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Simple Summary: Breast cancer diagnosed between a negative screening mammogram and the
next regularly scheduled mammographic exam is called interval breast cancer. It is often diagnosed
at more advanced stages than screening-detected cancers. While body mass index (BMI) is a risk
factor for postmenopausal breast cancer overall and can influence the accuracy of mammography,
the association of BMI with postmenopausal interval breast cancer is unclear. Using data from the
Women’s Health Initiative, a national study among postmenopausal women, we found that lower
BMI was significantly associated with a higher risk of interval breast cancers diagnosed within 1 year
of a negative mammogram after adjustment for multiple risk factors. These findings suggest that
obesity is associated with a lower risk of postmenopausal interval breast cancer. Future research
using body composition measures is warranted to confirm our findings.

Abstract: Interval breast cancer refers to cancer diagnosed after a negative screening mammogram
and before the next scheduled screening mammogram. Interval breast cancer has worse prognosis
than screening-detected cancer. Body mass index (BMI) influences the accuracy of mammography
and overall postmenopausal breast cancer risk, yet how is obesity associated with postmenopausal
interval breast cancer incidence is unclear. The current study included cancer-free postmenopausal
women aged 50–79 years at enrollment in the Women’s Health Initiative who were diagnosed with
breast cancer during follow-up. Analyses include 324 interval breast cancer cases diagnosed within
one year after the participant’s last negative screening mammogram and 1969 screening-detected
breast cancer patients. Obesity (BMI ≥ 30 kg/m2) was measured at baseline. Associations between
obesity and incidence of interval cancer were determined by sequential logistic regression analyses.
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In multivariable-adjusted models, obesity was inversely associated with interval breast cancer risk
[OR (95% CI) = 0.65 (0.46, 0.92)]. The inverse association persisted after excluding women diagnosed
within 2 years [OR (95% CI) = 0.60 (0.42, 0.87)] or 4 years [OR (95% CI) = 0.56 (0.37, 0.86)] of enrollment,
suggesting consistency of the association regardless of screening practices prior to trial entry. These
findings warrant confirmation in studies with body composition measures.

Keywords: interval breast cancer; BMI; obesity; WHI; breast cancer

1. Introduction

Interval breast cancer refers to cancer emerging after a non-suspicious mammography
screen, and prior to the next scheduled screen. Previous studies have found that interval
breast cancer has greater clinical severity at diagnosis, including higher average histological
grade, larger tumor size, more metastatic local lymph nodes, and a worse prognosis
compared to screening-detected cancers [1–6]. Women diagnosed with interval breast
cancer are also reported to be more likely to have had a prior cancer diagnosis (other
than breast cancer) and to be at higher risk for cancers other than breast cancer after an
interval breast cancer diagnosis [2], implicating unique exposures and/or family history.
Approximately 20–30% of newly diagnosed breast cancers among postmenopausal women
attending mammography were interval breast cancers [4,7]. With an estimated 287,850 new
cases of female breast cancer in 2022, interval breast cancers are far from rare [8]. An
interval breast cancer diagnosis can be due to either true aggressive tumor biology, or
‘masking’ of existing cancer, i.e., a false negative in the last mammographic screen [9].
For example, dense breast tissue may obscure detection of a tumor on mammography, a
limitation that could be resolved with ultrasound and MRI [4]. Alternatively, or perhaps
in addition, the underlying biology of the tumor may drive more aggressive cancer. Risk
factors for interval breast cancer have been largely understudied, and because it is such an
aggressive disease, identifying high-risk populations should be prioritized for improved
early detection and diagnosis.

The current study objective was to investigate the role of BMI at enrollment with
subsequent interval breast cancer risk using data from the Women’s Health Initiative
(WHI) Clinical Trials [10]. A previous study of the WHI clinical trial cohort showed that
obesity was associated with overall increased invasive breast cancer risk [11]. Furthermore,
postmenopausal breast cancer has been identified more often and at more advanced stages
in obese women, and rates of recall and biopsy are also higher in this population [12], as
are increased cancer size and stage upon diagnosis [13]. Obese women with dense breast
had a 6-fold increased risk for postmenopausal breast cancer compared to underweight
women [14]. BMI and associated adipose tissue have been shown to influence underlying
tumor biology and risk of breast cancer [15,16] and through similar mechanisms may
influence risk of interval breast cancer. Although obesity has been identified as a risk factor
for breast cancer in postmenopausal women [17] and a protective factor for breast cancer in
premenopausal women [18], how obesity is associated with interval breast cancer is not
well documented.

Obesity and body mass index (BMI) have been shown to influence the accuracy of
screening mammograms [19], and thus may contribute to interval breast cancer diagnoses.
Obese women with fattier breast tissue have been shown to be 20% more likely to receive
false-positive findings from mammograms compared to women of underweight and normal
weight [19]. On the contrary, women with BMI < 25 kg/m2 are 30% more likely to receive
false-negative results compared to those with BMI > 25 kg/m2 among postmenopausal
women 50–59 years old [20], raising the possibility that low BMI could be a risk factor
for interval breast cancer. In addition, breast density and BMI are inversely associated
with each other and may act synergistically in breast cancer [14,21]. Lean women have
an increased risk of dense breasts, which is a strong risk factor for breast cancer [22],
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including interval breast cancer [23]. Biologically, mammographic density is associated
with breast stroma composition [24] with dense areas especially associated with higher
pro-tumor fibrillar collagen deposition [25]. Collagen can directly increase the matrix
stiffness and indirectly modulate mammary fibroblast secretion of soluble factors such
as transforming growth factor beta, insulin-growth factor, and epidermal growth factor
to promote tumorigenesis [24], leading to tumor progression. Determining associations
between obesity and interval breast cancer, as performed in this current study, could inform
future efforts to understand and target the influence of BMI and associated adipose tissue
on the underlying tumor biology and or masking of interval breast cancers.

2. Methods
2.1. Study Population

Data were gathered from the Women’s Health Initiative (WHI), a sample of breast
cancer-free postmenopausal women (at time of enrollment), ages 50–79 years old (n = 161,808)
from 1993–1998 with follow-up through mid-2019. For the current analyses, we only in-
cluded WHI participants (1) diagnosed with breast cancer during follow-up; (2) enrolled in
either or both of the WHI clinical trials (Hormone Therapy (HT) Trials and/or the Dietary
Modification (DM) Trial); (3) compliant with the protocol-mandated screening guideline.
Women were excluded if they were not compliant with the protocol-mandated screening
guideline, had contradictory recordings or missing data on key mammogram information,
or had interval breast cancer diagnosed 1–2.5 years after their last negative mammogram.

2.2. Assessment of Interval Breast Cancer and Screening-Detected Breast Cancer

The primary outcome of the current analyses was interval breast cancer, defined as
breast cancer that presented symptomatically after a negative mammographic screen and
before the next scheduled mammogram, as compared to screening-detected breast cancer.
We identified 1050 interval breast cancer cases (n = 324 at <1 year and n = 726 at 1–2.5 years
after a negative mammogram), and 1969 screening-detected breast cancer cases [1] (see
Figure 1). Interval breast cancer cases were identified based on mammogram history,
date of last mammogram, type of visit and mammogram exam results. From the WHI
data, interval breast cancer was defined with a diagnosis date between the recommended
screening intervals of 2.5 years for participants in the DM arm, and 1.5 years for participants
in the HT arm. From prior research, interval cancers diagnosed within 1 year of the prior
mammogram had characteristics associated with worse prognosis [1], and this group was
chosen for the current analysis.

2.3. Assessment of Exposures

Participant height, weight, waist circumference and hip circumference were measured
at baseline (ages 50–79 years; mean age = 63 years) by trained interviewers. Body mass
index (BMI) was calculated as (weight [kilograms]/height squared [meters squared]) and
categorized based on National Heart Lung and Blood categories [26]: underweight BMI,
<18.5 kg/m2; normal, 18.5 kg/m2 to <25 kg/m2; overweight, 25 kg/m2 to <30 kg/m2;
obese, ≥30 kg/m2.

2.4. Assessment of Covariates

All covariates were self-reported by participants in the WHI enrollment questionnaires
completed between 1993–1998. Covariates considered in this analysis included: age at
study entry, highest education, parity, family history of breast cancer, waist-to-hip ratio
(WHR), comorbidity, energy expended from recreational physical activity (MET-hr/wk)
and current smoking and alcohol use status (Table 1). WHR was calculated by waist
circumference divided by hip circumference; it reflects central obesity [27]. Comorbidity at
enrollment was calculated with the Charlson comorbidity index [28] based on baseline data
reported by the participants. Additionally, participants completed a food frequency for
habitual diet assessment, from which total dietary energy intake (kcal/day) was calculated.
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A Gail 5-year risk score was also calculated at baseline based on age, age of menarche,
age at first live birth, history of first-degree relative with breast cancer, history of previous
breast biopsy and race/ethnicity.

Table 1. Demographic and lifestyle characteristics of women diagnosed with interval breast cancer
and screening-detected breast cancer.

Variable Interval Breast Cancer
(n = 324)

Breast Cancer Detected
by Screening (n = 1969) p-Value

Demographic characteristics

Age at enrollment, mean (SD), y 63.07 (7.15) 63.24 (6.79) 0.68

BMI (kg/m2) at enrollment, mean (SD) continuous variable 28.08 (5.35) 29.46 (5.74) <0.0001

BMI (kg/m2) at enrollment, categorical variable <0.0001

Underweight 2 (0.62) 8 (0.41)

Normal weight 95 (29.32) 439 (22.30)

Overweight 126 (38.89) 675 (34.28)

Obese 101 (31.17) 847 (43.02)

Waist-to-hip ratio at enrollment, mean (SD) 0.81 (0.07) 0.82 (0.08) 0.03

Height (cm), mean (SD) 161.8 (6.48) 162.2 (6.49) 0.25

Gail 5-yr risk score, mean (SD) 2.00 (1.22) 1.86 (1.08) 0.03

Race/ethnicity, No. (%) 0.24

White 276 (85.2) 1688 (85.9)

African American 22 (6.8) 160 (8.1)

Hispanic 14 (4.3) 44 (2.2)

Asian 8 (2.5) 45 (2.3)

Other 4 (1.2) 28 (1.4)

Missing 0 4

Family history of breast cancer, No. (%) 0.22

Yes 80 (25.9) 423 (22.7)

No 229 (74.1) 1441 (77.3)

Missing 15 105

Ever full-term birth, No. (%) 0.54

Yes 273 (96.5) 1732 (97.1)

No 10 (3.5) 51 (2.9)

Missing 41 186

Age at first live birth, No. (%) 0.11

Never had any live birth 8 (3.17) 46 (2.87)

<20 years old 28 (11.11) 269 (16.80)

20–29 years old 184 (73.02) 1122 (70.08)

≥30 years old 32 (12.70) 164 (10.24)

Missing 72 368

Age at menarche, No. (%) 0.09

≤11 years old 66 (12.38) 467 (23.85)

12 years old 89 (27.47) 490 (25.03)

13 years old 110 (33.95) 559 (28.55)
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Table 1. Cont.

Variable Interval Breast Cancer
(n = 324)

Breast Cancer Detected
by Screening (n = 1969) p-Value

14 years old 35 (10.80) 288 (14.71)

≥15 years old 24 (7.41) 154 (7.87)

Missing 0 11

Previous breast biopsy, No. (%) 0.09

0 197 (68.17) 1286 (73.53)

1 65 (22.49) 351 (20.07)

>1 27 (9.34) 112 (6.40)

Missing 35 220

Total dietary energy intake (kcal/day) 1683.8 (650.4) 1733.4 (703.9) 0.24

Total energy expend from recreational physical activity
(MET-hours/week) 10.42 (10.60) 9.74 (10.85) 0.29

HT Study group, No. (%) 0.37

Estrogen-alone intervention 20 (15.27) 131 (14.13)

Estrogen-alone control 21 (16.03) 191 (20.60)

Estrogen + progestin intervention 57 (43.51) 341 (36.79)

Estrogen + progestin control 33 (25.19) 264 (28.48)

Not randomized to HT 193 1042

HT Study group Re-group, No. (%) 0.95

Estrogen-alone intervention 20 (6.17) 131 (6.65)

Estrogen + progestin intervention 57 (17.59) 341 (17.32)

No Estrogen or progestin Intervention 247 (76.23) 1497 (76.03)

DM Trial group, No. (%) 0.80

Intervention 92 (39.66) 521 (38.79)

Control 140 (60.34) 822 (61.21)

Not randomized to DM 92 626

Comorbidity at Enrollment, No. (%) 0.45

0 222 (68.52) 1364 (69.34)

1 66 (20.37) 423 (21.50)

2 23 (7.10) 131 (6.66)

≥3 13 (4.01) 49 (2.49)

Education 0.27

Below high school 11 (3.42) 87 (4.47)

High school diploma/GED 49 (15.22) 331(16.98)

Vocational or training school 38 (11.80) 215 (11.03)

Some college or associate degree 87 (27.02) 585 (30.02)

College degree or baccalaureate degree 46 (14.29) 200 (10.26)

Postgraduate degree 91 (28.26) 531 (27.24)

Missing 2 20

Smoking 0.07

Never smokers 169 (53.14) 977 (50.28)
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Table 1. Cont.

Variable Interval Breast Cancer
(n = 324)

Breast Cancer Detected
by Screening (n = 1969) p-Value

Current smokers 28 (8.81) 120 (6.18)

Ever smokers 121 (38.05) 846 (43.54)

Missing 6 26

Alcohol 0.64

Never drinkers 38 (11.91) 221 (11.34)

<1 drink/month 48 (15.05) 277 (14.22)

<1 drink/week 63 (19.75) 402 (20.64)

1– < 7 drinks/week 75 (23.51) 478 (24.54)

≥7 drinks/week 43 (13.48) 206 (10.57)

Past drinkers 52 (16.30) 364 (18.69)

Missing 5 21

Note: Chi-square tests were used for categorical variables and t-tests were used for continuous variables. Missing
categories were excluded from statistical analysis. Abbreviations: BMI: Body mass index; HT: Hormone therapy;
DM: Dietary modification; SD: Standard deviation; MET: Metabolic equivalent of task.
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Figure 1. Flow chart of Women’s Health Initiative (WHI) participants included in the analyses.

2.5. Statistical Analysis

We first compared anthropometric, reproductive, lifestyle and health behavior charac-
teristics between women diagnosed with interval breast cancer against those with screening-
detected breast cancer. Bivariate associations between BMI and each of the studied co-
variates were analyzed using t-tests for continuous variables and Chi-square tests for
categorical variables. Continuous BMI analysis was represented as per one-unit increases;
categorical BMI was calculated with normal weight (BMI: 18.5–24.6) as reference.

Covariates were selected for inclusion in logistic regression models based on un-
adjusted analyses including analyses of BMI with multiple variables and IBC risk with
multiple variables, as well as risk factors for breast cancer previously identified in the
literature [29]. Covariates considered in adjusted analyses included: Gail 5-year risk score,
waist-to-hip ratio, total energy intake, total energy expended from recreational physical ac-
tivity (MET-h/week), hormone replacement therapy clinical trial arm/dietary modification
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trial arm, smoking status, total alcohol intake, education, and comorbidity. Five sequential
multivariable-adjusted models with BMI included as the main exposure of interest were fit,
with new variables added to each model. In sequential order, models were (1) unadjusted,
(2) WHR, (3) Gail 5-year risk, (4) total energy intake (from diet) and expenditure (from
recreational physical activity), and (5) hormone replacement therapy clinical trial arm and
dietary modification trial arm, smoking status, alcohol intake, education, and comorbidity.
We also conducted another model equivalent for our final model (5) where we replaced
Gail 5-year risk score with the original variables comprising the score: age, ethnicity, age
at menarche, age at first full term birth, family history of breast cancer, and previous
breast biopsy.

We conducted sensitivity analyses to tease out the screening practice impact prior to
trial entry by excluding (1) all breast cancer cases diagnosed within 2 years after enrolling
into the WHI study and (2) all breast cancer cases diagnosed within 4 years after enrolling
into the WHI study. We also conducted stratified analyses by early-stage vs. late-stage
breast cancer. The current analytic study participants included those receiving estrogen
therapy alone (n = 151) and their controls (n = 212), and those receiving both estrogen
and progestin therapy (n = 398) and their controls (n = 297). Since the original WHI
study found women receiving estrogen and progestin had significantly increased risk of
breast cancer [30], we also conducted additional sensitivity analyses by excluding women
receiving estrogen and progestin.

3. Results

Table 1 shows the unadjusted comparisons of demographic and lifestyle characteristics
between participants with interval breast cancer and screening-detected breast cancer.
At baseline, slightly fewer women (70.06%) were overweight or obese in the interval
breast cancer group compared to the screening-detected breast cancer group (77.30%). We
found BMI at enrollment to be inversely associated with interval breast cancer risk in
both continuous and categorical models, p < 0.0001. To further investigate this potential
inverse relationship, we evaluated the association between BMI and sociodemographic,
medical history and lifestyle characteristics, including, waist-to-hip ratio at enrollment,
height, Gail 5-year risk score, total energy intake and energy expended from recreational
physical activity (MET-hrs/wk) (Table 2). Chi-square results showed that BMI was different
by race/ethnicity (p < 0.0001), age at menarche (p < 0.0001) and age at first live birth
(p < 0.0001), instance of previous breast biopsy (p = 0.0004), number of comorbidities
(p < 0.0001), education level (p < 0.0001), alcohol use (p < 0.0001) and membership in WHI
Hormone Therapy study arms (p < 0.0001). Those with a higher BMI were also more likely
to be randomly assigned to the hormone intervention group at baseline. We did not find
associations between BMI and age at enrollment or diagnosis, family history of breast
cancer, parity, or Dietary Modification trial arm membership.

Table 3 reports the associations between BMI and interval breast cancer with a se-
ries of sequential multivariable-adjusted logistic regression models. We conducted the
same sequential modeling, treating BMI as a continuous variable with results shown
in Table 3. We found women with obesity were at lower risk of interval breast cancer
[OR (95% CI) = 0.64 (0.45, 0.91)]. Every one-unit increase in BMI was associated with 4%
decreased risk of interval breast cancer in the adjusted models (Table 3). Detailed results
for other covariates are presented in Supplementary Tables S1 and S2. To address potential
collinearity between WHR and BMI, we used the same adjusted covariates in model 5 with
WHR as the main exposure variable without including BMI. Our results showed WHR lost
statistical significance with interval breast cancer (Supplemental Table S3). In model 6, we
replaced the Gail 5-year risk score with the original components of the Gail model including
age, ethnicity, age at menarche, age of the mother at the birth of her first live child, family
history of breast cancer, and the number of previous breast biopsy examinations. The results
still showed an association between BMI and interval breast cancer with a one unit increase
of BMI having 3% reduced risk for interval breast cancer [OR (95% CI) = 0.97 (0.94, 0.99)].
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These inverse association results differed from the positive association results on obesity
and overall incident breast cancer previously reported in WHI clinical trial cohorts [11].

Table 4 shows sensitivity analyses examining risk of interval breast cancer by BMI,
excluding cases diagnosed within less than 2 years or 4 years after enrollment in the study,
and by excluding women on an estrogen and progestin trial arm, and by only including
early-stage or late-stage breast cancer. Results revealed a consistent inverse association
between BMI and interval breast cancer risk.

Table 2. Associations between BMI and covariates.

Variable
Normal Weight
(BMI: 18.5–24.9)

(n = 534)

Overweight
(BMI: >24.9–29.9)

(n = 801)

Obese (BMI: >29.9)
(n = 948) p Value

Continuous variables

Age at enrollment, mean (SD), y 63.13 63.37 63.16 0.75

Age at diagnosis, mean (SD), y 68.29 68.58 68.60 0.69

Growth morphometric variables, mean (SD)

Height (cm) 163.38 162.13 161.39 <0.0001

Waist-to-hip ratio at enrollment 0.77 0.82 0.85 <0.0001

Gail 5-yr risk score 1.95 1.92 1.80 0.02

Total energy intake 1603.95 1687.14 1832.18 <0.0001

Total energy expended from recreational
physical activity (MET-hours/week) 12.51 10.57 7.72 <0.0001

Categorical variables p value

Race/ethnicity, No. (%) <0.0001

White 479 (89.70) 707 (88.38) 769 (81.38)

African American 22 (4.12) 47 (5.88) 113 (11.96)

Hispanic 8 (1.50) 20 (2.50) 30 (3.17)

Asian 22 (4.12) 15 (1.88) 16 (1.69)

Other 3 (0.56) 11 (1.38) 17 (1.80)

Family history of breast cancer, No. (%) 0.95

Yes 121 (23.68) 176 (23.01) 204 (23.00)

No 390 (76.32) 589 (76.99) 683 (77.00)

Ever full-term birth, No. (%)

Yes 460 (97.05) 703 (97.10) 835 (96.98) 0.99

No 14 (2.95) 21 (2.90) 26 (3.02)

Age at first live birth, No. (%) <0.0001

Never had any live birth 13 (2.97) 19 (2.92) 22 (2.90)

<20 years old 50 (11.42) 86 (13.23) 161 (21.21)

20–29 years old 326 (74.43) 482 (74.15) 493 (64.95)

≥30 years old 49 (11.19) 63 (9.69) 83 (10.94)

Age at menarche, No. (%) <0.0001

≤11 years old 89 (16.82) 178 (22.33) 265 (28.01)

12 years old 121 (22.87) 201 (25.22) 255 (26.96)

13 years old 176 (33.27) 235 (29.49) 253 (26.74)

14 years old 93 (17.58) 121 (15.18) 107 (11.31)

≥15 years old 50 (9.45) 62 (7.78) 66 (6.98)
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Table 2. Cont.

Variable
Normal Weight
(BMI: 18.5–24.9)

(n = 534)

Overweight
(BMI: >24.9–29.9)

(n = 801)

Obese (BMI: >29.9)
(n = 948) p Value

Previous breast biopsy, No. (%) 0.0004

0 310 (66.67) 506 (72.29) 661 (76.42)

1 117 (25.16) 134 (19.14) 153 (18.84)

>1 38 (8.17) 60 (8.57) 41 (4.74)

HT study group, No. (%) 0.0002

Estrogen-alone intervention 27 (12.74) 36 (10.26) 88 (17.96)

Estrogen-alone control 29 (13.68) 65 (18.52) 118 (24.08)

Estrogen + progestin intervention 93 (43.87) 143 (40.74) 159 (32.45)

Estrogen + progestin control 63 (29.72) 107 (30.48) 125 (25.51)

Not randomized to HRT 322 450 458

DM trial group, No. (%) 0.12

Intervention 135 (37.71) 237 (42.17) 238 (36.62)

Control 223 (62.29) 325 (57.83) 412 (63.38)

Not randomized to DM 176 239 298

Comorbidity at enrollment, No. (%) <0.0001

0 404 (75.66) 576 (71.91) 601 (63.40)

1 96 (17.98) 160 (19.98) 230 (24.26)

2 26 (4.87) 50 (6.24) 78 (8.23)

≥3 8 (1.50) 15 (1.87) 39 (4.11)

Education <0.0001

Below high school 9 (1.69) 30 (3.78) 59 (6.30)

High school diploma/GED 78 (14.69) 135 (17.02) 166 (17.72)

Vocational or training school 51 (9.60) 88 (11.10) 114 (12.17)

Some college or associate degree 129 (24.29) 229 (28.88) 311 (33.19)

College degree or baccalaureate degree 79 (14.88) 94 (11.85) 71 (7.58)

Postgraduate degree 185 (34.84) 217 (27.36) 216 (23.05)

Smoking 0.52

Never smokers 266 (50.96) 394 (49.68) 480 (51.28)

Current smokers 39 97.47) 56 (7.06) 51 (5.45)

Ever smokers 217 (41.57) 343 (43.25) 405 (43.27)

Alcohol <0.0001

Never drink 56 (10.63) 87 (10.94) 115 (12.29)

<1 drink/month 48 (9.11) 106 (13.33) 170 (18.16)

<1 drink/week 100 (18.98) 174 (21.89) 190 (20.30)

1– <7 drinks/week 175 (33.21) 209 (26.29) 167 (17.84)

≥7 drinks/week 87 (16.51) 94 (11.82) 66 (7.05)

Past drinking 61 (11.57) 125 (15.72) 228 (24.36)

Note: Removed 10 underweight participants from the analyses; removed missing group for race/ethnicity, family
history, full term pregnancy, age at first full live birth, age at menarche, previous biopsy, not randomized to HRT,
education, smoking and alcohol; abbreviations: BMI: Body mass index; SD: Standard deviation; HT: Hormone
therapy; DM: Dietary modification; GED: General education development.
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Table 3. Association of BMI and interval breast cancer diagnosed within 1 year after last normal mammogram screening compared to screening-detected
breast cancers.

Odds Ratio (95% Confidence Interval) 1

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories

Underweight (BMI: <18.5) 1.16 (0.24, 5.53) 1.14 (0.24, 5.47) 1.15 (0.24, 5.49) 1.13 (0.24, 5.43) 0.98 (0.20, 4.81) 0.95 (0.19, 4.70)

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Overweight (BMI: >24.9–29.9) 0.86 (0.64, 1.16) 0.88 (0.65, 1.198) 0.88 (0.66, 1.20) 0.89 (0.66, 1.21) 0.93 (0.69, 1.27) 0.91 (0.67, 1.24)

Obese (BMI: >29.9) 0.55 (0.41, 0.75) 0.57 (0.41, 0.80) 0.58 (0.42, 0.81) 0.60 (0.43, 0.84) 0.65 (0.46, 0.92) 0.62 (0.43, 0.89)

BMI Continuous Variables

Per 1 unit increase 0.96 (0.94, 0.98) 0.96 (0.94, 0.98) 0.96 (0.94, 0.98) 0.96 (0.94, 0.99) 0.97 (0.94, 0.99) 0.97 (0.94, 0.99)

Note: 1. This table reports a series of sequential multivariate models where a new variable is added to each model. Numbers in cells represent the odds ratios and 95% confidence
intervals computed from the logistic regression model. 2. Model 1: Unadjusted model. 3. Model 2: Model 1 + WHR. 4. Model 3: Model 2 + Gail 5 year risk score. 5. Model 4: Model 3+
total dietary energy intake and total energy from recreational physical activity. 6. Model 5: Model 4+ hormone replacement therapy clinical trial arm, dietary modification trial arm,
smoking, alcohol intake, education and comorbidity. 7. Model 6: Replace Model 5′s Gail 5-year risk with the original variables: age, ethnicity, age at menarche, age at first full term birth,
family history of breast cancer, and previous breast biopsy. Abbreviation: BMI: Body mass index; WHR: Waist hip ratio.

Table 4. Association of BMI and interval breast cancer (IBC) diagnosed within 1 year after last normal mammogram screening compared to screening-detected
breast cancers (SBC) sensitivity analyses.

Excluding Breast Cancer Cases Diagnosed within 2 Years (n = 285 for IBC and n = 1865 for SBC)

Odds Ratio (95% Confidence Interval) 1

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories

Underweight (BMI: <18.5) 1.20 (0.25, 5.75) 1.20 (0.25, 5.73) 1.20 (0.25, 5.75) 1.19 (0.25, 5.70) 1.03 (0.21, 5.10) 0.98 (0.20, 4.87)

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Overweight (BMI: >24.9–29.9) 0.80 (0.59, 1.10) 0.81 (0.59, 1.11) 0.81 (0.59, 1.12) 0.82 (0.59, 1.12) 0.85 (0.61, 1.18) 0.83 (0.60, 1.15)

Obese (BMI: >29.9) 0.54 (0.39, 0.74) 0.55 (0.39, 0.77) 0.55 (0.39, 0.78) 0.56 (0.39, 0.79) 0.60 (0.42, 0.87) 0.57 (0.39, 0.84)

BMI Continuous Variables

Per 1 unit increase 0.96 (0.93, 0.98) 0.96 (0.93, 0.98) 0.96 (0.94, 0.98) 0.96 (0.94, 0.99) 0.97 (0.94, 0.99) 0.96 (0.94, 0.99)
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Table 4. Cont.

Excluding breast cancer cases diagnosed within 4 years (n = 212 for IBC and n = 1405 for SBC)

Odds Ratio (95% Confidence Interval) 1

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories Odds Ratio

Underweight (BMI: <18.5) 1.55 (0.31, 7.85) 1.59 (0.31, 8.04) 1.61 (0.32, 8.18) 1.59 (0.31, 8.08) 1.28 (0.24, 6.88) 1.25 (0.23, 6.79)

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Overweight (BMI: >24.9–29.9) 0.73 (0.51, 1.04) 0.69 (0.48, 1.01) 0.70 (0.48, 1.01) 0.70 (0.48, 1.02) 0.75 (0.51, 1.09) 0.73 (0.50, 1.08)

Obese (BMI: >29.9) 0.53 (0.37, 0.76) 0.49 (0.33, 0.72) 0.49 (0.33, 0.73) 0.49 (0.33, 0.74) 0.56 (0.37, 0.86) 0.55 (0.35, 0.85)

BMI Continuous Variables

Per 1 unit increase 0.96 (0.94, 0.99) 0.96 (0.93, 0.99) 0.96 (0.93, 0.99) 0.96 (0.93, 0.99) 0.97 (0.94, 1.00) 0.97 (0.94, 1.00)

Excluding breast cancer cases on E + P (n = 267 for IBC, n = 1628 for SBC)

Odds Ratio (95% Confidence Interval) 1

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories

Underweight (BMI: <18.5) 0.83 (0.10, 6.97) 0.82 (0.10, 6.92) 0.84 (0.10, 7.06) 0.82 (0.10, 6.91) 0.82 (0.10, 7.00) 0.70 (0.08, 6.05)

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Overweight (BMI: >24.9–29.9) 0.96 (0.70, 1.33) 0.98 (0.70, 1.36) 0.98 (0.70, 1.37) 0.99 (0.71, 1.38) 1.04 (0.74, 1.46) 1.00 (0.71, 1.40)

Obese (BMI: >29.9) 0.60 (0.43, 0.84) 0.62 (0.43, 0.89) 0.62 (0.43, 0.90) 0.64 (0.44, 0.93) 0.68 (0.46, 1.01) 0.63 (0.42, 0.94)

BMI Continuous Variables

Per 1 unit increase 0.96 (0.94, 0.98) 0.96 (0.94, 0.99) 0.96 (0.94, 0.99) 0.96 (0.93, 0.99) 0.97 (0.94, 0.995) 0.96 (0.94, 0.99)

Including early-stage breast cancer (in situ + localized) (n = 218 for IBC, n = 1599 for SBC)

Odds Ratio (95% Confidence Interval) 1, 8

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories

Underweight (BMI: <18.5) 1.50 (0.31, 7.23) 1.45 (0.30, 6.99) 1.46 (0.30, 7.03) 1.47 (0.31, 7.11) 1.23 (0.24, 6.19) 1.20 (0.24, 6.11)

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
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Table 4. Cont.

Overweight (BMI: >24.9–29.9) 1.03 (0.73, 1.46) 1.11 (0.78, 1.58) 1.11 (0.78, 1.59) 1.12 (0.78, 1.60) 1.18 (0.82, 1.71) 1.17 (0.81, 1.70)

Obese (BMI: >29.9) 0.54 (0.37, 0.78) 0.62 (0.41, 0.93) 0.62 (0.42, 0.94) 0.63 (0.42, 0.96) 0.71 (0.46, 1.09) 0.70 (0.45, 1.09)

BMI Continuous Variables

Per 1 unit increase 0.95 (0.93, 0.98) 0.96 (0.94, 0.99) 0.96 (0.94, 0.99) 0.97 (0.94, 0.99) 0.97 (0.94, 1.00) 0.97 (0.94, 1.00)

Including late-stage breast cancer (regional + distant) (n = 103 for IBC, n = 349 for SBC)

Odds Ratio (95% Confidence Interval) 1, 8

Model 1 2 Model 2 3 Model 3 4 Model 4 5 Model 5 6 Model 6 7

BMI Categories

Underweight (BMI < 18.5) NA NA NA NA NA NA

Normal weight (BMI: 18.5–24.9) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Overweight (BMI: >24.9–29.9) 0.51 (0.29, 0.93) 0.48 (0.26, 0.88) 0.47 (0.26, 0.87) 0.48 (0.26, 0.89) 0.54 (0.29, 1.02) 0.49 (0.25, 0.93)

Obese (BMI: >29.9) 0.51 (0.29, 0.87) 0.43 (0.23, 0.80) 0.45 (0.24, 0.84) 0.47 (0.25, 0.88) 0.54 (0.27, 1.08) 0.47 (0.22, 0.97)

BMI Continuous Variables

Per 1 unit increase 0.95 (0.91, 0.99) 0.94 (0.90, 0.98) 0.94 (0.90, 0.99) 0.95 (0.90, 0.99) 0.95 (0.91, 1.00) 0.95 (0.90, 1.00)
1. This table reports a series of sequential multivariate models where a new variable is added to each model. Numbers in cells represent the odds ratios and 95% confidence intervals
computed from the logistic regression model. 2. Model 1: Unadjusted model. 3. Model 2: Model 1 + WHR. 4. Model 3: Model 2 + Gail 5 year risk score. 5. Model 4: Model 3+ total dietary
energy intake and total energy from recreational physical activity. 6. Model 5: Model 4+ for hormone replacement therapy clinical trial arm and dietary modification trial arm, smoking
status, alcohol intake, education and comorbidity. 7. Model 6: Replace Gail 5-year risk with the original variables: age, ethnicity, age at menarche, age at first full term birth, family
history of breast cancer, previous breast biopsy. 8. Among the 2293 participants included in the analyses, we had 24 missing stage pieces of information; other numbers by stage are:
in-situ (n = 443), localized (n = 1374), regional (n = 429), distant (n = 23).
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4. Discussion

Our study shows increasing BMI was inversely associated with risk of postmenopausal
interval breast cancer, which differs from previously reported positive associations between
obesity and overall postmenopausal invasive breast cancer risk [12]. In unadjusted and
adjusted analyses, women with interval breast cancer had lower continuous BMI scores
on average and a lower proportion were obese compared with their screening-detected
peers. Each one-unit increase in BMI was associated with a 4% decreased risk of interval
breast cancer in the adjusted model. The results remained statistically significant even
after adjustment for WHR, Gail 5-year-risk-score, educational level, clinical trial arm,
comorbidities, dietary energy intake, physical activity, and cigarette and alcohol intake.
The findings suggest that lower BMI is independently associated with increased risk of
postmenopausal interval breast cancer. Waist circumference, which correlates with BMI and
reflects central obesity, has been found to be significantly associated with postmenopausal
breast cancer [27], yet in our study, the strength of the association between WHR and
interval breast cancer lost significance in the adjusted model, although the relationship
was inverted, like the relationship between BMI and interval breast cancer. These results
suggest BMI is a dominant anthropometric measurement impacting a woman’s risk for
interval breast cancer. Sensitivity analyses were conducted to examine this relationship
with screening history and with assignment to estrogen or progestin trial arms. Sensitivity
analyses revealed a robust inverse association between BMI and interval breast cancer risk.

Previous studies of premenopausal women with early-onset breast cancer have shown
obesity is associated with a reduced risk of breast cancer; that is, the higher the BMI, the
lower the risk [17]. A change appears in postmenopausal women, with BMI as a risk
factor rather than a protective factor [17]. In younger women, obesity is associated with
decreased estrogen activity, possibly via ovarian suppression as estrogens are mainly syn-
thesized in the ovaries [31], whereas in postmenopausal women obesity is associated with
increased estrogen activity through the production of aromatase by adipocytes [32]. A
previous study using WHI clinical trial data, which included 3388 incident overall breast
cancer cases, confirmed the positive association between obesity and overall breast cancer
risk [11]. Our previous study [1] suggests that even after adjusting for stage or lymph
node involvement and tumor size, interval breast cancer diagnosed less than one years
still showed poorer survival compared to screening-detected breast cancer; however, no
difference in survival was observed between interval breast cancers diagnosed more than
one year and screening-detected breast cancer. Thus, unique biology, rather than simply a
delayed diagnosis, contributes to the interval breast cancer rather than delayed diagnosis.
One implication of our finding that lower BMI was associated with higher risk of more
aggressive interval breast cancer diagnosed within 1 year of negative mammogram results
among postmenopausal women is that lean postmenopausal women, who collectively
are anticipated to have less estrogen activity, are at increased risk for aggressive post-
menopausal interval breast cancer. These observations suggest that interval cancers may
be less dependent on estrogen signaling. Since both early-onset breast cancer and interval
breast cancer share aggressive tendencies, further studies should compare the two in terms
of biological mechanisms.

Our data are also consistent with interval breast cancer being masked by denser
breast tissue found in lean women, a potential interaction that requires further study.
Dense breast tissue has a higher proportion of false-negative mammographic results [20].
Premenopausal women generally have denser breasts than postmenopausal women due to
ovarian hormones that cause an increase in fibroglandular tissue compared to fat, and thus,
more dense breasts [33]. Whether postmenopausal women with interval breast cancer share
similar breast density patterns with women with premenopausal breast cancer remains to
be determined. Studies have observed a correlation between BMI and breast volume and
breast density [34]; both percent density and adiposity are positively associated with breast
cancer risk but negatively associated with one another [35]. Our study shows that lean
women have a higher risk for interval breast cancer. Therefore, one possible explication
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for this higher risk is a dominant effect of higher mammographic density among lean
women. Alternate methods of breast density measurements have been suggested and
studied, including total breast volume and absolute dense volumes, and may provide a
more accurate tool for interval breast cancer or screening-detected breast cancer risk [36].

A limitation of our study is that our sample lacked objective measures of body composi-
tion to appropriately differentiate between fat mass and fat-free mass and their distribution
around the body. We used BMI and waist -hip -ratio (WHR) measurements in the analyses.
BMI represents a person’s general (subcutaneous) adiposity [37]; however, it does not
differentiate between subcutaneous adiposity, visceral adiposity or muscularity, which
have distinct impacts on breast cancer risk [38–40]. Previous studies have shown that even
among postmenopausal women with a normal BMI range of 18.5 to <25 kg/m2, those with
a relatively high trunk fat (a potential surrogate for visceral fat) are at significantly elevated
risk of invasive breast cancer and show altered concentrations of circulating inflammatory
and metabolic factors [41,42]. WHR is a better approximation of fat distribution around
the abdominal area than BMI and, if inflammation is a risk factor for interval breast cancer,
might be expected to be more strongly correlated with interval breast cancer in our study.
However, our earlier work did not find associations between diet-driven inflammation
and insulinemia and risk of interval breast cancer [43]; in this study, we did not observe
statistically significant associations with interval breast cancer risk when we replaced BMI
with WHR as the main exposure. Given that we did not see an improvement in the ability to
predict interval breast cancer with WHR, we suggest that the driving relationship between
obesity and interval breast cancer may be mainly due to general adiposity and less due
to visceral adiposity. Further studies on objective measures of body composition that can
differentiate between fat mass and fat-free mass are needed.

Our study has several strengths, including a large population-based cohort with a long
-follow -up period of 19 years (median), extensive case ascertainment and mammography
history, and collection of detailed information on covariates. We were able to exclude
women who were non-compliant with screening recommendations in order to focus only
on screen-compliant women. Our study is limited by the fact that we were unable to
consider the independence or interaction between breast density and BMI, given that
density data were not collected. The results from this study may not be generalizable to
non-US population.

5. Conclusions

We found that lower BMI was associated with higher risk of postmenopausal interval
breast cancer diagnosed <1 year from a normal screening mammogram, when compared
with screening-detected breast cancer. Our findings need confirmation in future studies
with objective measures of body composition and fat distribution. In addition, there
is need for additional research on screening techniques and prediction models beyond
mammography.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14133228/s1, Supplemental Table S1: Association of BMI
(categorical variable) and interval breast cancer diagnosed within 1 year after last normal mammo-
gram screening compared to screening-detected breast cancers. Supplemental Table S2: Association
of BMI (continuous variable) and interval breast cancer diagnosed within 1 year after last normal
mammogram screening compared to screening-detected breast cancers. Supplemental Table S3: Asso-
ciation of waist-to-hip ratio (WHR) and interval breast cancer diagnosed within 1 year after last nor-
mal mammogram screening compared to screening-detected breast cancers. Supplemental Table S4:
Mammogram screening adherence of trial cohorts and included or non-compliant participants.

Author Contributions: Conceptualization, Z.Z. and P.S.; Data Curation, Z.Z. and F.K.T.; Methodology,
Z.Z., P.S. and F.K.T.; Funding Acquisition, Z.Z.; Formal Analysis, Z.Z.; Writing—Original Draft
Preparation, Z.Z., G.C. and F.K.T.; Critical revision of the manuscript for important intellectual
content, all authors (Z.Z., G.C., J.S., E.M.V., V.L.I., J.E.M., M.S.S., D.A.D., C.P., P.S. and F.K.T.). All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cancers14133228/s1
https://www.mdpi.com/article/10.3390/cancers14133228/s1


Cancers 2022, 14, 3228 15 of 17

Funding: National Institutes of Health (NIH) Office of Research on Women’s Health and the Na-
tional Institute of Child Health and Human Development K12HD043488 (Building Interdisciplinary
Research Careers in Women’s Health, BIRCWH) (Z. Zhang).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board at each clinical center and
the coordinating center (Fred Hutchinson Cancer Research Center, Seattle, Washington, DC, USA).
WHI is registered at clinicaltrials.gov as NCT00000611.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Publicly available (upon approval) datasets were analyzed in this
study. This data can be found here: https://www.whi.org/page/working-with-whi-data (accessed
on 10 April 2020).

Acknowledgments: We’d like to thank Weston Anderson for assistance in editing the manuscript.
Weston Anderson is technical writer contracted by the authors of this work to provide editing as-
sistance. Clinical Coordinating Center: (Fred Hutchinson Cancer Research Center, Seattle, WA,
USA) Garnet Anderson, Ross Prentice, Andrea LaCroix, and Charles Kooperberg. Investigators
and Academic Centers: (Brigham and Women’s Hospital, Harvard Medical School, Boston, MA,
USA) JoAnn E. Manson; (MedStar Health Research Institute/Howard University, Washington, DC,
USA) Barbara V. Howard; (Stanford Prevention Research Center, Stanford, CA, USA) Marcia L.
Stefanick; (The Ohio State University, Columbus, OH, USA) Rebecca Jackson; (University of Arizona,
Tucson/Phoenix, AZ, USA) Cynthia A. Thomson; (University at Buffalo, Buffalo, NY, USA) Jean
Wactawski-Wende; (University of Florida, Gainesville/Jacksonville, FL, USA) Marian Limacher;
(University of Iowa, Iowa City/Davenport, IA, USA) Jennifer Robinson; (University of Pittsburgh,
Pittsburgh, PA, USA) Lewis Kuller; (Wake Forest University School of Medicine, Winston-Salem,
NC, USA) Sally Shumaker; (Wayne State University, Detroit, MI, USA) Michael Simon; (University
of Nevada, Reno, NV, USA) Robert Brunner. Women’s Health Initiative Memory Study: (Wake
Forest University School of Medicine, Winston-Salem, NC, USA) Mark Espeland. Additional Infor-
mation: A full list of all the investigators who have contributed to Women’s Health Initiative science
appears at https://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/WHI%20
Investigator%20Long%20List.pdf (accessed on 20 April 2020).

Conflicts of Interest: The authors have no conflict of interest to report.

References
1. Irvin, V.L.; Zhang, Z.; Simon, M.S.; Chlebowski, R.T.; Luoh, S.W.; Shadyab, A.H.; Krok-Schoen, J.L.; Tabung, F.K.; Qi, L.; Stefanick,

M.L.; et al. Comparison of Mortality Among Participants of Women’s Health Initiative Trials With Screening-Detected Breast
Cancers vs Interval Breast Cancers. JAMA Netw. Open 2020, 3, e207227. [CrossRef]

2. Grassmann, F.; He, W.; Eriksson, M.; Gabrielson, M.; Hall, P.; Czene, K. Interval breast cancer is associated with other types of
tumors. Nat. Commun. 2019, 10, 4648. [CrossRef]

3. Hoff, S.R.; Samset, J.H.; Abrahamsen, A.L.; Vigeland, E.; Klepp, O.; Hofvind, S. Missed and true interval and screen-detected
breast cancers in a population based screening program. Acad. Radiol. 2011, 18, 454–460. [CrossRef]

4. Houssami, N.; Hunter, K. The epidemiology, radiology and biological characteristics of interval breast cancers in population
mammography screening. NPJ Breast Cancer 2017, 3, 12. [CrossRef]

5. Vlug, E.; Ercan, C.; van der Wall, E.; van Diest, P.J.; Derksen, P.W. Lobular breast cancer: Pathology, biology, and options for
clinical intervention. Arch. Immunol. Ther. Exp. 2014, 62, 7–21. [CrossRef]

6. Kobayashi, N.; Hikichi, M.; Ushimado, K.; Sugioka, A.; Kiriyama, Y.; Kuroda, M.; Utsumi, T. Differences in subtype distribution
between screen-detected and symptomatic invasive breast cancer and their impact on survival. Clin. Transl. Oncol. 2017, 19,
1232–1240. [CrossRef]

7. Niraula, S.; Biswanger, N.; Hu, P.; Lambert, P.; Decker, K. Incidence, Characteristics, and Outcomes of Interval Breast Cancers
Compared With Screening-Detected Breast Cancers. JAMA Netw. Open 2020, 3, e2018179. [CrossRef]

8. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef]
9. Shieh, Y.; Ziv, E.; Kerlikowske, K. Interval breast cancers-insights into a complex phenotype. Nat. Rev. Clin. Oncol. 2020, 17,

138–139. [CrossRef]
10. Anderson, G.; Cummings, S.; Freedman, L.S.; Furberg, C.; Henderson, M.; Johnson, S.R.; Kuller, L.; Manson, J.; Oberman, A.;

Prentice, R.L.; et al. Design of the Women’s Health Initiative clinical trial and observational study. The Women’s Health Initiative
Study Group. Control. Clin. Trials 1998, 19, 61–109.

https://www.whi.org/page/working-with-whi-data
https://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/WHI%20Investigator%20Long%20List.pdf
https://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/WHI%20Investigator%20Long%20List.pdf
http://doi.org/10.1001/jamanetworkopen.2020.7227
http://doi.org/10.1038/s41467-019-12652-1
http://doi.org/10.1016/j.acra.2010.11.014
http://doi.org/10.1038/s41523-017-0014-x
http://doi.org/10.1007/s00005-013-0251-0
http://doi.org/10.1007/s12094-017-1660-z
http://doi.org/10.1001/jamanetworkopen.2020.18179
http://doi.org/10.3322/caac.21708
http://doi.org/10.1038/s41571-020-0327-9


Cancers 2022, 14, 3228 16 of 17

11. Neuhouser, M.L.; Aragaki, A.K.; Prentice, R.L.; Manson, J.E.; Chlebowski, R.; Carty, C.L.; Ochs-Balcom, H.M.; Thomson, C.A.;
Caan, B.J.; Tinker, L.F.; et al. Overweight, Obesity, and Postmenopausal Invasive Breast Cancer Risk: A Secondary Analysis of the
Women’s Health Initiative Randomized Clinical Trials. JAMA Oncol. 2015, 1, 611–621. [CrossRef]

12. Kerlikowske, K.; Walker, R.; Miglioretti, D.L.; Desai, A.; Ballard-Barbash, R.; Buist, D.S. Obesity, mammography use and accuracy,
and advanced breast cancer risk. J. Natl. Cancer Inst. 2008, 100, 1724–1733. [CrossRef]

13. Cui, Y.; Whiteman, M.K.; Flaws, J.A.; Langenberg, P.; Tkaczuk, K.H.; Bush, T.L. Body mass and stage of breast cancer at diagnosis.
Int. J. Cancer 2002, 98, 279–283. [CrossRef]

14. Tran, T.X.M.; Moon, S.G.; Kim, S.; Park, B. Association of the Interaction Between Mammographic Breast Density, Body Mass
Index, and Menopausal Status With Breast Cancer Risk Among Korean Women. JAMA Netw. Open 2021, 4, e2139161. [CrossRef]

15. Quail, D.F.; Dannenberg, A.J. The obese adipose tissue microenvironment in cancer development and progression. Nat. Rev.
Endocrinol. 2019, 15, 139–154. [CrossRef]

16. Chen, K.; Zhang, J.; Beeraka, N.M.; Tang, C.; Babayeva, Y.V.; Sinelnikov, M.Y.; Zhang, X.; Zhang, J.; Liu, J.; Reshetov, I.V.; et al.
Advances in the Prevention and Treatment of Obesity-Driven Effects in Breast Cancers. Front. Oncol. 2022, 12. [CrossRef]

17. Stephenson, G.D.; Rose, D.P. Breast cancer and obesity: An update. Nutr. Cancer 2003, 45, 1–16. [CrossRef]
18. The Premenopausal Breast Cancer Collaborative Group; Schoemaker, M.J.; Nichols, H.B.; Wright, L.B.; Brook, M.N.; Jones, M.E.;

O’Brien, K.M.; Adami, H.O.; Baglietto, L.; Bernstein, L.; et al. Association of Body Mass Index and Age With Subsequent Breast
Cancer Risk in Premenopausal Women. JAMA Oncol. 2018, 4, e181771. [CrossRef]

19. Elmore, J.G.; Carney, P.A.; Abraham, L.A.; Barlow, W.E.; Egger, J.R.; Fosse, J.S.; Cutter, G.R.; Hendrick, R.E.; D’Orsi, C.J.; Paliwal,
P.; et al. The association between obesity and screening mammography accuracy. Arch. Intern. Med. 2004, 164, 1140–1147.
[CrossRef]

20. Nelson, H.D.; O’Meara, E.S.; Kerlikowske, K.; Balch, S.; Miglioretti, D. Factors Associated With Rates of False-Positive and
False-Negative Results From Digital Mammography Screening: An Analysis of Registry Data. Ann. Intern. Med. 2016, 164,
226–235. [CrossRef]

21. Mello-Thoms, C. Mammographic Breast Density, Body Mass Index, Menopausal Status, and Breast Cancer Risk. JAMA Netw.
Open 2021, 4, e2139855. [CrossRef]

22. Boyd, N.F.; Rommens, J.M.; Vogt, K.; Lee, V.; Hopper, J.L.; Yaffe, M.J.; Paterson, A.D. Mammographic breast density as an
intermediate phenotype for breast cancer. Lancet Oncol. 2005, 6, 798–808. [CrossRef]

23. Mandelson, M.T.; Oestreicher, N.; Porter, P.L.; White, D.; Finder, C.A.; Taplin, S.H.; White, E. Breast density as a predictor
of mammographic detection: Comparison of interval- and screen-detected cancers. J. Natl. Cancer Inst. 2000, 92, 1081–1087.
[CrossRef]

24. Fernandez-Nogueira, P.; Mancino, M.; Fuster, G.; Bragado, P.; Puig, M.P.; Gascon, P.; Casado, F.J.; Carbo, N. Breast Mammographic
Density: Stromal Implications on Breast Cancer Detection and Therapy. J. Clin. Med. 2020, 9, 776. [CrossRef]

25. Xu, S.; Xu, H.; Wang, W.; Li, S.; Li, H.; Li, T.; Zhang, W.; Yu, X.; Liu, L. The role of collagen in cancer: From bench to bedside. J.
Transl. Med. 2019, 17, 309. [CrossRef]

26. Lethaby, A.E.; O’Neill, M.A.; Mason, B.H.; Holdaway, I.M.; Harvey, V.J. Overall survival from breast cancer in women pregnant
or lactating at or after diagnosis. Auckland Breast Cancer Study Group. Int. J. Cancer 1996, 67, 751–755. [CrossRef]

27. Huang, Z.; Willett, W.C.; Colditz, G.A.; Hunter, D.J.; Manson, J.E.; Rosner, B.; Speizer, F.E.; Hankinson, S.E. Waist circumference,
waist:hip ratio, and risk of breast cancer in the Nurses’ Health Study. Am. J. Epidemiol. 1999, 150, 1316–1324. [CrossRef]

28. Gold, R.; Michael, Y.L.; Whitlock, E.P.; Hubbell, F.A.; Mason, E.D.; Rodriguez, B.L.; Safford, M.M.; Sarto, G.E. Race/ethnicity,
socioeconomic status, and lifetime morbidity burden in the women’s health initiative: A cross-sectional analysis. J. Womens Health
(Larchmt) 2006, 15, 1161–1173. [CrossRef]

29. Momenimovahed, Z.; Salehiniya, H. Epidemiological characteristics of and risk factors for breast cancer in the world. Breast
Cancer 2019, 11, 151–164. [CrossRef]

30. Manson, J.E.; Chlebowski, R.T.; Stefanick, M.L.; Aragaki, A.K.; Rossouw, J.E.; Prentice, R.L.; Anderson, G.; Howard, B.V.; Thomson,
C.A.; LaCroix, A.Z.; et al. Menopausal hormone therapy and health outcomes during the intervention and extended poststopping
phases of the Women’s Health Initiative randomized trials. JAMA 2013, 310, 1353–1368. [CrossRef]

31. Key, T.J.; Pike, M.C. The role of oestrogens and progestagens in the epidemiology and prevention of breast cancer. Eur. J. Cancer
Clin. Oncol. 1988, 24, 29–43. [CrossRef]

32. Bulun, S.E.; Chen, D.; Moy, I.; Brooks, D.C.; Zhao, H. Aromatase, breast cancer and obesity: A complex interaction. Trends
Endocrinol. Metab. 2012, 23, 83–89. [CrossRef]

33. Buist, D.S.; Porter, P.L.; Lehman, C.; Taplin, S.H.; White, E. Factors contributing to mammography failure in women aged 40–49
years. J. Natl. Cancer Inst. 2004, 96, 1432–1440. [CrossRef]

34. Han, Y.; Berkey, C.S.; Herman, C.R.; Appleton, C.M.; Alimujiang, A.; Colditz, G.A.; Toriola, A.T. Adiposity Change Over the Life
Course and Mammographic Breast Density in Postmenopausal Women. Cancer Prev. Res. 2020, 13, 475–482. [CrossRef]

35. Soguel, L.; Durocher, F.; Tchernof, A.; Diorio, C. Adiposity, breast density, and breast cancer risk: Epidemiological and biological
considerations. Eur. J. Cancer Prev. 2017, 26, 511–520. [CrossRef]

36. Wanders, J.O.P.; Holland, K.; Karssemeijer, N.; Peeters, P.H.M.; Veldhuis, W.B.; Mann, R.M.; van Gils, C.H. The effect of volumetric
breast density on the risk of screen-detected and interval breast cancers: A cohort study. Breast Cancer Res. 2017, 19, 67. [CrossRef]

http://doi.org/10.1001/jamaoncol.2015.1546
http://doi.org/10.1093/jnci/djn388
http://doi.org/10.1002/ijc.10209
http://doi.org/10.1001/jamanetworkopen.2021.39161
http://doi.org/10.1038/s41574-018-0126-x
http://doi.org/10.3389/fonc.2022.820968
http://doi.org/10.1207/S15327914NC4501_1
http://doi.org/10.1001/jamaoncol.2018.1771
http://doi.org/10.1001/archinte.164.10.1140
http://doi.org/10.7326/M15-0971
http://doi.org/10.1001/jamanetworkopen.2021.39855
http://doi.org/10.1016/S1470-2045(05)70390-9
http://doi.org/10.1093/jnci/92.13.1081
http://doi.org/10.3390/jcm9030776
http://doi.org/10.1186/s12967-019-2058-1
http://doi.org/10.1002/(SICI)1097-0215(19960917)67:6&lt;751::AID-IJC1&gt;3.0.CO;2-Q
http://doi.org/10.1093/oxfordjournals.aje.a009963
http://doi.org/10.1089/jwh.2006.15.1161
http://doi.org/10.2147/BCTT.S176070
http://doi.org/10.1001/jama.2013.278040
http://doi.org/10.1016/0277-5379(88)90173-3
http://doi.org/10.1016/j.tem.2011.10.003
http://doi.org/10.1093/jnci/djh269
http://doi.org/10.1158/1940-6207.CAPR-19-0549
http://doi.org/10.1097/CEJ.0000000000000310
http://doi.org/10.1186/s13058-017-0859-9


Cancers 2022, 14, 3228 17 of 17

37. Heymsfield, S.B.; Scherzer, R.; Pietrobelli, A.; Lewis, C.E.; Grunfeld, C. Body mass index as a phenotypic expression of adiposity:
Quantitative contribution of muscularity in a population-based sample. Int. J. Obes. (Lond.) 2009, 33, 1363–1373. [CrossRef]

38. Houghton, S.C.; Eliassen, H.; Tamimi, R.M.; Willett, W.C.; Rosner, B.A.; Hankinson, S.E. Central Adiposity and Subsequent Risk
of Breast Cancer by Menopause Status. J. Natl. Cancer Inst. 2021, 113, 900–908. [CrossRef]

39. Rose, D.P.; Haffner, S.M.; Baillargeon, J. Adiposity, the metabolic syndrome, and breast cancer in African-American and white
American women. Endocr. Rev. 2007, 28, 763–777. [CrossRef]

40. Ronco, A.L.; Boeing, H.; De Stefani, E.; Schulz, M.; Schulze, M.; Pischon, T. A case-control study on fat-to-muscle ratio and risk of
breast cancer. Nutr. Cancer 2009, 61, 466–474. [CrossRef]

41. Iyengar, N.M.; Arthur, R.; Manson, J.E.; Chlebowski, R.T.; Kroenke, C.H.; Peterson, L.; Cheng, T.D.; Feliciano, E.C.; Lane, D.;
Luo, J.; et al. Association of Body Fat and Risk of Breast Cancer in Postmenopausal Women With Normal Body Mass Index: A
Secondary Analysis of a Randomized Clinical Trial and Observational Study. JAMA Oncol. 2019, 5, 155–163. [CrossRef]

42. Arthur, R.S.; Xue, X.; Kamensky, V.; Chlebowski, R.T.; Simon, M.; Luo, J.; Shadyab, A.H.; Neuhouser, M.L.; Banack, H.; Ho,
G.Y.F.; et al. The association between DXA-derived body fat measures and breast cancer risk among postmenopausal women in
the Women’s Health Initiative. Cancer Med. 2020, 9, 1581–1599. [CrossRef]

43. Zhang, Z.; Tabung, F.K.; Jin, Q.; Curran, G.; Irvin, V.L.; Shannon, J.; Velie, E.M.; Manson, J.E.; Simon, M.S.; Vitolins, M.; et al.
Diet-Driven Inflammation and Insulinemia and Risk of Interval Breast Cancer. Nutr. Cancer 2022, 1–15. [CrossRef]

http://doi.org/10.1038/ijo.2009.184
http://doi.org/10.1093/jnci/djaa197
http://doi.org/10.1210/er.2006-0019
http://doi.org/10.1080/01635580902725995
http://doi.org/10.1001/jamaoncol.2018.5327
http://doi.org/10.1002/cam4.2690
http://doi.org/10.1080/01635581.2022.2063350

	Introduction 
	Methods 
	Study Population 
	Assessment of Interval Breast Cancer and Screening-Detected Breast Cancer 
	Assessment of Exposures 
	Assessment of Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

