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Louise M. Henderson, PhD7; Sally D. Herschorn, MD5; Janie M. Lee, MD8; Tracy Onega, PhD9; Garth H. Rauscher, PhD10;

Karen J. Wernli, PhD4; Constance D. Lehman, MD, PhD11; and Karla Kerlikowske, MD2

abstract

PURPOSE To evaluate comparative associations of breast magnetic resonance imaging (MRI) background
parenchymal enhancement (BPE) and mammographic breast density with subsequent breast cancer risk.

PATIENTS AND METHODS We examined women undergoing breast MRI in the Breast Cancer Surveillance
Consortium from 2005 to 2015 (with one exam in 2000) using qualitative BPE assessments of minimal, mild,
moderate, or marked. Breast density was assessed on mammography performed within 5 years of MRI. Among
women diagnosed with breast cancer, the first BPE assessment was included if it was more than 3 months
before their first diagnosis. Breast cancer risk associated with BPEwas estimated using Cox proportional hazards
regression.

RESULTS Among 4,247 women, 176 developed breast cancer (invasive, n = 129; ductal carcinoma in situ,
n = 47) over a median follow-up time of 2.8 years. More women with cancer hadmild, moderate, or marked BPE
than women without cancer (80% v 66%, respectively). Compared with minimal BPE, increasing BPE levels
were associated with significantly increased cancer risk (mild: hazard ratio [HR], 1.80; 95% CI, 1.12 to 2.87;
moderate: HR, 2.42; 95% CI, 1.51 to 3.86; and marked: HR, 3.41; 95% CI, 2.05 to 5.66). Compared with
women with minimal BPE and almost entirely fatty or scattered fibroglandular breast density, women with mild,
moderate, or marked BPE demonstrated elevated cancer risk if they had almost entirely fatty or scattered
fibroglandular breast density (HR, 2.30; 95% CI, 1.19 to 4.46) or heterogeneous or extremely dense breasts
(HR, 2.61; 95% CI, 1.44 to 4.72), with no significant interaction (P = .82). Combined mild, moderate, and
marked BPE demonstrated significantly increased risk of invasive cancer (HR, 2.73; 95% CI, 1.66 to 4.49) but
not ductal carcinoma in situ (HR, 1.48; 95% CI, 0.72 to 3.05).

CONCLUSION BPE is associated with future invasive breast cancer risk independent of breast density. BPE
should be considered for risk prediction models for women undergoing breast MRI.

J Clin Oncol 37:954-963. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Mammographic breast density is now established as
an imaging biomarker for breast cancer risk.1,2 Im-
aging biomarkers are representations of an in vivo
biologic state and phenotype.3,4 The incorporation of
breast density in breast cancer risk models,5,6 as well
as state-mandated reporting7 of mammographic breast
density to women, underscores the central role of im-
aging biomarkers in risk assessment. Recent studies
have explored the predictive value of other breast
imaging biomarkers, and accumulating evidence
suggests elevated background parenchymal en-
hancement (BPE) assessed on breast magnetic
resonance imaging (MRI) may predict primary breast
cancer risk.8-10

BPE describes the phenomenon observed on breast MRI
in which normal breast tissue demonstrates signal en-
hancement related to uptake of gadolinium-based in-
travenous contrast, which is used in routine MRI
examinations.3,4,11 Biologically, BPE may represent in-
creased tissuemicrovascularity and/or permeability5,6,12,13

regulated by endogenous hormones (primarily es-
trogen)7,11 and may represent tissue at risk for
neoplasia.8-10,14 BPE is dynamic in appearance and
distribution within a woman’s breast tissue and sensitive
to the phase of menstrual cycle and lactation,1,2,15 as
well as in response to antihormonal therapy,3,4,16,17

chemotherapy,5,6,10,18-20 and radiotherapy.7,21 Similar
to mammographic breast density, BPE is qualitatively
codified in the Breast Imaging Reporting and Data
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System (BI-RADS) Atlas8-10,22 as four ordinal levels of in-
creasing enhancement—minimal, mild, moderate, and
marked. In contrast to breast density, which is the relative
quantity of fat and fibroglandular tissue assessed on
mammograms, BPE indicates overall breast tissue contrast
enhancement assessed on MRI.

BPE is used clinically to report the level of potential masking
of suspicious lesions on MRI, which may impede
diagnosis.3,4,11,23,24 In addition, recent single-center studies
have demonstrated an association between high levels of
BPE and increased breast cancer risk.5,6,8,9,12,13,25 In this
study, we evaluate the association between BPE and future
breast cancer risk among a population-wide cohort of
women undergoing breast MRI from diverse practice set-
tings in the United States. We compared BPE risk pre-
diction relative to and in conjunction with mammographic
breast density.

PATIENTS AND METHODS

Study Setting and Data Sources

We included breast MRIs conducted at 46 radiology fa-
cilities that participate in one of the following six regional
Breast Cancer Surveillance Consortium (BCSC) registries:
Carolina Mammography Registry, Kaiser Permanente
Washington Registry, Metro Chicago Breast Cancer
Registry, New Hampshire Mammography Network, San
Francisco Mammography Registry, and Vermont Breast
Cancer Surveillance System. BCSC registries link woman-
level risk factors and clinical information to breast imaging
examinations collected from community radiology facili-
ties. Breast cancer diagnoses and tumor characteristics
are obtained by linking with pathology databases, regional
SEER programs, and state tumor registries. BCSC regis-
tries and the statistical coordinating center received in-
stitutional review board approval, and all procedures were
Health Insurance Portability and Accountability Act
compliant.

Participants and Examinations

We included all BPE measures from screening and di-
agnostic breast MRI examinations performed on women
without a history of breast cancer from 2005 to 2015 (with
one exam in 2000). MRI indication was defined as
screening or diagnostic by the interpreting radiologist. MRIs
were excluded if breast cancer was diagnosed within
3 months after the MRI examination.

Measures and Definitions

For five of the BCSC registries, BPE was assessed clinically
as minimal, mild, moderate, or marked at the time of MRI
interpretation (n = 116 radiologists). Although the concept
of degrees of BPE was first published by Kuhl12 in 2007 and
BPE was codified formally in the American College of
Radiology BI-RADS in 2013,7,11,22 awareness and re-
cording of the proposed BI-RADS BPE categories existed

before official publication, with the first recorded assess-
ments in 2000 in our database. Although most BPE as-
sessments were prospectively assessed, a single BCSC
registry did not consistently measure BPE clinically.
Therefore, a radiologist (N.H.A.) blinded to cancer status
retrospectively measured BPE in a subcohort of women
with breast cancer and up to twomatched controls (n = 271
MRIs total, of which 38 patients with 52 MRI examinations
represented patients with cancer).

We dichotomized BPE into minimal versus mild, moderate,
or marked BPE based on consensus among investigators
and prior literature.8-10,14 This dichotomized definition was
intended to decrease known inter-reader variability25-27 for
BPE assessment. Breast density was dichotomized as low
density for almost entirely fatty or scattered fibroglandular
densities or as high density for heterogeneous or extremely
dense tissue.

Breast density and risk factors were collected from the
closest mammography examination within 5 years of the
MRI examination and before any breast cancer diagnosis.
Women completed a questionnaire at each mammogra-
phy examination (which was usually performed within
6 months of an MRI) to collect information on race and
ethnicity, history of first-degree relatives with breast
cancer, menopausal status, and history of breast biopsy.
Women were considered postmenopausal if they reported
removal of both ovaries, periods that had stopped natu-
rally or had not occurred for more than 365 days, use of
current hormone therapy, or an age of 55 years or older.28

Women were considered pre- or perimenopausal if they
reported currently having periods, using oral contracep-
tives, or not knowing if their periods had stopped.28

Women were considered to have surgical menopause,
other amenorrhea, or unknown status if they were younger
than age 55 years and reported hysterectomy without
bilateral oophorectomy and no use of hormone therapy, if
they reported their periods as stopped for other reasons,
or if menopausal status could not be determined on the
basis of available information. Prior diagnoses of benign
breast disease were collected from pathology databases
and grouped into the following four categories: non-
proliferative, proliferative without atypia, proliferative with
atypia, and lobular carcinoma in situ, as described
previously.29-31 BCSC (version 2.0) 5-year risk score was
based on age, race or ethnicity, BI-RADS breast density,
first-degree family history, and history of breast biopsy and
benign breast disease.5,6

Primary, Secondary, and Sensitivity Analyses

We described the participant population at baseline (ie, first
BPE measure) by breast cancer status and BPE. Hazard
ratios (HRs) and 95% CIs for breast cancer risk were es-
timated using Cox proportional hazards regression using
both ordinal and dichotomized definitions of BPE. We
modeled the data in the following two ways: restricting to
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TABLE 1. Participant Characteristics at Time of First MRI BPE Measurement by Cancer Status and BPE Level

Characteristic

Women With Cancer,
No. (%; n = 176)

Women Without Cancer, No.
(%; n = 4,071)

Minimal BPE
Mild, Moderate,
or Marked BPE Total

Mild, Moderate,
or Marked BPE Minimal BPE Total

Total women 36 140 176 1,397 2,674 4,071

Age, years

, 40 8 (22) 29 (21) 37 (21) 226 (16) 639 (24) 865 (21)

40-49 5 (14) 51 (36) 56 (32) 361 (26) 986 (37) 1,347 (33)

50-59 10 (28) 36 (26) 46 (26) 479 (34) 661 (25) 1,140 (28)

60-69 7 (19) 21 (15) 28 (16) 258 (18) 310 (12) 568 (14)

$ 70 6 (17) 3 (2) 9 (5) 73 (5) 78 (3) 151 (4)

Race or ethnicity

White, non-Hispanic 28 (85) 105 (76) 133 (78) 972 (82) 1,963 (81) 2,935 (81)

Black, non-Hispanic 2 (6) 9 (7) 11 (6) 30 (3) 62 (3) 92 (3)

Hispanic 1 (3) 8 (6) 9 (5) 44 (4) 124 (5) 168 (5)

Asian/Pacific Islander 1 (3) 13 (9) 14 (8) 87 (7) 185 (8) 272 (8)

Other/mixed 1 (3) 3 (2) 4 (2) 48 (4) 95 (4) 143 (4)

Missing 3 (8) 2 (1) 5 (3) 216 (15) 245 (9) 461 (11)

BI-RADS breast density

Almost entirely fat 3 (9) 4 (3) 7 (4) 113 (10) 49 (2) 162 (5)

Scattered fibroglandular tissue 13 (39) 25 (19) 38 (23) 419 (38) 576 (26) 995 (30)

Heterogeneously dense 11 (33) 56 (43) 67 (41) 412 (37) 1,014 (46) 1,426 (43)

Extremely dense 6 (18) 44 (34) 50 (31) 169 (15) 550 (25) 719 (22)

Missing 3 (8) 11 (8) 14 (8) 284 (20) 485 (18) 769 (19)

Menopausal status

Pre-/perimenopausal 7 (26) 66 (57) 73 (51) 316 (32) 1,010 (57) 1,326 (48)

Postmenopausal 20 (74) 50 (43) 70 (49) 662 (68) 776 (43) 1,438 (52)

Surgical or other amenorrhea or unknown 9 (25) 24 (17) 33 (19) 419 (30) 888 (33) 1,307 (32)

First-degree family history of breast cancer

No 15 (50) 42 (32) 57 (36) 483 (44) 915 (40) 1,398 (41)

Yes 15 (50) 88 (68) 103 (64) 627 (56) 1,385 (60) 2,012 (59)

Missing 6 (17) 10 (7) 16 (9) 287 (21) 374 (14) 661 (16)

History of benign breast biopsy

No 14 (47) 41 (31) 55 (34) 575 (55) 1,196 (54) 1,771 (55)

Yes 16 (53) 93 (69) 109 (66) 472 (45) 1,000 (46) 1,472 (45)

Missing 6 (17) 6 (4) 12 (7) 350 (25) 478 (18) 828 (20)

5-year BCSC risk (version 2 calculator), %

, 1.00 5 (19) 21 (18) 26 (18) 227 (23) 489 (25) 716 (24)

1.00-1.66 4 (15) 26 (22) 30 (21) 277 (28) 538 (27) 815 (27)

1.67-2.49 9 (33) 25 (21) 34 (23) 251 (25) 477 (24) 728 (25)

2.50-3.99 7 (26) 37 (31) 44 (30) 179 (18) 329 (17) 508 (17)

$ 4.00 2 (7) 10 (8) 12 (8) 68 (7) 133 (7) 201 (7)

Missing 9 (25) 21 (15) 30 (17) 395 (28) 708 (26) 1,103 (27)

(continued on following page)
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each woman’s first BPE measure and including all eligible
BPE measures for each woman. The second model was fit
using a robust sandwich estimator for repeated measures
survival data to account for multiple observations per
woman.32 Women were observed from 3 months after date
of BPE measure to breast cancer diagnosis or censoring as
a result of death or end date of complete cancer capture.
Models were adjusted for BCSC registry and MRI indication
(screening v diagnostic) and for number of MRIs in models
with multiple measures through stratification. All models
were adjusted for age in years as a continuous variable.

BPE was further evaluated in secondary and sensitivity
analyses. Associations of BPE with risk were evaluated
separately for ductal carcinoma in situ (DCIS) and invasive

cancer. Multiplicative interaction was tested by including
product terms for BPE with breast density, first-degree
family history, menopausal status, MRI indication, and
BCSC risk score. Confounding was evaluated through
adjustment using covariables from Table 1. For sensitivity
analyses, we refit the model for dichotomous BPE with the
following conditions: restricting to breast cancer diagnoses
at least 1 year after BPE measurement and starting follow-
up from this time; restricting to BPE measurements
assessed in 2010 or later; restricting to nonsuspicious BI-
RADS assessment categories 1, 2, and 3; and excluding the
single registry that retrospectively evaluated BPE. Analyses
were performed using SAS software, version 9.2 (SAS In-
stitute, Cary, NC).

TABLE 1. Participant Characteristics at Time of First MRI BPE Measurement by Cancer Status and BPE Level (continued)

Characteristic

Women With Cancer,
No. (%; n = 176)

Women Without Cancer, No.
(%; n = 4,071)

Minimal BPE
Mild, Moderate,
or Marked BPE Total

Mild, Moderate,
or Marked BPE Minimal BPE Total

Cancer type

Invasive 25 (69) 104 (74) 129 (73) — — —

DCIS 11 (31) 36 (26) 47 (27) — — —

Indication for MRI at BPE measure

Screening 22 (61) 82 (59) 104 (59) 951 (68) 1,778 (66) 2,729 (67)

Diagnostic 14 (39) 58 (41) 72 (41) 446 (32) 896 (34) 1,342 (33)

Median follow-up interval, years (interquartile range) 2.1 (1.0-3.8) 2.8 (1.4-4.3)

NOTE. Values presented as No. (%) unless otherwise indicated. Proportions sum to 100% within column category.
Abbreviations: BCSC, Breast Cancer Surveillance Consortium; BI-RADS, Breast Imaging Reporting and Data System; BPE, background parenchymal

enhancement; DCIS, ductal carcinoma in situ; MRI, magnetic resonance imaging.

TABLE 2. Associations Between Baseline MRI BPE and Breast Cancer Risk

Total

Baseline BPE Multiple BPE Measures per Woman

Women With
Cancer, No.
(%; n = 176

women)

Women Without
Cancer, No.

(%; n = 4,071
women)

Hazard Ratio*
(95% CI)

Women With Cancer,
No. (%; n = 255
observations)

Women Without Cancer,
No. (%; n = 6,385

observations)
Hazard Ratio*
(95% CI)

BI-RADS BPE
(4 categories)

Minimal 36 (20) 1,397 (34) Reference 66 (24) 2,342 (37) Reference

Mild 47 (27) 1,257 (31) 1.80 (1.12 to 2.87)† 74 (27) 1,921 (30) 1.56 (1.07 to 2.29)†

Moderate 53 (30) 929 (23) 2.42 (1.51 to 3.86)† 71 (26) 1,376 (22) 1.92 (1.28 to 2.88)†

Marked 40 (23) 488 (12) 3.41 (2.05 to 5.66)† 60 (22) 746 (12) 2.70 (1.68 to 4.34)†

BPE (dichotomous)

Minimal 36 (20) 1,397 (34) Reference 66 (24) 2,342 (37) Reference

Mild, moderate, or
marked

140 (80) 2,674 (66) 2.28 (1.51 to 3.44)† 205 (76) 4,043 (63) 1.88 (1.33 to 2.65)†

NOTE. Proportions sum to 100% within column category.
Abbreviations: BI-RADS, Breast Imaging Reporting and Data System; BPE, background parenchymal enhancement; MRI, magnetic resonance imaging.
*Hazard ratios estimated from Cox proportional hazardsmodel stratified byBreast Cancer Surveillance Consortium registry andMRI indication and adjusted for

age at BPEmeasurement. Formultiple BPEmeasures per woman, a robust sandwich estimator was used andmodels were additionally stratified byMRI number.
†Significant result.
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RESULTS

Participant and MRI Examination Characteristics

Analysis included 6,640 eligible breast MRI examinations
conducted in 4,247 women (Table 1). Breast MRI exam-
inations were performed for a screening indication in 2,833
women (67%) and a diagnostic indication in 1,414 women
(33%). A total of 176 women subsequently developed
breast cancer, of whom 129 (73%) had invasive disease
and 47 (27%) had DCIS. Median follow-up was 2.1 years
for patients with cancer (interquartile range, 1.0 to 3.8

years) and 2.8 years for noncancer controls (interquartile
range, 1.4 to 4.3 years).

Overall, 82% of women were younger than 60 years old,
and 81% were of white or non-Hispanic race and ethnicity
(Table 1). Women with breast cancer, compared with those
without cancer, were slightly more likely to be pre-
menopausal (51% v 48%, respectively), have a first-degree
family history of breast cancer (64% v 59%, respectively),
and have a 1.67% or greater 5-year breast cancer risk by
the BCSC model (62% v 48%, respectively).

TABLE 3. Comparative analysis of the associations of mammographic breast density, BCSC 5-year risk, and MRI background parenchymal enhancement
(BPE) on breast cancer risk

Total

Baseline BPE and/or Breast Density Multiple BPE and/or Breast Density Measures per Woman

Women With
Cancer, No.

(%;
n = 176
women)

Women Without
Cancer (%;
n = 4,071
women)

Hazard Ratio*
(95% CI)

Women With
Cancer, No.
(%; n = 255
observations)

Women Without
Cancer, No.

(%; n = 6,385
observations)

Hazard Ratio*
(95% CI)

BI-RADS breast density

Almost entirely fat 7 (4) 162 (5) 1.19 (0.53 to 2.70) 16 (6) 276 (5) 1.45 (0.64 to 3.28)

Scattered fibroglandular
tissue

38 (23) 995 (30) Reference 67 (26) 1,659 (31) Reference

Heterogeneously dense 67 (41) 1,426 (43) 1.29 (0.85 to 1.95) 100 (39) 2,231 (41) 1.12 (0.77 to 1.63)

Extremely dense 50 (31) 719 (22) 1.54 (0.97 to 2.44) 72 (28) 1,230 (23) 1.25 (0.81 to 1.92)

Breast density and BPE†

Low density + minimal
BPE

16 (10) 532 (16) Reference 33 (13) 930 (17)

High density + minimal
BPE

17 (10) 581 (18) 1.25 (0.61 to 2.54) 30 (12) 1,035 (19) 0.97 (0.59 to 1.61)

Low density +MMMBPE 29 (18) 625 (19) 2.30 (1.19 to 4.46)‡ 50 (20) 1,005 (19) 1.84 (1.17 to 2.91)‡

High density + MMM
BPE

100 (62) 1,564 (47) 2.61 (1.44 to 4.72)‡ 142 (56) 2,426 (45) 1.83 (1.24 to 2.70)‡

BI-RADS breast density
and BCSC 5-year
risk§

BCSC risk , 1.67% +
minimal BPE

9 (6) 505 (17) Reference 21 (9) 830 (17)

BCSC risk $ 1.67% +
minimal BPE

18 (12) 497 (17) 1.79 (0.75 to 4.30) 33 (14) 966 (20) 1.16 (0.64 to 2.09)

BCSC risk , 1.67% +
MMM BPE

48 (33) 1,028 (35) 2.91 (1.34 to 6.31)‡ 74 (32) 1,507 (31) 2.02 (1.21 to 3.36)‡

BCSC risk $ 1.67% +
MMM BPE

71 (49) 938 (32) 4.03 (1.88 to 8.63)‡ 102 (44) 1,596 (33) 2.14 (1.29 to 3.55)‡

NOTE. Proportions sum to 100% within column category. Numbers do not sum to total because some women were missing breast density.
Abbreviations: BCSC, Breast Cancer Surveillance Consortium; BI-RADS, Breast Imaging Reporting and Data System; BPE, background parenchymal

enhancement; MMM, mild, moderate, or marked.
*Hazards ratios estimated from Cox proportional hazards model stratified by BCSC registry and MRI indication and adjusted for age at BPE measurement.

For models with multiple BPE measures per woman, a robust sandwich estimator was used, and models were additionally stratified by MRI number.
†Test for interaction for baseline BPE and breast density, P = .82; test for interaction for multiple BPEmeasures and breast density per woman, P = .99. Low

density indicates almost entirely fatty or scattered fibroglandular densities; high density indicates heterogeneously or extremely dense.
‡Significant result.
§Test for interaction for baseline BPE and BCSC 5-year risk, P = .58; test for interaction for multiple BPE measures and BCSC 5-year risk per woman, P = .77.
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When comparing women without breast cancer by BPE
group (Table 1), women with mild, moderate, or marked
BPE, compared with women with minimal BPE, were more
likely to be younger than age 60 years (85% v 76%, re-
spectively), be premenopausal (57% v 32%, respectively),
and have a first-degree family history of breast cancer (61%
v 56%, respectively).

Association Between BPE and Cancer

Women with cancer, compared with women without can-
cer, had a higher rate of mild, moderate, or marked BPE
(80% v 66%, respectively; Table 2). In the primary analysis
using baseline BPE measurement with minimal BPE as
reference, increasing levels of BPE demonstrated signifi-
cantly increased future breast cancer risk (mild: HR, 1.80;
95% CI, 1.12 to 2.87; moderate: HR, 2.42; 95% CI, 1.51 to
3.86; and marked: HR, 3.41; 95% CI, 2.05 to 5.66). These
effects were attenuated but still statistically significant when
including all BPE measures. Compared with minimal BPE,
mild, moderate, or marked BPE was associated with sig-
nificantly increased cancer risk using baseline BPE (HR,
2.28; 95% CI, 1.51 to 3.44) or repeated measures of BPE
(HR, 1.88; 95% CI, 1.33 to 2.65).

Comparative Association of BPE and Breast Density

With Cancer

Women who developed breast cancer compared with
women who remained cancer free had a higher proportion
of dense breasts (72% v 65%, respectively; Table 3 and

Fig 1).Compared with women with scattered fibroglandular
tissue, women with extremely dense breasts demonstrated
a nonsignificant increased risk of breast cancer (HR, 1.54;
95% CI, 0.97 to 2.44; Table 3), which was attenuated when
using repeated measures of breast density.

Women with breast cancer, compared with those without
breast cancer, had a higher proportion of both mild,
moderate, or marked BPE and high breast density (57% v
38%, respectively). Compared with women with low breast
density and minimal BPE, women with high breast density
and minimal BPE did not have a statistically significant
increased risk of breast cancer (HR, 1.25; 95% CI, 0.61 to
2.54). In contrast, women with low breast density and mild,
moderate, or marked BPE had a significantly increased risk
of breast cancer (HR, 2.30; 95% CI, 1.19 to 4.46). Having
both high breast density and high BPE significantly in-
creased the risk of breast cancer compared with having
either factor alone (HR, 2.61; 95% CI, 1.44 to 4.72). The
test for interaction between dichotomized BPE and di-
chotomized breast density was nonsignificant (P = .82).
Results for the repeated measures model demonstrated
similar but attenuated effects.

Comparative Association of BPE and BCSC 5-Year Risk

With Cancer

Women with a higher BPE and a high BCSC 5-year risk
score of 1.67% or greater had a four-fold increased risk
compared with women with minimal BPE and a low risk
score (HR, 4.03; 95% CI, 1.88 to 8.63; Table 3). Risk was
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FIG 1. Distribution of magnetic reso-
nance imaging (MRI) background
parenchymal enhancement (BPE) and
mammographic breast density. Women
with cancer, compared with women
without cancer, had a higher proportion
of mild, moderate, or marked BPE
(80% v 66%, respectively) and of het-
erogeneously or extremely dense
breasts (72% v 65%, respectively).
When combining BPE and density,
women with cancer had a higher pro-
portion of both mild, moderate, or
marked BPE and heterogeneously or
extremely dense breasts compared with
women without cancer (57% v 38%,
respectively).
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also elevated but to a lesser extent for higher BPE in the
absence of a high risk score (HR, 2.91; 95% CI, 1.34 to
6.31) and marginally elevated for higher risk score in the
absence of higher BPE (HR, 1.79; 95% CI, 0.75 to 4.30).
There was no evidence of a multiplicative interaction be-
tween higher risk score and higher BPE on risk (P = .58).
When including multiple examinations, similar statistically
significant associations were noted, although with attenu-
ated magnitudes of effect.

Secondary Analyses

Secondary and sensitivity analyses are fully described in
Table 4. Mild, moderate, or marked BPE, compared with
minimal BPE, was associated with a significantly increased
risk of invasive cancer (HR, 2.73; 95% CI, 1.66 to 4.49) but
not DCIS (HR, 1.48; 95%CI, 0.72 to 3.05). Higher BPE was
associated with an increased risk of breast cancer among
women with a first-degree family history (HR, 3.55; 95% CI,
1.93 to 6.53), but this was not statistically significant for
women without a family history (HR, 1.29; 95% CI, 0.69 to
2.42; P for interaction = .02). When evaluating confounding
through adjustment, BPE remained significantly associated
with risk when adjusting for factors such as family history,
benign breast biopsies, and postmenopausal status. Ad-
justment for breast density changed the magnitude of BPE
effect by only 3% (HR, 2.22; 95% CI, 1.42 to 3.47).

Sensitivity analyses demonstrated that dichotomous BPE
remained significantly associated with cancer risk when
restricting to cancer diagnoses made at least 1 year after
BPE assessment (HR, 2.09; 95% CI, 1.34 to 3.25);
restricting to BPE assessments made in or after 2010 (HR,
2.99; 95% CI, 1.73 to 5.15); limiting to negative MRI as-
sessments of BI-RADS categories 1, 2, or 3 (HR, 2.14; 95%
CI, 1.32 to 3.45); or removing the BCSC registry that ret-
rospectively assessed BPE (HR, 2.19; 95% CI, 1.43 to
3.33).

DISCUSSION

In this population-based assessment of BPE, we demon-
strate that among women undergoing screening or di-
agnostic breast MRI, elevated levels of BPE significantly
increased risk of developing primary invasive breast can-
cer. BPE had a stronger association with breast cancer risk
than breast density in this population. Moreover, BPE was
independent of breast density in risk prediction, and the
combination of BPE and breast density increased the
overall risk for breast cancer more than either factor alone.
Our results strengthen the findings of smaller, single-
institution, retrospective studies8,9,25 and further validate
the use of BPE as an imaging biomarker for primary breast
cancer risk.

We also demonstrated BPE to be more strongly associated
with invasive cancer than DCIS, suggesting it is a relevant
biomarker for predicting clinically important breast cancer.
Furthermore, BPE risk prediction remained significant
when adjusting for other factors associated with increased
breast cancer risk including increased age, family history,
benign breast biopsies, and postmenopausal status. Our
population represents a predominantly high-risk group,
with 49% of women at intermediate to high 5-year risk
(compared with 38% of women in a general screened
population),33 which is the primary indication for screening
breast MRI.34 However, in a subset of women with low or
average risk (defined by a 5-year BCSC risk score of less

TABLE 4. Secondary and Sensitivity Analyses of Mild, Moderate, or Marked Versus
Minimal MRI BPE on Breast Cancer Risk

Variable

Baseline BPE

Hazard Ratio*
(95% CI) P for Interaction

Cancer type

DCIS 1.48 (0.72 to 3.05)

Invasive 2.73 (1.66 to 4.49)†

First-degree family history

No family history 1.29 (0.69 to 2.42) .02

Family history 3.55 (1.93 to 6.53)†

Menopausal status

Premenopausal 3.01 (1.27 to 7.10)† .77

Postmenopausal 2.58 (1.43 to 4.64)†

MRI indication

Screening MRI 2.58 (1.57 to 4.25)† .22

Diagnostic MRI 1.59 (0.84 to 2.99)

Adjusted covariables

Breast density 2.22 (1.42 to 3.47)†

Family history 2.34 (1.50 to 3.65)†

BBD 2.21 (1.42 to 3.43)†

Family history and BBD 2.29 (1.45 to 3.61)†

Menopausal status 2.63 (1.56 to 4.44)†

Family history, menopausal
status, and BBD

2.53 (1.49 to 4.28)†

Sensitivity analyses

Cancer diagnoses 1 year after
BPE only

2.09 (1.34 to 3.25)†

MRI examinations in 2010 or
later only

2.99 (1.73 to 5.15)†

BI-RADS category 1, 2, or 3
exams only

2.14 (1.32 to 3.45)†

Remove site with retrospective
BPE assessment

2.19 (1.43 to 3.33)†

Abbreviations: BBD, benign breast disease; BI-RADS, Breast Imaging Reporting
and Data System; BPE, background parenchymal enhancement; DCIS, ductal
carcinoma in situ; MMM, mild, moderate, or marked; MRI, magnetic resonance
imaging.
*Hazards ratios estimated from Cox proportional hazards model stratified by

Breast Cancer Surveillance Consortium registry and MRI indication and adjusted
for age at BPE measurement.
†Significant result.
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than 1.67%), BPE continued to indicate a significantly
increased breast cancer risk. Collectively, these findings
suggest that BPE is a robust imaging biomarker for breast
cancer risk that is independent of many established factors
used in validated risk models.

Our study used the largest longitudinal, population-based
cohort to date to confirm the association of BPE with pri-
mary breast cancer risk. The validity and robustness of this
result are strengthened by our use of rigorously collected
individual-level imaging and pathology data, the majority of
which was prospectively obtained from diverse academic
and community facilities across the United States. Our
findings also validate prior single-institution studies. King
et al8 initially found that moderate or marked BPE had a
significantly increased odds ratio for cancer of 10.1 (95%
CI, 2.9 to 35.3). However, this association may be biased
because BPE was measured from MRIs that concurrently
displayed enhancing cancer. Dontchos et al9 used BPE
measurements that preceded cancer diagnosis and found
that mild, moderate, or marked BPE was associated with an
elevated cancer odds ratio of 9.0 (95% CI, 1.1 to 71.0). All
studies, including ours, found that the significant associ-
ations between elevated BPE and breast cancer were
greater than associations between breast density and
cancer. However, only our study evaluated the interaction
between breast density and BPE. Although breast density
and BPE are not correlated among healthy women,35 we
demonstrated that breast cancer risk was independently
predicted by breast density and BPE.

Limitations of using BPE as an imaging biomarker for risk
parallel the limitations of breast density. BPE is a quali-
tative assessment that is prone to interobserver and
intraobserver differences that are comparable to or worse
than assessment of breast density.26,27 BPE has physio-
logic variability, creating sources of measurement error
and variation that tend to bias findings toward a null result,
which may explain our attenuated results with a repeated
measures model. Despite these limitations, BPE
remained significantly predictive of cancer. Breast density

did not significantly predict breast cancer risk despite
being an established risk marker; however, this result may
be a result of selection bias, because 68% of women in
our study had dense breasts, compared with 52% in the
general screening population.36 Women with dense
breasts may be more likely to be referred for MRI because
of increased individual risk or for supplementary
screening related to dense tissue masking. Finally, BPE
prediction remained robust through adjustment for con-
founders and sensitivity analyses to remove potential
biases related to suggestive assessments on MRI, prox-
imity in time of BPE assessment to cancer diagnosis, and
evolving definitions of BPE.

The clinical applicability of BPE as a risk marker is limited to
select populations who undergo MRI.34 Approximately 1%
to 5% of all US women who have received breast imaging
have undergone a breast MRI, although this modality may
be inappropriately used for some and underused for
others.37-39 The indications for and use of breast MRI may
increase,40 particularly because it is a potential choice of
supplemental screening for women with dense breasts41,42

and/or with recent developments in abbreviated MRI
protocols.43,44 Information gained with BPE could be
helpful for some women in future efforts to better define
breast cancer risk and tailor supplemental screening
strategies. For example, if an average-risk woman un-
dergoes diagnostic MRI and demonstrates elevated BPE,
her risk may be reassessed to determine if her absolute risk
is sufficiently high to warrant screening MRI. Alternatively,
high-risk women identified by standard risk prediction
models who undergo screening MRI may demonstrate
reduced risk if low BPE levels are considered in conjunction
with standard risk models; these women may no longer
require routine MRI screening.

In conclusion, we found BPE to be a strong predictor of
future breast cancer risk, which was independent of breast
density and other established risk factors. BPE should be
considered for incorporation into risk prediction models for
women undergoing MRI.
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