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Abstract
Background: Increased exposure to endogenous estrogen and/or insulin may partly explain the relationship of obesity, physical inactivity, and alcohol consumption and postmenopausal breast cancer. However,
these potential mediating effects have not been formally quantified in a survival analysis setting.
Methods: We combined data from two case–cohort studies based in the Women’s Health InitiativeObservational Study with serum estradiol levels, one of which also had insulin levels. A total of 1,601 women
(601 cases) aged 50 to 79 years who were not using hormone therapy at enrollment were included. Mediating
effects were estimated by applying a new method based on the additive hazard model.
Results: A five-unit increase in body mass index (BMI) was associated with 50.0 [95% confidence interval
(CI), 23.2–76.6] extra cases per 100,000 women at-risk per year. Of these, 23.8% (95% CI, 2.9–68.4) could be
attributed to estradiol and 65.8% (95% CI, 13.6–273.3) through insulin pathways. The mediating effect of
estradiol was greater (48.8%; 95% CI, 18.8–161.1) for BMI when restricted to estrogen receptor positive (ERþ)
cases. Consuming 7þ drinks/wk compared with abstinence was associated with 164.9 (95% CI, 45.8–284.9)
breast cancer cases per 100,000, but no significant contribution from estradiol was found. The effect of alcohol
on breast cancer was restricted to ERþ breast cancers.
Conclusions: The relation of BMI with breast cancer was partly mediated through estradiol and, to a greater
extent, through insulin.
Impact: The findings provide support for evaluation of interventions to lower insulin and estrogen levels
in overweight and obese postmenopausal women to reduce breast cancer risk. Cancer Epidemiol Biomarkers Prev;
21(7); 1203–12. 2012 AACR.
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Postmenopausal breast cancer risk has been related to
lifestyle factors such as obesity, physical inactivity, and
alcohol consumption (1–7). In particular, being overweight or obese has been consistently linked to the risk
of postmenopausal breast cancer (3, 4). A reduced risk
associated with physical activity has previously been
established in the Women’s Health Initiative (WHI; ref. 7)
and a recent systematic review confirmed an inverse
association (5). Likewise, meta-analyses of alcohol and
breast cancer have reported increased risks of 9% to 11% in
women starting at an intake of around 1 drink/d and the
risk increases linearly (1, 2).
Postmenopausal breast cancer is a hormone-related
disease, and estrogen levels are predictive of breast cancer
risk (8, 9). A recent trial of the estrogen lowering drug
exemestane found a 65% reduction in breast cancer
incidence (10). Furthermore, alcohol, obesity, and physical activity have all been associated with estrogen levels
(11, 12), raising the hypothesis that the relation of these
lifestyle factors with breast cancer risk is mediated by
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estrogen. Data on alcohol consumption and estrogen
levels have been mixed in previous observational studies
(13, 14), but controlled feeding studies have reported
elevated levels of estrogen among participants who were
supplied moderate amounts of alcohol compared with
placebo (15, 16). Adiposity also directly influences levels
of many circulating hormones such as estrogens, testosterone, and insulin (17, 18). The association between body
mass index (BMI) and breast cancer is substantially diminished following adjustment for serum estradiol levels,
indicating that endogenous hormones are important contributors to the underlying association (4, 19); however,
recent data suggest that insulin could also be a mediator
(19). Finally, higher physical activity has been linked to
lowered estrogen levels in postmenopausal women even
after adjustment for BMI, suggesting an independent
effect of physical activity (17, 20).
Given the aforementioned evidence, a causal pathway
from lifestyle factors to breast cancer that operates through
serum estrogen and/or insulin levels is plausible. However, few studies have evaluated the whole pathway from
lifestyle factors via estrogens to breast cancer. In this study,
we investigate how much of the effect of lifestyle factors on
risk of breast cancer is mediated through endogenous levels
of estradiol and the extent to which the association of
obesity with breast cancer is mediated through insulin
levels. This study applies newly developed methods to
separate the direct effects of these lifestyle factors (through
other pathways) and the indirect effect operating through
estrogen. Assuming proper confounding control and no
measurement error, the measure has a direct causal interpretation and quantifies additional breast cancer events per
unit of time due to a given exposure through direct and
indirect (mediated) pathways (21).

(study 1) in which fasting insulin determinations were
available. The selection process is described in Fig. 1. Study
1 randomly sampled 900 invasive breast cancer cases from
the approximately 1,800 cases available on February 29,
2004. A representative subcohort of 816 women from
among all participants of the WHI-OS at baseline was
randomly selected as the comparison group (controls). We
excluded current users of hormone therapy at baseline.
Among the selected subjects, 414 cases and 486 subcohort
members were current nonusers of hormone therapy. Of
these cases, 126 were estrogen receptor (ER)-negative. E2
levels were measured with the use of a Vitros-Eci Immunodiagnostic assay with a sensitivity of 5 pg/mL from
Esoterix. Serum insulin levels were measured for participants in study 1 using ELISAs with a sensitivity of 0.26
mIU/mL. For the analysis of insulin as a mediating factor,
we excluded diabetics (n ¼ 54; ref. 19). Similarly, study 2
included 301 invasive breast cancers and a subcohort of 572
(end of follow-up August 31, 2004). The 301 breast cancer
cases included all ER-negative breast cancers among eligible women in the WHI-OS (n ¼ 112) and a random sample
of ER-positive cases. The subcohort was randomly selected
from all WHI-OS participants who were non–hormone
therapy users at baseline. E2 concentrations in study 2
were quantified using radioimmunoassays following
organic solvent extraction and Celite column partition
chromatography with a sensitivity of 2 pg/mL at the
Reproductive Endocrine Research Laboratory (University
of Southern California, Los Angeles, CA; ref. 25). Eightyseven cases and 29 subcohort members overlapped
between the 2 studies. These women were included with
estradiol results from study 1. Women with estradiol levels
above 40 pg/mL (n ¼ 56) were excluded to ensure postmenopausal status. Combining the 2 studies yielded a total
of 601 breast cancer cases and 1,000 subcohort members.

Materials and Methods

Lifestyle factors
At baseline, weight was measured on a balance beam
scale and height was measured using a wall-mounted
stadiometer with BMI calculated as weight (kg) divided
by squared height (m2; ref. 24). Alcohol consumption was
assessed in a self-administered food frequency questionnaire as number of servings of each alcohol type (beer,
wine, liquor) per week during the preceding 3 months. The
total weekly intake was given by the sum of the beveragespecific intakes. Data on physical activity were assessed by
questionnaire asking about the frequency, duration, and
intensity of exercise. Metabolic equivalent values (MET)
were assigned for the activities and multiplied by the hours
exercised at that intensity level per week. A total physical
activity measure (MET-h/wk) was obtained by summing
the values for all types of activities (26).

Study population
The WHI included 4 clinical trials and an observational
study (WHI-OS) to examine the risk factors and determinants of cardiovascular disease, cancer, and other health
problems of postmenopausal women. General eligibility
included age between 50 and 79 years, accessible for
follow-up and estimated survival of 3 years. The clinical
trials had additional eligibility requirements largely related to medical history. The current study population
includes data from a subset of the WHI-OS (22, 23).
Information on demographic and behavioral factors, medical history, and medication use was collected by a questionnaire and a physical examination at baseline. Blood
samples were collected following an overnight fast of at
least 12 hours with separated sera stored at 70 C within 2
hours of collection (24). When breast cancer cases and
subcohort were identified, the mean follow-up time was
77 months, with 1.6% lost to follow-up and 4.7% deceased.
The analyses combined data from 2 case–cohort ancillary
studies in the WHI-OS (study 1 and study 2) where baseline
endogenous estradiol (E2) levels were available and one

Breast cancer incidence
Information on breast cancer incidence was initially
collected through annual self-administered questionnaires. Subsequently, breast cancer status and clinical and
pathologic characteristics of the tumors were confirmed
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N = 93,676
Postmenopausal women

Baseline WHI-OS
1993–1998

Case cohort
sampling 2004

Figure 1. Selection of study
participants. HT, hormone therapy;

ER , estrogen receptor negative

Nonusers of HT

Study 1
900 cases
816 subcohort members

Study 2

414 cases (126 ER–)
486 subcohort members

301 cases (112 ER–)
572 subcohort members

Overlap

N = 116
(87 cases)

Exclusion due to high
estradiol levels (E2 > 40 mg/pL)

Study population

through centralized reviews of hospital discharge summaries, operative reports, history and physical examination, radiology reports, and oncology consultant reports
(27).
Other covariates
Covariates were assessed in the self-administered baseline questionnaire and included age, ethnicity, education,
marital status, smoking, age at menarche, age at menopause, parity, age at first child’s birth, and first-degree
relative with breast cancer.
Statistical analysis
The 2 case–cohort studies were combined by an aggregated pooled analysis technique allowing for the calculation of a single exposure–disease effect estimate while
stratifying by study origin (28). Follow-up was calculated
from baseline to the date of breast cancer diagnosis, the
date of death, or end of follow-up, whichever came first.
The case–cohort sampling design was taken into account
in the analyses by weighting according to Kalbfleisch and
Lawless in order for the cases and subcohort members to
represent the total study population (29, 30). Thus, ERnegative cases were included with weight 1 given the
sampling strategy, whereas ER-positive cases and subcohort members were weighted with inverse sampling
probabilities.
To avoid reduction in sample size and bias related to
listwise deletion, missing values were imputed by means

N = 56

601 cases (163 ER–)
1,000 subcohort members

of multiple imputation using the MI procedure of SAS
version 9.2 (31). Continuous data were imputed by the
Markov Chain Monte Carlo method (32). Subsequently,
missing values of categorical data were imputed by the
logistic regression method. The variables BMI, alcohol
intake, and physical activity were logarithmically transformed to accommodate the multivariate normal assumption of the model and reverse-transformed for analysis.
The imputation model included all variables involved in
the subsequent analyses as predictors as well as the
outcome. Results were combined by the PROC MIANALYZE procedure, thereby obtaining inferences reflecting
the uncertainty about the predictions of the missing data.
Because the proportion of missing values was low (BMI,
2%; alcohol, 0.2%; and physical activity, 1.4%), 10 imputed
data sets were considered appropriate (33).
Differences in distribution of baseline characteristics
and hormone levels between cases and subcohort members were compared by Wilcoxon signed rank-sum test
(continuous data) and Pearson x2 test (categorical data).
Overall associations between lifestyle factors and breast
cancer were evaluated by the Cox proportional hazards
model. We evaluated whether the lifestyle factors were
linearly associated with breast cancer by visual inspection
of the variables grouped according to the quintiles of their
distribution. The mediating effect of estradiol or insulin
was estimated by applying a newly developed method for
mediation analysis in a survival setting based on the
Aalen additive hazards model (21). Like the standard Cox
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Table 1. Baseline characteristics and sex hormone levels of breast cancer case subjects and subcohort
Variable

Cases (n ¼ 601)

Subcohort (n ¼ 1,000)

Pa

Median BMI, kg/m2 (5th–95th percentile)
Missing (%)
Alcohol consumption, n (%)
Abstainers
<7 drinks/wk
7þ drinks/wk
Missing
Median physical activity, METs-h/wk
(5th–95th percentile)
Missing (%)
Median age, y (5th–95th percentile)
Race/ethnicity, n (%)
White
Black
Hispanic
Asian/other
Missing
Highest education level, n (%)
High school or less
College
Postgraduate education
Missing
Marital status, n (%)
Never married
Divorced/separated
Widowed
Married/marriage-like relationship
Missing
Smoking status, n (%)
Never
Former
Current
Missing
Age at menarche, n (%)
10 y
11–12 y
 13 y
Missing
Age at menopause, n (%)
42 y
43–48 y
49–51 y
52 y
Missing
Parity, n (%)
0 children
1–2 children
3 children
Missing
Age at ﬁrst child's birth, n (%)
<20 y

27.6 (20.9–41.0)
5 (1)

26.8 (20.4–39.6)
20 (2)

0.03

242 (40)
265 (44)
92 (15)
2 (0)
8.8 (0–37.6)

459 (46)
423 (42)
116 (12)
2 (0)
8.3 (0–41.2)

10 (2)
67 (53–77)

13 (1)
66 (53–77)

0.03

517 (86)
50 (8)
16 (3)
17 (3)
1 (0)

815 (82)
111 (11)
35 (4)
36 (4)
3 (0)

129 (21)
299 (50)
162 (27)
11 (2)

244 (24)
472 (47)
273 (27)
11 (1)

37 (6)
76 (13)
126 (21)
356 (59)
6 (1)

67 (6)
168 (17)
214 (21)
544 (55)
7 (1)

311 (52)
259 (43)
24 (4)
7 (1)

507 (51)
412 (41)
70 (7)
11 (1)

46 (8)
252 (42)
297 (49)
6 (1)

80 (8)
379 (38)
538 (54)
3 (0)

66 (11)
124 (21)
144 (24)
220 (37)
47 (8)

150 (15)
239 (24)
215 (22)
327 (32)
69 (7)

90 (15)
192 (32)
312 (52)
7 (1)

153
330
508
9

0.68

0.20
0.15

0.39

0.11

0.05

0.23

0.03

0.89
(15)
(33)
(51)
(1)
0.18
57 (9)

100 (10)

(Continued on the following page)

Cancer Epidemiol
Biomarkers Prev; 21(7) July 2012
Cancer
Epidemiology,
Biomarkers
Prevention
1206Downloaded
from https://bloodcancerdiscov.aacrjournals.org
by guest on September
29, 2020.
Copyright 2012
American &
Association
for

Cancer Research.

Lifestyle and Breast Cancer Mediating Effects

Table 1. Baseline characteristics and sex hormone levels of breast cancer case subjects and
subcohort (Cont'd )
Variable

Cases (n ¼ 601)

Subcohort (n ¼ 1,000)

20–24 y
25–29 y
30 y
Nulliparous
Missing
First-degree relative with breast cancer, n (%)
Missing
Median serum level of total estradiol, pg/mL
Median serum level of total insulin, mIU/mLb

182 (30)
153 (25)
53 (9)
90 (15)
66 (11)
159 (26)
24 (4)
10.9 (5.0–25.2)
6.8 (2.5–18.1)

348 (35)
211 (21)
76 (8)
153 (15)
112 (11)
220 (22)
69 (7)
10.0 (4.3–24.2)
5.6 (2.3–18.2)

Pa

0.09
0.01
0.002

P value for comparison of cases with subcohort obtained from Wilcoxon signed rank-sum test (continuous data) and Pearson x2 test
(categorical data).
b
Among participants in study 1 (cases, n ¼ 382; subcohort, n ¼ 409).
a

model, the Aalen model with time-constant effects has an
unspecified baseline hazard and effects of each covariate
are modeled by a single parameter (the HR vs. the additive
effect). Thus, the 2 models are equally flexible, but the
interpretation of effect measures is of course different. For
a given exposure, for example alcohol consumption, the
absolute incidence rate change for a given alcohol intake
provides an estimate of additional cases compared with
abstainers which can be decomposed into a direct pathway (i.e., effect of alcohol consumption on breast cancer)
and an indirect pathway (e.g., mediated through endogenous estradiol levels; ref. 34). The analyses only focus on
indirect effects of E2 and insulin; thus, the direct effect
associated with one mediator can (partly) constitute the
indirect effect of another, possibly unmeasured, mediator.
The method involved 2 steps: first, estimation of the
effects of exposures on the mediator by a linear regression
model, and second, estimation of the effect of both exposure and estradiol on breast cancer incidence by fitting an
additive hazard model adjusted for confounders (35). The
model was tested for time-dependent effects of covariates
as suggested by Martinussen and Scheike (36), and no
indication of time-dependent effects for either the exposures or mediator was observed. The total effects (TE) of
lifestyle factors on breast cancer were given by the sum of
the direct effects (DE) and the indirect effects (IE). The
indirect effect (through estradiol) was given by the product of the parameter estimates for the regression of the
mediator on the lifestyle factors and the parameter estimate of the effect of the mediator on breast cancer from the
additive hazards model. The mediated proportion was
computed as IE/TE. For the direct effect, 95% confidence
limits were readily available from the model output,
whereas limits for the indirect and total effects as well as
mediated proportion were computed from the SEs and
covariances of the estimated parameters by parametric
bootstrap. The bootstrap works by simulating 100,000
replications of the estimated parameters and subsequently computing total and indirect effects as well as mediated

proportions for each replication. A 95% confidence interval (CI) can then be obtained as the 2.5th and 97.5th
percentiles of the simulated values.
Sensitivity analyses included (i) subset analyses according to ER status on breast cancer cases and according to
histologic type, (ii) exclusion of cases occurring within the
first 3 years after baseline and women with estradiol >30
pg/mL, (iii) separate analyses for the 2 case–cohort
samples, (iv) comparison of the results of the multiply
imputed data with complete case analyses, (v) addressing
interaction between the 3 lifestyle factors in terms of breast
cancer and between alcohol consumption and familial
history of breast cancer, and (vi) correlations between
logarithmically transformed E2 values of participants
overlapping between the 2 ancillary studies by the Pearson correlation coefficient.
As an additional subanalysis, we examined the mediating effect of insulin (log-transformed) on the relation
between BMI and breast cancer. This analysis was based
on data from study 1 which included 791 nondiabetic
women (382 cases and 409 subcohort members) with
baseline insulin measurements.
Descriptive statistics and Cox regression analyses were
conducted using SAS version 9.2 (SAS Institute). Mediation analyses were conducted in R version 2.10.1 (37). All
tests of statistical significance were 2-sided.

Results
The pooled study population comprised 601 cases and
1,000 subcohort members (Table 1). Compared with subcohort members, case subjects had a higher BMI, higher
alcohol consumption, and a later onset of menopause. The
baseline median levels of estradiol and insulin (among
study 1 participants) were higher among cases.
In the Cox analysis, a 5-unit increase in BMI was
associated with a 1.14 (95% CI, 1.04–1.25) higher risk of
breast cancer. Adjustment for estradiol reduced the HR to
1.11 (95% CI, 1.00–1.22). Compared with women who
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reported no alcohol consumption, those reporting a weekly consumption of 7þ drinks had a higher breast cancer
risk of 1.59 (95% CI, 1.10–2.29). Adjustment for estradiol
had little impact on this relation. We observed no association between physical activity and breast cancer in this
subpopulation, which is why this factor was omitted from
the mediation analyses.
Higher levels of estradiol were observed with increasing levels of BMI and alcohol consumption (Table 2). For
every 5-unit change in BMI, a 17.5% higher estradiol level
was observed. In women with an alcohol consumption of
7þ drinks/wk, a 6% higher level of estradiol was observed
compared with abstainers.
The unadjusted absolute breast cancer rate was 370
cases per 100,000 women per year. The direct effects of
BMI and alcohol consumption on breast cancer risk
derived from the additive hazards model, and the indirect
and total effects are presented in Table 3. The incidence of
breast cancer increased with higher BMI. A 5-unit higher
BMI was associated with 50.0 (95% CI, 23.2–76.6) extra
cases per 100,000 women at-risk per year. Of these, 23.8%
(95% CI, 2.9–68.4) could be attributed to the pathway
through estradiol. Correspondingly, consuming 7þ
drinks/wk compared with alcohol abstinence was associated with 178.3 (95% CI, 59.5–296.7) additional cases per
100,000 of which only 2.4% (95% CI, 1.2 to 10.7) could be
attributed to the pathway through estradiol.
Analyses restricted to ER-positive breast cancer cases
generally yielded results similar to the overall population
(Table 4). However, the proportion of the association
between BMI and breast cancer mediated by estradiol
was remarkably higher for ER-positive tumors (48.8%;
95% CI, 18.8%–161.1%). The effect of alcohol consumption
on ER-positive breast cancers was similar to the main
analyses. Results of the analyses restricted to ER-negative
breast cancers were very different indicating a negative
indirect effect of estradiol. However, this subanalysis was
based on a very low number of cases (n ¼ 163) and all
estimates were nonsignificant. Separate alcohol analyses
according to histologic type suggested a larger effect on
ER-positive lobular breast cancers than ER-positive ductal
breast cancers. The total effect of 7þ drinks/wk compared
with abstainers was 121.3 (95% CI, 55.2–187.2) extra cases
per 100,000 for ER-positive lobular breast cancers com-

Table 2. Parameter estimates and SEs for the
regression of log(estradiol) on BMI and alcohol
consumption adjusting for confounders
Estimate
Relative 95% CI
(SE)  102 change
in E2
BMI (5-unit increase) 16.15 (1.04) 17.5%
Alcohol consumption
Abstainers
0.00 (ref.)
<7 drinks/wk
0.41 (2.72) 0.5%
7þ drinks/wk
5.82 (4.28) 6.0%

15.2–19.9

6.6 to 5.0
2.5 to 15.3

NOTE: Adjusted for age, ethnicity, educational level, marital
status, smoking, age at menarche, age at menopause, parity,
age at ﬁrst child's birth, and ﬁrst-degree relative with breast
cancer.

pared with 86.4 (95% CI, 4.9–167.6) extra cases per 100,000
for ER-positive ductal breast cancers.
In a subanalysis of the mediating effect of insulin for the
relation between BMI and breast cancer (study 1 subjects
only), we found higher levels of insulin with increasing
BMI. For every 5-unit change in BMI, a 26.0% higher
insulin level was observed (95% CI, 22.6–29.3). A 5-unit
increase in BMI was associated with 52.0 (95% CI, 12.1–
91.3) additional cases per 100,000 women at-risk per year
(Table 5). The proportion mediated by estradiol was 21.0%
(95% CI, 3.8 to 119.4) whereas insulin mediated 65.8%
(95% CI, 13.6–273.3) of this relation.
Subset analyses of the 2 case–cohort samples were conducted to exclude heterogeneity between study-specific
effects. The effects of the lifestyle factors on breast cancer
risk were generally similar across studies, and including
interaction terms between the exposures and study origin in
the Cox model did not indicate between-study differences
in the relative risk of breast cancer by BMI (Pinteraction ¼
0.47), physical activity (Pinteraction ¼ 0.72), or alcohol consumption (Pinteraction ¼ 0.23). Mediation analyses for the
2 studies separately revealed stronger effects for the lifestyle
factors in study 1 than in study 2. However, the mediated
proportions of estradiol were very similar.

Table 3. Total and direct effects for BMI and alcohol consumption and indirect effects of estradiol on breast
cancer derived from linear regression parameter estimates and the additive hazard model

BMI (5-unit increase)
Alcohol consumption
Abstainers ! <7 drinks/wk
Abstainers ! 7þ drinks/wk

DE (95% CI)  105

IE (95% CI)  105

TE (95% CI)  105

IE/TE (95% CI)

38.0 (8.1–68.1)

11.9 (1.7–22.6)

50.0 (23.2–76.6)

0.238 (0.029–0.684)

48.8 (18.2 to 115.7)
174.0 (55.3 to 292.2)

0.3 (5.0 to 4.2)
4.3 (1.8 to 13.5)

48.6 (18.7 to 115.6)
178.3 (59.5 to 296.7)

0.006 (0.311 to 0.278)
0.024 (0.012 to 0.107)

NOTE: Adjusted for age, ethnicity, educational level, marital status, physical activity, smoking, age at menarche, age at menopause,
parity, age at ﬁrst child's birth, and ﬁrst-degree relative with breast cancer.
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Table 4. Total and direct effects for BMI and alcohol consumption and indirect effects of estradiol on ERpositive and -negative breast cancers
DE (95% CI)  105

IE (95% CI)  105

ER-positive breast cancers (n ¼ 401)
BMI (5-unit increase)
16.9 (7.4 to 41.1)
Alcohol consumption
Abstainers ! <7 drinks/wk
58.0 (0.3 to 116.2)
Abstainers ! 7þ drinks/wk
183.0 (76.0–289.6)
ER-negative breast cancers (n ¼ 163)
BMI (5-unit increase)
15.2 (0.9–29.6)
Alcohol consumption
Abstainers ! <7 drinks/wk
11.9 (41.7 to 17.8)
Abstainers ! 7þ drinks/wk 31.0 (72.0 to 9.8)

16.1 (7.5–25.2)

TE (95% CI)  105
33.0 (10.3–55.5)

IE/TE (95% CI)
0.488 (0.188–1.611)

0.3 (6.3 to 5.7)
5.8 (2.9 to 16.7)

57.8 (0.9 to 116.3)
188.9 (81.4–296.0)

0.005 (0.255 to 0.191)
0.031 (0.017 to 0.110)

3.0 (7.9 to 1.7)

12.1 (0.1 to 24.4)

0.248 (1.430 to 0.468)

0.1 (1.6 to 1.8)
1.1 (4.9 to 1.1)

11.9 (41.6 to 17.9)
32.1 (73.0 to 8.7)

0.008 (0.394 to 0.398)
0.034 (0.199 to 0.367)

NOTE: Adjusted for age, ethnicity, educational level, marital status, physical activity, smoking, age at menarche, age at menopause,
parity, age at ﬁrst child's birth, and ﬁrst-degree relative with breast cancer.

Comparing the multiple imputation analysis with the
complete case analysis indicated little difference in
results between the 2 approaches. Excluding cases
occurring within the first 3 years following baseline
(n ¼ 247) and all women with estradiol levels above
30 pg/mL (n ¼ 44) did not affect the strength of the
observed associations. Tests for 3-factor interaction
between BMI, alcohol consumption, and physical activity indicated that none of these factors modified the
effect of the other on breast cancer risk. When excluding
women with a family history of breast cancer, the
increased risk of breast cancer with higher alcohol
intake became more pronounced; the total effect of a
weekly alcohol consumption of 7þ drinks was 205.4
(95% CI, 70.5–339.9) additional cases per 100,000 women
at-risk per year compared with abstainers, but the
indirect effect of estradiol remained negligible. Because
the 2 ancillary studies used different assay methods
(with different sensitivities) for measuring estradiol, we
compared values for the overlapping participants
between the 2 studies. The mean values of the logtransformed E2 values from the 2 assessments overlapping were 2.6 (SD ¼ 0.4) and 2.7 (SD ¼ 0.5), and a
strong-to-moderate correlation in the estradiol measurements (r ¼ 0.60, P < 0.001) was observed. Also,

similar associations of E2 levels and breast cancer were
observed between the 2 studies.

Discussion
This analysis of postmenopausal women indicated that
an intervention that could modify the estradiol and insulin levels for women with high BMI to the estradiol and
insulin levels of women with lower BMI has the potential
to reduce a substantial number of breast cancer cases in
obese women.
Our finding on the relation between BMI and postmenopausal breast cancer is consistent with previous studies
(3). Data on the mediating effect of estrogen and/or
insulin are sparse and, as mentioned, appropriate quantifications of the mediated proportion are, to our knowledge, lacking. However, 2 large scale pooled analyses
examining the mediating effect of estrogen based on the
traditional approach to mediation analysis concluded that
estrogen largely explained the association between BMI
and breast cancer (4, 38). In our analysis, when restricted
to ER-positive breast cancer cases, the proportion of the
association mediated by estradiol was more pronounced,
which supports the causal interpretation. However, as
only approximately 55% of the risk appeared to be

Table 5. Direct, indirect, and total effects for BMI on breast cancer based on data from study 1 (N ¼ 791)
DE (95% CI)  105
BMI (5-unit increase)
Estradiol
Insulin

IE (95% CI)  105

6.9 (46.6 to 61.1)

TE (95% CI)  105

IE/TE (95% CI)

52.0 (12.1–91.3)
10.9 (1.8 to 24.6)
34.2 (9.4–59.0)

0.210 (0.038 to 1.194)
0.658 (0.136–2.733)

NOTE: Adjusted for age, ethnicity, educational level, marital status, physical activity, smoking, age at menarche, age at menopause,
parity, age at ﬁrst child's birth, and ﬁrst-degree relative with breast cancer.
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mediated by estradiol, our findings also suggest that other
important mediators play a role in this relation. A previous analysis based on data from study 1 found hyperinsulinemia to be an independent risk factor for breast
cancer after adjustment for estradiol and other risk
factors. Furthermore, control for insulin attenuated the
BMI–breast cancer relation to a greater degree than adjustment for estradiol (19). Our analysis, which quantifies
these relations, indicates that insulin plays a greater role
than estradiol in the obesity–breast cancer relationship.
These findings, which require confirmation, add to the
growing awareness that hyperinsulinemia represents a
significant biologic contributor in breast cancer. Other
potential mediating pathways to be explored include
androgens and inflammatory factors—both of which are
known to be upregulated in obesity and have been linked
to breast cancer risk (12, 39).
Previous studies on alcohol consumption and breast
cancer also reported an elevated risk with higher consumption (1, 2, 40). Our results are compatible with
indirect effects via estradiol ranging from none to as
much as 15%, so at least a substantial proportion of the
alcohol–breast cancer relation seemed to be mediated
through other mechanisms than estradiol. A previous
large WHI study on alcohol and breast cancer subtypes
found alcohol to be more strongly related to lobular
than ductal carcinomas and to hormone receptor–positive tumors than to hormone receptor–negative tumors
(40), which was supported by our further analyses. Also,
a large meta-analysis investigated effects of alcohol on
breast cancer according to estrogen and progesterone
receptor (PR) status (41) and found a stronger effect of
alcohol on ERþ than ER tumors. The risk was mostly
pronounced for ERþ/PR tumors. A similar pattern was
observed in a recent case–control study (42). It has been
proposed that classical ER-mediated estrogenic action is
related to PR expression (43); However, a positive association between alcohol consumption and ERþ/PR
tumors indicates that the relation cannot be explained
by the estrogen pathway only (41). Another suggested
mechanism is the induction of carcinogenesis in breast
tissue caused by acetaldehyde generated during alcohol metabolism (44). However, it is also likely that the
measurements in our study did not accurately capture
the elevated estradiol levels caused by alcohol consumption. We observed a weak association between alcohol
consumption and endogenous estradiol levels which is
not in accordance with findings of previous studies
(11, 14, 45). The effect of alcohol ingestion on endogenous estradiol levels is rather acute and if the alcohol
is primarily consumed in the evening or during weekends and blood is collected during the day, this relation
would be attenuated (12, 46). In support of this explanation, a pronounced effect of alcohol on ERþ tumors
was observed whereas no effect was found for ER
tumors. Also, the reported alcohol consumption among
women in this study was extremely low which may
explain the weak association with estradiol.

The study was limited by the fact that the women may
have had subclinical disease at the time of measurement
of hormone levels (baseline). However, excluding breast
cancers occurring in the first 3 years after baseline did
not affect the estimates. Also, individual measurements
of hormone concentrations are subject to error due to
assay variations and short-term fluctuations in serum
levels of estradiol and insulin. Even random error in
measuring the mediator would bias the results as the
indirect effect would be underestimated whereas the
direct effect of lifestyle factors would be overestimated.
Repeated measurements would have increased the precision of participants’ estradiol and insulin levels. However, previous studies have found high correlations
between measurements of plasma estrogen and insulin
over at least 3 years in postmenopausal women (47, 48),
indicating that misclassification of estradiol and insulin
levels, at least in the medium term, is limited. As
discussed above, breast cancer subtypes may have different etiology and risk factors. While our data enabled
us to conduct separate analyses according to ER subtype, we did not have sufficient statistical power to
address effects according to joint ER and PR status. In
addition, the analyses were based on pooled data from
2 different case–cohort samples. Such a procedure
requires homogeneity between the effects of exposures
on the outcome. Since both samples were derived from
the same cohort and all exposures and covariates have
been measured through the same questionnaire, we
found it reasonable to pool the data (28). Comparing
results from individual studies did not reveal discernible differences, although the effect estimates for
alcohol consumption were attenuated by pooling the
data as no effect was observed in study 2. The observed
difference in effect of alcohol between the 2 studies
may be explained by the fact that study 2 included
relatively more ER cases. Insulin measurements were
only available for a subset of data and confidence
bounds for these estimates were very wide. Additional
studies with fasting insulin are needed to further
address this hypothesis. Finally, the WHI-OS consists
of women who were ineligible or uninterested in participating in the randomized trials, which may raise
concern about the generalizability of our results. However, Hays and colleagues have previously provided a
detailed comparison of baseline information for the
different study components of the WHI and did not
find marked differences (22).
In summary, this study applied a new analytic tool
for estimating mediating effects. Traditional approaches to mediation analysis typically involve the comparison of Cox models with and without adjustment
for the mediator. Such an approach is limited, most
importantly because the estimates do not have a causal
interpretation and is not mathematically consistent
(49, 50). This study applied a causally interpretable
measure of mediation with CIs for the proportion
mediated. Our results may prove useful in supporting
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weight loss interventions and identifying biomarker
pathways of breast cancer risk in overweight and obese
women.
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