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Abstract

IMPORTANCE Evidence suggests that breast density and body mass index (BMI) are strong breast
cancer risk factors; however, their interactive associations are unknown. Elucidation of these
interactive associations may help to increase understanding of the causes of breast cancer and find
effective interventions for susceptible subgroups.

OBJECTIVE To explore the association of the interaction of mammographic breast density and BMI
with breast cancer risks among premenopausal and postmenopausal women.

DESIGN, SETTING, AND PARTICIPANTS This prospective observational cohort study used
population-based data of the Korean National Cancer Screening Program embedded in the National
Health Insurance Service database to evaluate the breast cancer risk of 3 248 941 premenopausal
cancer-free women and 4 373 473 postmenopausal cancer-free women aged 40 years or older who
underwent mammographic screening between January 1, 2009, and December 31, 2013, and were
followed up until December 31, 2018. Statistical analysis was performed from June 1to July 15, 2021.
EXPOSURES Breast Imaging Reporting and Data System (BI-RADS)-defined breast density (with a
scale from 1to 4, where 1indicates almost entirely fat, 2 indicates scattered fibroglandular densities,
3indicates heterogeneously dense tissue, and 4 indicates extremely dense tissue) and BMI levels
classified according to the World Health Organization Asia-Pacific Region classification.

MAIN OUTCOMES AND MEASURES Adjusted relative risk (aRR) of breast cancer during the
follow-up period and interactions in additive and multiplicative scales. The study end point was the
development of breast cancer.

RESULTS Of 3248 941 premenopausal women (mean [SD] age, 44.6 [4.3] years) and 4 373 473
postmenopausal women (mean [SD] age, 59.6 [8.4] years) aged 40 years or older, 34 466 cases of
breast cancer were identified among the premenopausal women, and 30 816 cases of breast cancer
were identified among the postmenopausal women. Increased breast density was associated with
an increased risk of breast cancer in both premenopausal and postmenopausal women across the
BMI categories. Among premenopausal women, those in BI-RADS category 4 had an approximately
2-fold higher risk of breast cancer irrespective of BMI (all women: aRR, 2.36 [95% Cl, 2.24-2.49];
underweight: aRR, 1.80 [95% Cl, 1.25-2.59]; normal weight: aRR, 2.10 [95% Cl, 1.93-2.28];
overweight: aRR, 2.47 [95% Cl, 2.27-2.68]; obese: aRR, 2.87 [95% Cl, 2.49-3.32]) than those with
underweight status and in BI-RADS category 1. However, an association between BMI and the risk of
breast cancer was found only in the postmenopausal women in all breast density categories
compared with underweight women with BI-RADS category 1(BI-RADS category 4, all women: aRR,
2.91[95% Cl, 2.78-3.04]; underweight: aRR, 2.74 [95% CI, 1.89-3.98]; normal weight: aRR, 3.05
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Abstract (continued)

[95% Cl, 2.82-3.30]; overweight: aRR, 2.85[95% Cl, 2.67-3.04]; obese: aRR, 2.52 [95% Cl,
2.22-2.88]). When the combined associations of breast density and BMI with the risk of breast cancer
were considered, a high breast density and high BMI had a significant positive interaction on the
additive scale for both premenopausal and postmenopausal women, especially the latter
(premenopausal women: adjusted relative excess risk due to interaction, 0.53 [95% Cl, 0.35-0.71];
postmenopausal women: adjusted relative excess risk due to interaction, 1.68 [95% Cl, 1.26-2.10]).
CONCLUSIONS AND RELEVANCE This study suggests that breast density and BMI interact
synergistically to augment breast cancer risk, with a stronger association found among
postmenopausal women. Both factors should be incorporated into risk stratification in a population-
based screening for public health significance. Women with overweight or obesity and dense breast
tissue might benefit from tailored early screening strategies to detect breast cancer.

JAMA Network Open. 2021;4(12):€2139161. doi:10.1001/jamanetworkopen.2021.39161

Introduction

Female breast cancer is the most commonly diagnosed cancer, accounting for 11.7% of all new cases
of cancer in 2020." Of the various risk factors for breast cancer, dense breast tissue has become an
important issue, with a strong association between dense breast tissue and increased breast cancer
risk regardless of menopausal status.2> Meanwhile, body mass index (BMI; calculated as weight in
kilograms divided by height in meters squared) appears to have the opposite association with breast
cancer risk according to menopausal status. A high BMI had no association or was associated with a
reduced breast cancer risk,* whereas increased adiposity was positively associated with increased
postmenopausal breast cancer.”

Although dense breast tissue and obesity were individually proven to be strong risk factors for
breast cancer, controversy exists regarding the magnitude of the combined associations of these 2
factors with breast cancer risk, in addition to heterogeneity of the associations according to
menopausal status.®® In particular, whether the combined association of breast density and BMI
with breast cancer risk varies according to menopausal status has yet to be comprehensively
examined, to our knowledge. Some findings suggest that women with overweight or obesity and
dense breast tissue may have a high risk of breast cancer regardless of menopausal status.''
However, 1 pooled analysis from 4 case-control studies reported minimal modification by BMI of the
associations of breast density with breast cancer risk.™

Mammographic breast density and BMI could be measured during health examinations, and
evaluating their joint associations could provide information on future breast cancer risk during
screening and consequently help identify women at an elevated risk of breast cancer. Thus, this study
aimed to explore the interaction of breast density and BMI and risk of breast cancer according to
menopausal status.

Methods

Study Design and Population

In this cohort study, we used data from the Korean National Cancer Screening Program embedded in
the National Health Insurance Service (NHIS) database.' In Korea, the NHIS provides free biennial
mammography breast cancer screening for women aged 40 years or older. Ascertainment of incident
breast cancer cases was obtained by linking the database to the medical use database of the NHIS.
Breast cancer cases were defined by the International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision codes for invasive breast cancer (C50.0-C50.9) and ductal
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carcinoma in situ (D05.0-D05.9), in combination with the catastrophic illness code.'® Screening
results and questionnaire data were transferred to the NHIS database after obtaining written
informed consent from the women. Our study was approved by the institutional review board of the
Hanyang University College of Medicine. In addition, permission to use the NHIS database was
approved by the National Health Insurance Sharing Service system, and deidentified data were
available to the researchers. This study followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline.

We used data of women who underwent mammography screening between January 1, 2009,
and December 31, 2013. Information on breast cancer incidence was followed up until December 31,
2018. When a woman underwent mammographic screening more than once, information on the first
screening was used. Among 8 116 653 women who underwent screening for breast cancer between
2009 and 2013, those who underwent screening at younger than 40 years of age, those with any
cancer history before the date of mammographic screening, or those with missing information on
menopausal status, BMI, or breast density were excluded. In addition, participants who received a
diagnosis of any type of cancer or died within 180 days after breast cancer screening were excluded
to prevent possible inclusion of prevalent cancer cases; the remaining 7 622 414 women were
composed of 3 248 941 premenopausal and 4 373 473 postmenopausal women at baseline
(Figure1).

Measurement of Mammographic Breast Density

Mammographic breast density was evaluated using the Breast Imaging Reporting and Data System
(BI-RADS) classification of the American College of Radiology. The BI-RADS breast density was read
by the radiologist at each screening center. The BI-RADS classification has been used to categorize
breast density in the Korean National Cancer Screening Program since 2009. The BI-RADS
mammographic breast density comprises 4 categories: 1indicates almost entirely fat, 2 indicates
scattered fibroglandular densities, 3 indicates heterogeneously dense tissue, and 4 indicates
extremely dense tissue.

Measurement of BMI

During health examinations, height and weight were measured by trained nurses and used to
calculate BMI. This study used the BMI cutoff points according to the World Health Organization Asia-
Pacific classification.'® Body mass index was categorized into the following 4 groups: underweight
(<18.5), normal weight (18.5 to <23.0), overweight (23.0 to <27.5), and obese (=27.5).

Figure 1. Flow Diagram of the Selection of the Eligible Population

8116653 Women received mammographic breast cancer screening
from January 1, 2009, through December 31, 2013

494239 Excluded
10 Younger than 40y at screening
56899 With history of cancer (all types)
at first screening

> 106744 Missing information

on menopausal status
330586 Received a diagnosis of any

type of cancer or died within

6 mo after screening

7622414 Participants included in the analysis

¥ ¥
‘ 3248941 Premenopausal women ‘ ‘ 4373473 Postmenopausal women ‘
¥ ¥
‘ 34466 Cases of breast cancer detected ‘ ‘ 30816 Cases of breast cancer detected ‘
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Measurement of Other Covariates

Information on other covariates was collected using standardized questionnaires during health
examination and cancer screening. The questionnaires were distributed by nurses and self-reported
by participants. The questionnaires measured information regarding health behaviors, including
drinking, smoking, physical activity, family history of cancer and other major chronic diseases, and
the reproductive physiological processes of all of the participants. In our analysis, we considered the
following factors as covariates: participants' age at screening, history of smoking, number of days of
alcohol consumption per week, family history of breast cancer among first-degree relatives, history
of benign breast disease, age at menarche, number of children, duration of breastfeeding, history of
breastfeeding, use of oral contraceptives, and history of hormone replacement therapy.

Statistical Analysis

Statistical analysis was performed from June 1to July 15, 2021. The study end point was the
development of breast cancer. The association among BMI levels, BI-RADS breast density categories,
and breast cancer risk was presented in terms of relative risks (RRs) using Poisson regression models,
considering the rare events of breast cancer. The associations between BMI and breast cancer risk
according to BI-RADS density classification and between BI-RADS density classification and breast
cancer risk according to BMI were also evaluated. In addition, the combined associations of BMI and
the BI-RADS density classification with breast cancer risk were presented using a Poisson regression
model. All analyses were stratified by menopausal status and adjusted for the covariates as
mentioned.

The interactions between breast density classification and BMI on the additive and
multiplicative scales were examined in association with breast cancer risk. The additive interactions
were assessed using relative excess risk due to interaction (RERI), which was computed as
RERIzg = RRy; = RR;g = RR; + 1. An RERI value of O indicated no additive interaction, a positive value
indicated a super-additive or positive interaction, and a negative value indicated a subadditive
(negative) interaction. The multiplicative interactions were assessed using the ratio of RRs:
RR#/(RR;o * RRyy). A multiplicative interaction value of more than 1indicated a positive interaction,
while a multiplicative interaction value of less than 1indicated a negative interaction.”” Additive
interaction is present when the combined association of BMI and breast density is larger than the
sum of the individual associations. Multiplicative interaction was estimated to evaluate whether the
combined association of BMI and breast density with breast cancer risk was larger than the product
estimated association of BMI alone and breast density alone."”

A 2-sided P < .05 was considered statistically significant. The analyses were performed using
SAS, version 9.4 (SAS Institute Inc).

Results

Baseline Characteristics of the Study Participants

In this cohort of 3 248 941 premenopausal cancer-free women (mean [SD] age, 44.6 [4.3] years) and
4373 473 postmenopausal cancer-free women (mean [SD] age, 59.6 [8.4] years), 34 466
premenopausal women and 30 816 postmenopausal women subsequently received a diagnosis of
breast cancer (Table 1; eTable 1in the Supplement). The proportion of premenopausal women with
overweight or obesity was 46% among those who did not develop breast cancer (1490 486 of
3214 475) and 45% among those who developed breast cancer (15 578 of 34 466). Among
postmenopausal women, 63% of those without breast cancer (2 740 424 of 4 342 657) and 66% of
those with breast cancer (20 304 of 30 816) had overweight or obesity. Among both premenopausal
and postmenopausal women, the proportion of those in BI-RADS categories 3 and 4 was higher
among those who developed breast cancer than among those who did not (82% [28 394 of 34 466]
vs 73% [2 355 508 of 3 214 475] among the premenopausal women and 46% [14 015 of 30 816] vs
30% [1300 682 of 4 342 657] among the postmenopausal women; P < .001).
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Table 1. Characteristics of the Study Participants at Screening

Premenopausal women, No. (%) Postmenopausal women, No. (%)
Characteristic No (n = 3214 475) Yes (n = 34466) Pvalue No (n = 4342657) Yes (n = 30816) P value
Age, mean (SD), y 44.4 (4.3) 44.8 (4.2) <.001 60.5 (8.9) 58.6(7.9) <.001
BMI
Underweight 113533 (4) 1269 (4) 89768 (2) 455 (2)
Normal 1610456 (50) 17619 (51) 1512465 (35) 10057 (33)
Overweight 1183185 (37) 12541 (36) <001 2113806 (49) 15 165 (49) <001
Obese 307301 (10) 3037 (9) 626618 (14) 5139 (17)
BI-RADS category for breast density
1 256242 (8) 1545 (5) 1656322 (38) 6667 (22)
2 602725 (19) 4527 (13) 1385653 (32) 10134 (33)
3 1380110 (43) 15398 (45) <001 993853 (23) 10366 (34) <001
4 975398 (30) 12996 (38) 306829 (7) 3649 (12)
Family history of breast cancer among
first-degree relatives
No 3081810 (96) 32290 (94) 4148427 (96) 28918 (94)
Yes 61844 (2) 1398 (4) <.001 70402 (2) 1068 (4) <.001
Unknown 70821 (2) 778 (2) 123828 (3) 830(3)
History of benign breast cancer disease
No 2692 649 (84) 27021 (78) 3714693 (86) 24469 (79)
Yes 289002 (9) 4857 (14) <.001 276483 (6) 3709 (12) <.001
Unknown 232824 (7) 2588 (8) 351481 (8) 2638 (9)
Age at menarche, y
<16 2214574 (69) 24649 (72) 1510945 (35) 13039 (42)
216 957707 (30) 9346 (27) <.001 2763765 (64) 17 295 (56) <.001
Missing 42194 (1) 471 (1) 67947 (2) 482 (2)
Parity
Nulliparous 206539 (6) 2972 (9) 141770 (3) 1640 (5)
Parous 3007936 (94) 31494 (91) <001 4200887 (97) 29176 (95) <001
Breastfeeding
Never 601274 (19) 7675 (22) 363566 (8) 3942 (13)
Ever 2527652 (79) 25626 (74) <.001 3910245 (90) 26173 (85) <.001
Unknown or NA 85549 (3) 1165 (3) 68846 (2) 701 (2)
Oral contraceptive use
Never 2657 637 (83) 28538 (83) 3468373 (80) 24197 (79)
Ever 421509 (13) 4448 (13) 42 638476 (15) 4777 (16) <.001
Unknown 135329 (4) 1480 (4) 235808 (5) 1842 (6)
Smoking status
Never 2997 416 (93) 32054 (93) 4134655 (95) 29004 (94)
Ever 209462 (7) 2346 (7) .02 195442 (5) 1708 (6) <.001
Unknown 7597 (0.2) 66 (0.2) 12560 (0.3) 104 (0.3)
Alcohol consumption
No drinking 2206057 (69) 23782 (69) 3698715 (85) 25757 (84)
Drinking 998998 (31) 10591 (31) 27 624388 (14) 4914 (16) <.001
Unknown 9420 (0.3) 93(0.3) 19554 (1) 145 (1)
Hormone replacement therapy among
menopausal women
Never NA NA 3119181 (72) 20033 (65)
Ever NA NA NA 570366 (13) 5009 (16) <.001
Unknown NA NA 653110 (15) 5774 (19)

Abbreviations: BI-RADS, Breast Imaging Reporting and Data System; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); NA, not applicable.
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Associations of Breast Density With Breast Cancer Risk According to BMI

Increased breast density was associated with an increased risk of breast cancer for both
premenopausal and postmenopausal women in total and across 4 BMI categories (Figure 2; eTable 2
in the Supplement). Among premenopausal women, those in BI-RADS category 4 had an
approximately 2-fold higher risk of breast cancer irrespective of BMI (all women: adjusted RR [aRR],
2.36 [95% Cl, 2.24-2.49]; underweight: aRR, 1.80 [95% Cl, 1.25-2.59]; normal weight: aRR, 2.10
[95% Cl,1.93-2.28]; overweight: aRR, 2.47 [95% Cl, 2.27-2.68]; obese: aRR, 2.87 [95% Cl, 2.49-3.32])
than those with underweight status and in BI-RADS category 1. In addition, those with a high BMI
showed associations between high BI-RADS categories and breast cancer risks. Similar associations
were found among postmenopausal women, with a significant association between high breast
density and breast cancer risk across the BMI categories compared with underweight women with
BI-RADS category 1(BI-RADS category 4, all women: aRR, 2.91[95% Cl, 2.78-3.04]; underweight:
aRR, 2.74 [95% Cl, 1.89-3.98]; normal weight: aRR, 3.05 [95% Cl, 2.82-3.30]; overweight: aRR, 2.85
[95% Cl, 2.67-3.04]; obese: aRR, 2.52 [95% Cl, 2.22-2.88]).

Associations of BMI With Breast Cancer Risk According to Breast Density

Among premenopausal women, no significant association between BMI and the risk of breast cancer
was found in any of the BI-RADS categories after adjusting for other covariates (Figure 3; eTable 3 in the
Supplement). However, among postmenopausal women, a high BMI was associated with a subsequent
increased risk of breast cancer in total and across all breast density categories after adjusting for other
potential confounders. Among postmenopausal women in BI-RADS category 1, those with obesity had
a2.45-fold (95% Cl, 1.87-3.21) increased risk of breast cancer relative to women in the underweight cat-
egory. Among postmenopausal women in high BI-RADS categories, a high level of obesity was associ-
ated with an increased risk of breast cancer compared with being underweight; however, the strength
of the association was low among women with high breast density.

Combined Associations of Breast Density and BMI With Breast Cancer Risk

Among premenopausal women, those in BI-RADS categories 1and 2 did not show significant associa-
tions with breast cancer risk, irrespective of obesity status, compared with those in BI-RADS category 1
who were in the underweight category (Table 2). However, a significantly high breast cancer risk was
found among women in BI-RADS categories 3 and 4 at all obesity levels within the same BI-RADS cat-
egories. For example, in BI-RADS category 3, the aRR in the underweight group was 1.47 (95%Cl,
1.02-2.12), in the normal weight group was 1.57 (95% Cl, 110-2.23), in the overweight group was 1.60
(95% Cl, 1.12-2.27), and in the obese group was 1.63 (95% Cl, 1.14-2.33). This finding suggests that breast
density is an important risk factor for premenopausal women. Premenopausal women in BI-RADS cat-
egory 4 with obesity had an approximately 2-fold higher risk of breast cancer than women in BI-RADS
category 1who were in the underweight category (aRR, 2.01; 95% Cl, 1.40-2.88).

Compared with postmenopausal women in BI-RADS category 1who were in the underweight
category, women in BI-RADS category 1 with obesity (aRR, 2.64; 95% Cl, 2.02-3.45) and women in
BI-RADS category 4 who were in the underweight category (aRR, 3.88; 95% Cl, 2.83-5.31) showed an
increased risk of breast cancer (Table 2); this finding suggests that both higher breast density and
higher BMI were associated with a higher breast cancer risk. The combination of BI-RADS category 4
and obesity was associated with the highest risk of breast cancer, which was approximately 6-fold
higher than that of the reference BMI group (aRR, 6.31; 95% Cl, 4.72-8.34).

A high breast density and high BMI had a significant positive interaction on the additive scale in
both premenopausal and postmenopausal women, especially the latter (Table 2). The adjusted RERI
was 0.53 (95% Cl, 0.35-0.71) in premenopausal women and 1.68 (95% Cl, 1.26-2.10) in
postmenopausal women. A marginally positive multiplicative interaction was found among
premenopausal women (adjusted multiplicative interaction, 1.04; 95% Cl, 1.02-1.06); however, no
significant multiplicative interaction was found among postmenopausal women (adjusted
multiplicative interaction, 0.99; 95% Cl, 0.97-1.01).
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Figure 2. Association Between Breast Density and Breast Cancer Risk According to Body Mass Index (BMI)

[A] Premenopausal women

BMI level/ Cases of breast Total aRR Lower : Higher
breast density cancer, No. No. (95% ClI) risk : risk
All levels

BI-RADS 1 1545 257787 1 [Reference] |

BI-RADS 2 4527 607252 1.29(1.21-1.36) =

BI-RADS 3 15398 1395508 1.95(1.85-2.06) E

BI-RADS 4 12996 988394 2.36(2.24-2.49) b
Underweight

BI-RADS 1 31 4353 1 [Reference] n

BI-RADS 2 76 10054 1.08(0.71-1.64) —

BI-RADS 3 390 39041 1.43(0.99-2.07) —

BI-RADS 4 772 61354 1.80(1.25-2.59) —
Normal

BI-RADS 1 595 92020 1 [Reference] u

BI-RADS 2 1746 239004 1.16 (1.05-1.27) -

BI-RADS 3 7606 702658 1.74(1.60-1.90) -

BI-RADS 4 7672 594393 2.10(1.93-2.28) ——
Overweight

BI-RADS 1 657 111268 1 [Reference] | ]

BI-RADS 2 1981 265581 1.31(1.20-1.43) R

BI-RADS 3 6004 532490 2.02(1.86-2.20) ——

BI-RADS 4 3899 286387 2.47(2.27-2.68) ——
Obesity

BI-RADS 1 262 50146 1 [Reference] | |

BI-RADS 2 724 92613 1.56(1.35-1.79) ——

BI-RADS 3 1398 121319 2.33(2.04-2.66) ——

BI-RADS 4 653 46260 2.87(2.49-3.32) —a—

0 1 2 3 4
aRR (95% CI)

Postmenopausal women

BMI level/ Cases of breast Total aRR Lower : Higher
breast density cancer, No. No. (95% ClI) risk : risk
All levels
BI-RADS 1 6667 1662989 1 [Reference] |
BI-RADS 2 10134 1395787 1.79(1.73-1.84) | |
BI-RADS 3 10366 1004219 2.54(2.45-2.62) L 3
BI-RADS 4 3649 310478 2.91(2.78-3.04) -
Underweight
BI-RADS 1 55 28167 1 [Reference] | |
BI-RADS 2 94 22782 1.70(1.20-2.41) —.
BI-RADS 3 172 24024 2.46(1.74-3.47) —.—
BI-RADS 4 134 15250 2.74(1.89-3.98) "
Normal
BI-RADS 1 1465 465067 1 [Reference] u
BI-RADS 2 2830 468142 1.79(1.68-1.91) R
BI-RADS 3 3952 429749 2.58(2.41-2.75) B
BI-RADS 4 1810 159564 3.05(2.82-3.30) ——
Overweight
BI-RADS 1 3443 851966 1 [Reference] | ]
BI-RADS 2 5333 705755 1.82(1.74-1.91) L
BI-RADS 3 4962 455499 2.57(2.45-2.69) -
BI-RADS 4 1427 115751 2.85(2.67-3.04) ——
Obesity
BI-RADS 1 1704 317789 1 [Reference] | |
BI-RADS 2 1877 199108 1.74(1.63-1.86) 3
BI-RADS 3 1280 94947 2.47(2.28-2.66) —a— Arelative risk greater than 1represented a higher risk
BI-RADS 4 278 19913 2.52(2.22-2.88) & of breast cancer. Error bars indicate 95% Cls for the
6 1 ﬁ é ); relative risk. aRR indicates adjusted relative risk;
aRR (95% Cl) BI-RADS, Breast Imaging Reporting and Data System.
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Figure 3. Association Between Body Mass Index (BMI) and Breast Cancer Risk According to Breast Density

[A] Premenopausal women

Lower
risk

Higher
risk

Breast density/ Cases of breast Total aRR
BMI level cancer, No. No. (95% ClI)
All categories
Underweight 1269 114802 1 [Reference]
Normal 17619 1628075 1.04 (0.98-1.10)
Overweight 12541 1195726 1.05(0.99-1.12)
Obese 3037 310338 1.07 (1.00-1.14)
BI-RADS 1
Underweight 31 4353 1 [Reference]
Normal 595 92020 0.93(0.65-1.33)
Overweight 657 111268 0.85(0.59-1.22)
Obese 262 50146 0.74(0.51-1.08)
BI-RADS 2
Underweight 76 10054 1 [Reference]
Normal 1746 239004 0.97(0.77-1.21)
Overweight 1981 265581 0.97(0.77-1.22)
Obese 724 92613 1.02(0.80-1.29)
BI-RADS 3
Underweight 390 39041 1 [Reference]
Normal 7606 702658 1.06 (0.96-1.18)
Overweight 6004 532490 1.08(0.97-1.19)
Obese 1398 121319 1.10(0.99-1.23)
BI-RADS 4
Underweight 772 61354 1 [Reference]
Normal 7672 594393 1.01(0.93-1.08)
Overweight 3899 286387 1.03(0.95-1.11)
Obese 653 46260 1.06 (0.96-1.18)
Postmenopausal women
Breast density/ Cases of breast Total aRR
BMI level cancer, No. No. (95% ClI)
All categories
Underweight 455 90223 1 [Reference]
Normal 10057 1522522 1.38(1.26-1.52)
Overweight 15165 2128971 1.69 (1.54-1.85)
Obese 5139 631757 2.11(1.92-2.33)
BI-RADS 1
Underweight 55 28167 1 [Reference]
Normal 1465 465067 1.47(1.13-1.93)
Overweight 3443 851966 1.87(1.43-2.44)
Obese 1704 317789 2.45(1.87-3.21)
BI-RADS 2
Underweight 94 22782 1 [Reference]
Normal 2830 468142 1.45(1.18-1.78)
Overweight 5333 705755 1.82(1.48-2.23)
Obese 1877 199108 2.26(1.84-2.78)
BI-RADS 3
Underweight 172 24024 1 [Reference]
Normal 3952 429749 1.30(1.11-1.51)
Overweight 4962 455499 1.53(1.32-1.78)
Obese 1280 94947 1.89(1.61-2.21)
BI-RADS 4
Underweight 134 15250 1 [Reference]
Normal 1810 159564 1.29(1.09-1.54)
Overweight 1427 115751 1.40(1.17-1.67)
Obese 278 19913 1.57(1.28-1.93)

Lower
risk

aRR (95% CI)

Higher
risk

N
w4
IS

aRR (95% CI)

N
w4
IS

Arelative risk greater than 1represented a higher risk
of breast cancer. Error bars indicate 95% Cls for the
relative risk. aRR indicates adjusted relative risk;
BI-RADS, Breast Imaging Reporting and Data System.
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Discussion

This population-based cohort study found that breast density was independently associated with

breast cancer risk for premenopausal and postmenopausal women; however, obesity was associated

with breast cancer risk only for postmenopausal women. Considering the combined associations of
breast density and obesity, women with obesity in BI-RADS category 4 showed the highest risk of

breast cancer among both premenopausal and postmenopausal women, which was 2-fold higher for

premenopausal women and 6-fold higher for postmenopausal women than that for women in

BI-RADS category 1who were in the underweight category. A positive synergistic association in terms

of additive interaction was suggested in both groups, especially for postmenopausal women. This
study confirmed the association between dense breast tissue and increased breast cancer risk

previously found in other populations

2,818

and for Korean women.>™ Although increased adiposity

was not associated with premenopausal breast cancer risk, it showed a strong association with an

increased risk of postmenopausal breast cancer, which was also found in our study.

20,21

Previous studies on the interactive associations between breast density and BMI with breast

cancer risk provide mixed evidence. A case-control study found that women with a breast density of
76% to 100% had a 5-fold higher risk of breast cancer than those with a breast density of 0% to 10%;

moreover, breast density had a significant multiplicative interaction with BMI.22 Other case-control

Table 2. Interactive Effects and Additive Interactions of BMI and Mammographic Breast Density on Breast

Cancer Risk

Breast density

BMI category

Underweight

Normal

Overweight

Obese

Premenopausal women
Univariate model (RR [95% CI])

BI-RADS 1

BI-RADS 2

BI-RADS 3

BI-RADS 4
Additive interaction
Multiplicative interaction
Multivariate model (aRR [95% CI])

BI-RADS 1

BI-RADS 2

BI-RADS 3

BI-RADS 4
Additive interaction
Multiplicative interaction

1 [Reference]

1.06 (0.70-1.61)
1.40(0.97-2.02)
1.77 (1.23-2.53)
0.57 (0.39-0.75)
1.04 (1.02-1.06)

1 [Reference]

1.09 (0.72-1.66)
1.47 (1.02-2.12)
1.85(1.29-2.65)
0.53(0.35-0.71)
1.04 (1.02-1.06)

0.91(0.63-1.30)
1.03 (0.72-1.46)
1.52 (1.07-2.16)
1.81(1.27-2.58)

0.90(0.63-1.29)
1.04(0.73-1.48)
1.57 (1.10-2.23)
1.88(1.32-2.68)

0.83(0.58-1.19)
1.05 (0.73-1.49)
1.58 (1.11-2.25)
1.91(1.34-2.72)

0.79 (0.55-1.13)
1.04(0.73-1.48)
1.60(1.12-2.27)
1.95(1.37-2.77)

0.73 (0.51-1.06)
1.10(0.77-1.57)
1.62 (1.13-2.31)
1.98 (1.38-2.84)

0.71 (0.49-1.02)
1.09 (0.76-1.57)
1.63(1.14-2.33)
2.01(1.40-2.88)

Postmenopausal women
Univariate model (RR [95% CI])
BI-RADS 1
BI-RADS 2
BI-RADS 3
BI-RADS 4
Additive interaction
Multiplicative interaction
Multivariate model (aRR [95% CI])
BI-RADS 1
BI-RADS 2
BI-RADS 3
BI-RADS 4
Additive interaction

Multiplicative interaction

1 [Reference]

2.11(1.51-2.95)
3.67 (2.71-4.97)
4.50 (3.29-6.16)
1.84(1.37-2.32)
0.99 (0.97-1.01)

1 [Reference]

2.00 (1.44-2.80)
3.28(2.42-4.45)
3.88(2.83-5.31)
1.68 (1.26-2.10)
0.99 (0.97-1.01)

1.61(1.23-2.11)
3.10(2.37-4.04)
4.71 (3.61-6.15)
5.81(4.44-7.60)

1.57 (1.20-2.05)
2.88(2.21-3.76)
4.23(3.24-5.52)
5.06 (3.87-6.63)

2.07 (1.59-2.70)
3.87(2.97-5.05)
5.58 (4.28-7.28)
6.31(4.82-8.26)

2.00 (1.53-2.61)
3.61(2.77-4.72)
5.05 (3.87-6.59)
5.58 (4.26-7.32)

2.75(2.10-3.59)
4.83(3.69-6.31)
6.90 (5.27-9.04)
7.15(5.35-9.55)

2.64(2.02-3.45)
4.49 (3.44-5.88)
6.23 (4.76-8.17)
6.31(4.72-8.43)

Abbreviations: aRR, adjusted relative risk; BI-RADS,
Breast Imaging Reporting and Data System; BMI, body
mass index (calculated as weight in kilograms divided
by height in meters squared); RR, relative risk.
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studies in the US™ and Japan?? also reported that breast density was associated with an increased
risk of premenopausal and postmenopausal breast cancers, and the association was strong in women
with overweight or obesity, showing a multiplicative interaction. In contrast, no multiplicative
interaction association between breast density and BMI with breast cancer risk was reported in a
pooled analysis of 4 case-control studies® and a study on postmenopausal women from the Nurses'
Health Study.® A recent nested case-control study reported that the combination of overweight or
obesity and elevated breast density was associated with a higher risk of premenopausal breast
cancer.® In particular, a high association was found with estrogen receptor-negative subtypes (odds
ratio, 2.17; 95% Cl, 1.50-3.16); however, no interactions between breast density and BMI were
detected in postmenopausal women. Although the interactive associations of breast density and BMI
with breast cancer risk have been studied previously, most studies reported only multiplicative
interactions despite the necessity of assessing interactions in both multiplicative and additive
scales.?*2° In our study, we assessed both scale interactions and identified that, despite the small or
nonsignificant multiplicative interaction of BMI and breast density with breast cancer risk, positive
interactions were observed in both premenopausal and postmenopausal women. Considering that
the additive interaction model is a relevant public health measure,?*?° both breast density and
adiposity might need to be considered in the identification of high-risk individuals in a population-
based screening setting.

Percentage of breast tissue density and adiposity are individually associated with an increased
risk of breast cancer but are negatively associated with one another.?6%” Thus, the biological
mechanisms underlying the interaction between breast density and BMI with breast cancer risk are
complex and poorly understood. Breast cancer growth involves neoplastic transformation of breast
epithelial cells into malignant cells. Given that epithelial cells are surrounded by adipose tissue,
inflammation in breast adipose tissue is thought to play an important role in breast tumor
development. The inflammatory effects of adiposity are mediated through increases in breast
density, which may explain the combined associations of BMI and breast density.?6?® Another
mechanism is associated with the aromatase activity of body fat, which is a significant source of
endogenous estrogens that promote breast tissue proliferation.2® These complex biological
associations of adiposity and breast density may explain the different interaction measures in terms
of additive or multiplicative scales. Studies have also reported that the absence of interaction on
either scale would be common?*25; however, there would always be an interaction on at least 1scale
when both exposures were associated with breast cancer risk with sufficient statistical power.

Strengths and Limitations

This study has some strengths, including its large national cohort design and prospective
ascertainment of breast cancer development. Most previous studies have investigated the
interaction between BMI and breast density using a multiplicative approach. However, considering
that additive interactions would be relevant for assessing the public health effect of an interaction,"”
the positive additive interaction for both premenopausal and postmenopausal women found in our
study might be informative. To our knowledge, this study is the first to comprehensively investigate
the combined association of breast density and BMI with breast cancer risk among women in Asian
countries based on population-based breast screening settings, considering both additive and
multiplicative interactions. Thus, this study provides evidence from real-world data on breast cancer
risk, and the findings are generalizable to East Asian women, who tend to have a higher breast
density than Western women.?® In addition, given the consistent findings from this study with
previous studies conducted in Western countries,®'? our results could also be applied to Western
populations of women with increasing obesity.

This study also has some limitations. It included a population of women aged 40 years or older,
which prevented us from examining breast cancer risk in younger groups. Furthermore, breast
density was subjectively interpreted. Although the BI-RADS classification has been widely used for
breast density classification, the results might vary depending on the ability and experience of
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radiologists. However, in Korea, a mammography education program to standardize the performance
of radiologists is available and thus might increase the reproducibility of the density measures.3°
Interradiologist variability was assessed in randomly selected digital mammograms from the Korean
National Breast Cancer Screening Program, which reported an interradiologist variability of 0.83,
indicating very high agreement.3' Although information on the reliability of the BI-RADS density
categories between radiologists in Korea remained limited, several previous studies showed high
agreement in assessing the film BI-RADs density categories between radiologists.323 Another
limitation of this study was the relatively small numbers of breast cancer cases in underweight
women in BI-RADS density category 1in both premenopausal women (31 cases among 4353
participants) and postmenopausal women (55 cases among 28 167 participants).

Conclusions

This study found that elevated breast density and having overweight or obesity are independently
associated with an increased risk of breast cancer and interact synergistically to augment breast
cancer risk for both premenopausal and postmenopausal women in terms of additive interactions. In
addition, strong multiplicative interaction associations of BMI and breast density with breast cancer
risk were found for postmenopausal women. Recent work suggests that notification of breast density
should be combined with breast cancer risk to identify women at the highest risk so that they can
undergo supplemental imaging screening and engage in discussions with their health care
professionals.>#3> Our findings suggest that breast density notification should be provided not as a
stand-alone risk factor but as an adjunct factor with BMI for risk stratification in population-based
mammographic screening settings for public health significance.
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