYG
for colorectal cancer screening.16 Based on our results, start-
ing MRI screening at age 35 years and starting MRI screening

Figure. False-Positive Screenings and Life-Years Gained for Screening
Strategies for Women With Pathogenic Variants in ATM, CHEK2, and
PALB2
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Results are shown as mean values of cumulative lifetime outcomes per 1000
women screened across Model E (Erasmus Medical Center, Rotterdam, the
Netherlands) and Model W-H (University of Wisconsin–Madison, Madison,
Wisconsin; Harvard Medical School, Boston, Massachusetts). In all strategies,
mammography (MMG) is performed annually from age 40 to 74 years; the start
age of magnetic resonance imaging (MRI) screening varies by strategy.
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at age 30 years were estimated to result in approximately 3 to
6 and 5 to 6 additional benign biopsies per LYG, respectively,
suggesting that the tradeoffs of starting MRI screening in this
age range are likely acceptable.

Another finding of our analysis is that mammography
screening prior to age 40 years may offer little benefit when
women were undergoing annual MRI screening but in-
creased harms. The value of screening mammography for
women younger than 40 years undergoing MRI has been
questioned,9,48,49 as it is uncommon for mammography to de-
tect a cancer missed on MRI in young women,49-51 and the few
cancers not detected on MRI are typically more indolent, in-
cluding low-grade ductal carcinoma in situ.52 Our models sug-
gest that earlier mammography in this setting also has disad-
vantages, substantially increasing false-positive screenings and
benign biopsies. Young women are also potentially more sus-
ceptible to risks of radiation-induced cancers from mammog-
raphy screening,53 potentially further reducing the benefit and
increasing harms of early mammography. For this reason, the
use of MRI screening starting at age 25 years followed by com-
bined mammography and MRI screening starting at age 30
years is recommended for women with BRCA1/2 PVs.29 Our re-
sults suggest that, when screening with MRI, mammography
could be delayed until age 40 years for women with ATM,
CHEK2, and PALB2 PVs.

Strengths and Limitations
This study has many strengths, including the use of 2 well-
established CISNET models, consistent results across mod-
els, and the use of population-based breast cancer risk esti-
mates from the largest US study of genetic breast cancer risk.
This study also has several limitations. First, our model out-
comes are population-level metrics that do not account for all
factors that should be considered when selecting a screening
strategy for an individual woman, including family history. Sec-
ond, we considered only annual MRI screening intervals be-
cause longer screening intervals for women with genetic sus-
ceptibility to breast cancer have not been evaluated in clinical
trials or used in clinical practice. Outcomes for biennial and
triennial MRI intervals, age-specific MRI intervals, and novel
combinations of alternating MRI and mammography should
be evaluated in future analyses intended to guide clinical trial
design. Third, we did not consider costs or quality of life in this
analysis, and future analyses are warranted to evaluate cost-
effectiveness. Fourth, we did not estimate screening-related
overdiagnosis, given the paucity of data on cancers overdiag-
nosed by MRI screening. Although MRI screening detects more
breast cancers than mammography, MRI may preferentially de-
tect more biologically significant cancers52 and the propor-
tion of cancers overdiagnosed may be lower than with mam-
mography. Fifth, we did not evaluate alternative screening
modalities such as whole breast ultrasonography or contrast-
enhanced mammography. To date, however, MRI is the only
imaging modality shown to decrease advanced breast can-
cers in women at elevated risk of breast cancer.11 Additional
data on cancer outcomes with other screening modalities for
women with genetic susceptibility to breast cancer are needed
to inform guidelines for their use.Ta
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Conclusions

This comparative modeling analysis supports the use of MRI
screening for women with moderate to high risk of breast can-
cer due to ATM, CHEK2, and PALB2 PVs. Annual MRI screen-

ing starting at age 30 to 35 years followed by annual MRI and
mammography starting at age 40 years was estimated to re-
duce breast cancer mortality by more than 50% in these
women, whereas additional mammography prior to age 40
years may have little benefit.
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