European Journal of Epidemiology (2021) 36:37-55
https://doi.org/10.1007/510654-020-00688-3

META-ANALYSIS q

Check for
updates

Body size and weight change over adulthood and risk of breast cancer
by menopausal and hormone receptor status: a pooled analysis of 20
prospective cohort studies

Piet A. van den Brandt'2® - Regina G. Ziegler® - Molin Wang*>* - Tao Hou’ - Ruifeng Li’ - Hans-Olov Adami®? .
Claudia Agnoli’® - Leslie Bernstein'" - Julie E. Buring*'? - Yu Chen'® . Avonne E. Connor'* . A. Heather Eliassen®® .
Jeanine M. Genkinger'®>' . Gretchen Gierach® - Graham G. Giles'”'®'° . Gary G. Goodman?° - Niclas Hakansson?' -
Vittorio Krogh'? - Loic Le Marchand?? - I-Min Lee*'2 . Linda M. Liao® - M. Elena Martinez?*>?* . Anthony B. Miller?* .
Roger L. Milne'”'819. Marian L. Neuhouser?° - Alpa V. Patel?® - Anna Prizment?”28 . Kim Robien?’ -

Thomas E. Rohan3° - Norie Sawada>' - Leo J. Schouten' - Rashmi Sinha3 - Rachael Z. Stolzenberg-Solomon3 -
Lauren R. Teras?® - Shoichiro Tsugane®' - Kala Visvanathan'* - Elisabete Weiderpass>2 - Kami K. White?2 -

Walter C. Willett*®7 . Alicja Wolk?'3 . Anne Zeleniuch-Jacquotte'? - Stephanie A. Smith-Warner*’

Received: 31 August 2020 / Accepted: 26 September 2020 / Published online: 30 October 2020
© The Author(s) 2020

Abstract

Associations between anthropometric factors and breast cancer (BC) risk have varied inconsistently by estrogen and/or pro-
gesterone receptor (ER/PR) status. Associations between prediagnostic anthropometric factors and risk of premenopausal
and postmenopausal BC overall and ER/PR status subtypes were investigated in a pooled analysis of 20 prospective cohorts,
including 36,297 BC cases among 1,061,915 women, using multivariable Cox regression analyses, controlling for repro-
ductive factors, diet and other risk factors. We estimated dose—response relationships and tested for nonlinear associations
using restricted cubic splines. Height showed positive, linear associations for premenopausal and postmenopausal BC risk
(6-7% RR increase per 5 cm increment), with stronger associations for receptor-positive subtypes. Body mass index (BMI)
at cohort baseline was strongly inversely associated with premenopausal BC risk, and strongly positively—and nonlinearly—
associated with postmenopausal BC (especially among women who never used hormone replacement therapy). This was
primarily observed for receptor-positive subtypes. Early adult BMI (at 18-20 years) showed inverse, linear associations for
premenopausal and postmenopausal BC risk (21% and 11% RR decrease per 5 kg/m?, respectively) with stronger associa-
tions for receptor-negative subtypes. Adult weight gain since 18-20 years was positively associated with postmenopausal
BC risk, stronger for receptor-positive subtypes, and among women who were leaner in early adulthood. Women heavier
in early adulthood generally had reduced premenopausal BC risk, independent of later weight gain. Positive associations
between height, baseline (adult) BMI, adult weight gain and postmenopausal BC risk were substantially stronger for hormone
receptor-positive versus negative subtypes. Premenopausal BC risk was positively associated with height, but inversely with
baseline BMI and weight gain (mostly in receptor-positive subtypes). Inverse associations with early adult BMI seemed
stronger in receptor-negative subtypes of premenopausal and postmenopausal BC.
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Introduction

Body height and weight have been consistently reported to
be associated with breast cancer (BC) risk [1, 2]. Height
generally shows positive associations with both premeno-
pausal and postmenopausal BC [1, 3-5]. Adult relative
weight, as measured with body mass index (BMI) and
weight gain since adolescence (18-20 years) are inversely
associated with premenopausal BC risk, but positively
associated with postmenopausal BC [1, 2, 6-11]. Early
adult weight has been inversely, although inconsistently,
related to both premenopausal and postmenopausal BC
risk [11, 12].

Increasingly BC is recognized as a heterogeneous dis-
ease with distinct risk factors for tumor subtypes. Investi-
gating how the anthropometry relationships with BC vary
by steroid hormone receptor status may provide insight
into BC etiology. For weight, the influence on postmeno-
pausal BC risk seems related to hormonal pathways (ster-
oids/estrogens) [13—17]. For postmenopausal BC, adult
BMI may have a larger impact on risk of estrogen receptor
positive (ER+) BC than ER— tumors, because ER— tumors
are less dependent on estrogen levels [14, 18]. However,
studies of the associations between BMI and BC accord-
ing to estrogen and/or progesterone receptor (PR) status
[8, 17, 19, 20] have not been entirely consistent [19, 20].
Associations with ER/PR subtypes have been investigated
less extensively for early adult BMI, adult weight gain and
height.

Meta-analyses [11, 20] of the associations between
height, body weight, and weight change with BC risk indi-
cate significant heterogeneity in the study-specific results
and publication bias which hinders causal interpretation.
Potential sources of heterogeneity include differences in how
the exposures are (measured and) modeled and which covar-
iates are included in the models. Meta-analyses of these
exposures with BC subtypes defined by hormone receptor
status are also limited by the relatively few studies that have
reported on these associations. Furthermore, meta-analyses
often assume linear associations (e.g., [2, 11]). These limita-
tions of meta-analyses can be directly addressed in pooled
analyses of individual data from multiple cohorts, because
studies that have not previously published on the association
can be included in the analysis thereby limiting publication
bias. Furthermore, there is enhanced standardization of the
exposures, outcomes, covariates, and modeling approach
used. We therefore investigated detailed dose—-response
relationships between anthropometry and risk of BC by ER
status, PR status, and joint ER/PR status in a large pooled
analysis of the participant-level data from 20 prospective
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cohorts, including over 1 million women with more than
36,000 incident BC cases.

Subjects and methods
Study population

The Pooling Project of Prospective Studies of Diet and Can-
cer (DCPP) has been described previously [21]. For these
analyses, we included 20 prospective cohorts [9, 10, 22-39]
which met the following inclusion criteria: ascertainment
of at least 25 incident cases of invasive ER— BC, prospec-
tive assessment of anthropometry and long-term dietary
intake, and evaluation of the validity of the dietary assess-
ment method or a closely related method. Each participating
cohort, participating registries (as required), and the DCPP
received approval from their respective institutional review
boards.

Ascertainment of BC cases

Incident invasive BC cases were identified in the cohort
studies through follow-up questionnaires and confirmed with
subsequent medical record review [9, 32, 36] or linkage with
cancer registries [10, 22-24, 26, 27, 33, 35, 37, 40-42], both
approaches [28, 31, 34, 39, 43], as well as through mortal-
ity registries [23, 26, 28, 32, 39, 43]. We used the steroid
hormone receptor status data provided by each cohort to
define BC subtypes. We classified cases with borderline ER/
PR status as positive for that receptor [44]. Approximately
28% of cases were missing ER/PR status, which were mostly
from diagnoses prior to 2000.

Anthropometry and BCrisk factors

Prediagnostic anthropometry, menstrual and reproduc-
tive factors, medical history, family history of BC, dietary
intake and physical activity were assessed by the cohorts
at baseline with self-administered questionnaires. However,
CARET, MCCS and ORDET measured height and weight.
Weight at early adulthood (ages 18-20 years) was available
for 15 cohorts (Table 1, including cohort abbreviations).
BMI (kg/m?) was used as an indicator of adiposity in mid
to later adulthood (‘baseline BMI’) and at ages 18-20 years
(‘early adult BMI’). Adult weight change (kg) was defined
as the difference between cohort baseline weight and early
adult weight.
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Statistical analyses data on height or baseline weight or if their reported energy
intake was greater than three standard deviations from the
Participants were excluded from these analyses if at base- study-specific log.-transformed mean energy intake of the

line they reported a personal history of cancer except for  baseline population (an exclusion applied to all cohorts in
non-melanoma skin cancer at baseline, if they had missing the DCPP [21]).
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«Fig. 1 Spline regression curves for the association between height
and breast cancer risk, the Pooling Project of Prospective Studies
of Diet and Cancer, with reference height=1.57 m. Panel A shows
the associations for overall premenopausal breast cancer (pre (red);
p value, test for nonlinearity=0.363) and overall postmenopau-
sal breast cancer (post (blue); p value, test for nonlinearity =0.147).
Solid lines represents point estimates and dotted lines represent 95%
confidence intervals. Panel B shows the associations for premeno-
pausal breast cancer subtypes defined by estrogen receptor (ER) and
progesterone receptor (PR) status. The p value, test for nonlinear-
ity =0.846 for ER positive (ER+, blue solid line), 0.882 for ER nega-
tive (ER—, blue dashed line), 0.610 for PR+ (red solid line), 0.385
for PR— (red dashed line), 0.664 for ER+ PR+ (green solid line),
0.232 for ER+ PR— (green dash-dotted line), and 0.683 for ER— PR—
breast cancer (green dashed line). Panel C shows the associations for
postmenopausal breast cancer subtypes defined by ER and PR status.
The p value, test for nonlinearity=0.736 for ER+ (blue solid line),
0.247 for ER— (blue dashed line), 0.855 for PR+ (red solid line),
0.223 for PR— (red dashed line), 0.875 for ER+ PR+ (green solid
line), 0.455 for ER+ PR— (green dash-dotted line), and 0.248 for
ER— PR-— breast cancer (green dashed line). Models were adjusted
for ethnicity (Caucasian, African—American, Hispanic, Asian, oth-
ers), family history of breast cancer (yes, no), personal history of
benign breast disease (yes, no), alcohol consumption (non-drinkers,
>0-<5, 5-<15, 15-<30,>30 g/day), smoking status (never, past,
current), education (<high school, high school,>high school),
physical activity (low, medium, high), age at menarche (<11, 11-12,
13-14,> 15 years), baseline BMI (<23, 23-<25, 25-<30,>30 kg/
m?), oral contraceptive use (never, ever), hormone replacement
therapy (never, ever), energy intake (kcal/d, continuous), interac-
tion between parity (0,1-2,>3) and age of first birth (<30,>30
years); age at baseline in years and year of questionnaire return were
included as stratification variables

Study-specific relative risks (RRs) and 95% confidence
intervals (ClIs) for total, ER—, ER+, PR— and PR+ BC, and
joint ER/PR subtypes, were estimated separately in each
study by fitting Cox proportional hazards models [45]. No
estimates were calculated for the ER— PR+ subtype due
to insufficient case numbers. Cohorts were excluded from
analyses of a receptor subtype if there were <25 cases with
that subtype. We calculated person-years of follow-up from
the date of questionnaire completion (baseline) to the date of
diagnosis of first incident invasive BC, death, loss to follow
up, or end of follow-up, whichever came first. We modeled
age at baseline (in years) and year of questionnaire comple-
tion as stratification variables to adjust simultaneously for
age, calendar time, and time since entry into the study [21].
We analyzed the NLCS as a case-cohort study because ques-
tionnaires were processed for only the cases and a random
sample of the total cohort [46]. As before [47], we analyzed
the NHS as two different cohorts (1980-1986, NHS[a];
1986-2006, NHS[b]) to utilize the comprehensive dietary
assessment administered in 1986.

Anthropometric variables (height, baseline BMI, early
adult BMI, adult weight change) were entered into models
as categorical or, if not statistically significant non-linear,
as continuous variables. Baseline BMI was included in the
height models; height was included in the baseline BMI,

early adult BMI, and adult weight change models. To avoid
collider bias [48], baseline BMI was not included in the early
adult BMI and adult weight change models. We evaluated
whether the observed association between each anthropo-
metric variable and BC risk was modified by menopausal
status at diagnosis as estimated using a previously described
algorithm based on age at diagnosis [49]. Because post-
menopausal hormone replacement therapy (HRT) modifies
the relationship between adiposity and BC [6], we also per-
formed analyses for postmenopausal BC according to HRT
use (never vs. ever, at baseline). We used meta-regression
to test for interactions by menopausal status and HRT use.
In all analyses presented, associations were essentially
similar in age-adjusted and multivariable models; therefore,
we only present the multivariable results. Multivariable RRs
were adjusted for ethnicity, age at menarche, parity, age at
first birth, HRT use (for analyses not stratified on this varia-
ble), oral contraceptive use, history of benign breast disease,
family history of BC, smoking status, education, physical
activity, alcohol and energy intake (covariate categories are
presented in table footnotes and figure legends). For each
covariate, we created a missing indicator variable since the
proportion of missing data in these cohorts is generally low
[21]. We either adjusted for the abovementioned covariates
directly in the model or we adjusted for confounders using
the propensity score method [50, 51] when the number of
cases of the outcome evaluated within a study was <200.
We pooled the study-specific RRs weighted by the inverse
of their variances using a random effects model [52, 53] and
tested for between-studies heterogeneity using the Q statistic
[53]. To test for trend across categories of anthropometric
variables, we assigned each category its median value and
modeled that variable as a continuous term. We used a con-
trast test [54] to examine whether the associations differed
significantly for BC subtypes defined by hormone receptor
status (ER— vs. ER+; PR— vs. PR+; ER— PR— vs. ER+
PR—- vs. ER+ PR +). All statistical tests were two-sided with
a p value of 0.05 as significance level, and were conducted
using SAS (SAS Institute, Inc., Version 9.4, Cary, NC).
We estimated dose—response relationships of anthro-
pometric variables with BC (subtypes) and tested for non-
linear associations using restricted cubic splines [55] with
four knots (placed at the 5th, 35th, 65th, and 95t percen-
tiles). In these analyses, we combined all studies into one
aggregated dataset, stratified by study, age at baseline, and
year of baseline questionnaire, and adjusted for the above-
mentioned confounding variables. We excluded the top and
bottom 1% of the data from the analysis, truncated the spline
presentations at 1% and 99% of the distribution, and used
approximately the median value for the referent category
in the categorical analysis as the spline referent. To assess
non-linearity, we used a likelihood ratio test to compare the
model including the linear and cubic spline terms with the
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«Fig.2 Spline regression curves for the association between body
mass index at baseline and breast cancer risk, the Pooling Project
of Prospective Studies of Diet and Cancer, with reference 20 kg/m>.
Panel A shows the associations for overall premenopausal breast
cancer (pre; p value, test for nonlinearity=0.150), overall post-
menopausal breast cancer among never users of hormone therapy
(post never; p value, test for nonlinearity <0.001), and overall post-
menopausal breast cancer among ever users of hormone therapy
(post ever; p value, test for nonlinearity =0.208). Panel B shows the
associations for premenopausal breast cancer subtypes defined by
estrogen receptor (ER) and progesterone receptor (PR) status. The
p value, test for nonlinearity =0.371 for ER+, 0.043 for ER—, 0.484
for PR+, 0.111 for PR—, 0.512 for ER+ PR+, 0.911 for ER+ PR—,
and 0.084 for ER— PR— breast cancer. Panel C shows the associa-
tions for postmenopausal breast cancer subtypes defined by ER and
PR status among never users of hormone therapy. The p value, test
for nonlinearity = <0.001 for ER+, 0.138 for ER—, <0.001 for PR+,
<0.001 for PR—, <0.001 for ER+ PR+, <0.001 for ER+ PR—, and
0.558 for ER— PR— breast cancer. Models were adjusted for ethnicity
(Caucasian, African—American, Hispanic, Asian, others), family his-
tory of breast cancer (yes, no), personal history of benign breast dis-
ease (yes, no), alcohol consumption (non-drinkers, >0-<5, 5-<15,
15-<30,>30 g/day), smoking status (never, past, current), education
(<high school, high school,>high school), physical activity (low,
medium, high), age at menarche (<11, 11-12, 13-14,> 15 years),
height (<1.60, 1.60-<1.65, 1.65-<1.70, 1.70-<1.75,>1.75 m),
oral contraceptive use (never, ever), energy intake (kcal/d, continu-
ous), interaction between parity (0, 1-2,>3) and age of first birth
(<30,>30 years); age at baseline in years and year of questionnaire
return were included as stratification variables

Results

In the 20 prospective cohorts with follow-up 8 to 26 years,
36,297 incident invasive BC cases (3879 premenopausal and
25,656 postmenopausal) were identified among 1,061,915
women (Table 1). ER receptor status was known for 71.9%
of cases, PR status for 68.7% of cases (Supplementary
Table 1). Of the premenopausal cases with known recep-
tor status, the percentages with ER+, PR+, ER+ PR+, and
ER— PR-— status were 72%, 69%, 62%, and 21%, respec-
tively. For postmenopausal cases, the percentages with ER+,
PR+, ER+ PR+, and ER— PR— status were 82%, 70%, 68%,
and 15%, respectively.

Median height ranged from 1.52 m in the Japanese
JPHCI to 1.66 m in the Swedish WLHS. Median baseline
BMI ranged from 22.8 kg/m? in women aged 30-49 years
in WLHS to 26.2 kg/m? in women aged 55-74 years in the
US PLCO. Among the cohort studies with available data,
median early adult BMI differed by only 1 kg/m? across
studies (Table 1).

Height
Height was statistically significantly positively associated

with both premenopausal and postmenopausal BC risk
(Fig. 1; Supplementary Table 2). Restricted cubic spline

regression analyses showed no significant deviation from
linearity for these associations (p values, test for nonlinear-
ity >0.14, Fig. 1). In continuous analyses, the RRs (95%CI)
per 5 cm increment were similar in premenopausal and post-
menopausal women: 1.07 (1.04-1.10) and 1.06 (1.05-1.08),
respectively (Supplementary Table 2). There was no sig-
nificant heterogeneity in RR estimates between the cohort
studies, nor any significant interaction by menopausal status
or by HRT use in postmenopausal women (p values, tests for
interaction, 0.750 and 0.212, respectively).

For height, stronger positive associations were gener-
ally seen with hormone receptor-positive subtypes than
with receptor-negative subtypes for both premenopausal
and postmenopausal BC, except for ER+ and ER— pre-
menopausal BC (Fig. 1, Supplementary Table 2). For post-
menopausal BC, all tests for differences between subtypes
defined by ER and/or PR status were significant in continu-
ous analyses (all p values < 0.03, Supplementary Table 2).
For both premenopausal and postmenopausal BC, relative
to heights of 1.55-<1.60 m, risk for women > 1.75 m was
approximately 40-50% higher for receptor-positive sub-
types, but only 20% higher for receptor-negative subtypes
(except a 40% increased risk was seen for premenopausal
ER- subtype).

Baseline BMI

Baseline (adult) BMI was strongly inversely related to pre-
menopausal BC risk, strongly positively related to post-
menopausal BC risk in HRT never-users, and only mod-
estly positively related to postmenopausal BC risk in ever
HRT users (all p trend <0.001) (Fig. 2a; Supplementary
Table 3), with significant interaction by menopausal status
(»<0.001) and HRT use (p <0.001). Spline regression anal-
yses showed a steady decline in risk with increasing baseline
BMI in premenopausal women, but a plateau in increasing
risk at a BMI of ~ 30 kg/m? in postmenopausal never HRT
users (p-nonlinearity < 0.001). Comparing women with
BMI > 30 kg/m? to women with BMI <21 kg/m?, the RR
(95%CI) was 0.78 (0.64—0.93) for premenopausal BC, 1.61
(1.45-1.79) for postmenopausal BC in HRT never-users, and
1.17 (1.09-1.25) for postmenopausal HRT ever-users. There
was no significant heterogeneity between the cohort studies
for premenopausal BC or for postmenopausal BC in never
or ever HRT users.

For premenopausal BC, the strong inverse association
with baseline BMI was more pronounced for receptor-posi-
tive subtypes (all p-trend < 0.001) but flattened out and was
not statistically significant for receptor-negative subtypes
(Fig. 2b, Supp Table 3). Comparing BMI > 30 to <21 kg/m?,
32-33% significantly lower risks were observed for ER+,
PR+ and ER+ PR+ subtypes. For the same contrast, the
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Fig.3 Spline regression curves for the association between early
adulthood body mass index and breast cancer risk, the Pooling Pro-
ject of Prospective Studies of Diet and Cancer, with reference 19 kg/
m?. Panel A shows the associations for overall premenopausal breast
cancer (pre; p value, test for nonlinearity =0.088), overall postmeno-
pausal breast cancer among never users of hormone therapy (post
never; p value, test for nonlinearity =0.509), and overall postmeno-
pausal breast cancer among ever users of hormone therapy (post ever;
p value, test for nonlinearity =0.068). Panel B shows the associations
for premenopausal breast cancer subtypes defined by estrogen recep-
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tor (ER) and progesterone receptor (PR) status. The p value, test for
nonlinearity =0.090 for ER+, 0.469 for ER—, 0.047 for PR+, 0.271
for PR—, 0.074 for ER+ PR+, 0.178 for ER+ PR—, and 0.347 for
ER—PR— breast cancer. Panel C shows the associations for postmen-
opausal breast cancer subtypes defined by ER and PR status among
never users of hormone therapy. The p value, test for nonlinear-
ity=0.544 for ER+, 0.130 for ER—, 0.305 for PR+, 0.074 for PR—,
0.390 for ER+ PR+, 0.060 for ER+ PR—, and 0.116 for ER—PR—
breast cancer. Models were adjusted for the same factors as in Fig. 2
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Fig.4 Spline regression curves for the association between weight
change and breast cancer risk, the Pooling Project of Prospective
Studies of Diet and Cancer, with reference 0 kg. Panel A shows the
associations for overall premenopausal breast cancer (pre; p value,
test for nonlinearity < 0.001), overall postmenopausal breast can-
cer among never users of hormone therapy (post never; p value, test
for nonlinearity < 0.001), and overall postmenopausal breast cancer
among ever users of hormone therapy (post ever; p value, test for
nonlinearity =0.279). Panel B shows the associations for premeno-
pausal breast cancer subtypes defined by estrogen receptor (ER) and

progesterone receptor (PR) status. The p value, test for nonlinearity
< 0.001 for ER+, 0.124 for ER—, < 0.001 for PR+, 0.222 for PR—,
< 0.001 for ER+ PR+, 0.059 for ER+ PR—, and 0.402 for ER— PR—
breast cancer. Panel C shows the associations for postmenopausal
breast cancer subtypes defined by ER and PR status among never
users of hormone therapy. The p value, test for nonlinearity < 0.001
for ER+, 0.630 for ER—, < 0.001 for PR+, 0.036 for PR—, 0.003 for
ER+ PR+, < 0.001 for ER+ PR—, and 0.874 for ER— PR— breast
cancer. Models were adjusted for the same factors as in Fig. 2
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comparable RRs were not significant: 0.97 for PR—, 1.00
for ER—, and 1.19 for ER— PR— tumors.

For postmenopausal women who never used HRT,
stronger positive associations with baseline BMI that pla-
teaued around 30 kg/m? were seen for receptor-positive sub-
types (all p-nonlinearity <0.001) (Fig. 2c, Supp Table 3).
RRs ranged from 1.69 to 1.95 comparing BMI > 30
vs. <21 kg/m? (all p-trend < 0.001). However, with recep-
tor-negative subtypes, risk increased slightly and then
declined with the comparable RRs ranging from 1.03 to
1.12 (Fig. 2¢, Supp Table 3). Even with at least 1000 cases
of each receptor-negative subtype, none of these RR point
estimates was significant (all p for common effects by recep-
tor status <0.002).

Early adult BMI

Early adult BMI was significantly inversely related to both
premenopausal and postmenopausal BC (never and ever
HRT users) risk, and associations were stronger for pre-
menopausal BC (p-interaction by menopausal status 0.002
for continuous early adult BMI, Supplementary Table 4).
In postmenopausal women, interaction with HRT use was
not significant (p =0.618). Restricted cubic spline analyses
showed no significant deviations from linearity for premeno-
pausal and postmenopausal BC among never HRT users and
among ever HRT users (Fig. 3), overall or for most subtypes.
Associations were moderately to strongly inverse with no
significant heterogeneity between cohort studies. Per incre-
ment of 5 kg/mz, the RR (95% CI) was 0.79 (0.74-0.84) for
premenopausal, and 0.89 (0.85-0.92) for postmenopausal
BC in never HRT users. The inverse associations appeared
somewhat stronger for receptor-negative than for receptor-
positive subtypes. However, these differences were only sig-
nificant for PR status for postmenopausal BC among never
HRT users (p-common effects =0.020), (Fig. 3, Supplemen-
tary Table 4).

Adult weight change

Adult weight change between age 18-20 and age at study
enrollment was not significantly associated with premeno-
pausal BC risk but significantly positively associated with
postmenopausal BC risk in both never and ever HRT users
(both p-trend < 0.001) (Fig. 4a, Supp Table 5). Interaction
by menopausal status was significant (p <0.001). Postmeno-
pausal women with a weight gain of >20 kg, compared to
women with stable weight (defined as a change of 2 kg or
less), had a 68% increased risk of BC in never HRT users,
and a 22% increased risk in ever HRT users (p-interaction
by HRT use < 0.001). Spline regression analyses confirmed
significant nonlinearity for premenopausal BC and postmen-
opausal BC in never HRT users, but not for postmenopausal
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BC in ever HRT users. In continuous analyses, the RR (95%
CI) was 1.09 (1.06—1.12) per increment of 10 kg for post-
menopausal BC in ever HRT users. Estimates were essen-
tially similar when early adult BMI was included in the
models (data not shown). Compared to women maintaining
a stable weight, women who had lost > 2 kg had nonsignifi-
cant 9-10% lower risk of both overall premenopausal and
postmenopausal BC (Supplementary Table 5).

For premenopausal BC, spline regression analyses showed
evidence of nonlinear relationships with weight change for
hormone receptor-positive subtypes, with risk increasing and
then decreasing, and no associations with receptor-negative
subtypes (Fig. 4b, Supplementary Table 5). For postmenopau-
sal BC among never HRT users, significant positive associa-
tions with weight change were seen for all receptor subtypes
(all p-trend <0.04); there was evidence for nonlinearity for
nearly all subtypes (Fig. 4c, Supplementary Table 5). Positive
associations were substantially stronger for receptor-positive
subtypes, with an increased risk of approximately 70-90%
associated with a weight gain of > 20 kg, relative to stable
weight, compared to 10-40% for receptor-negative subtypes.

Joint effect of early adult BMI and adult weight
change

To examine whether the association between adult weight
change and subsequent BC risk depended on BMI in early
adulthood, we conducted analyses of adult weight change
stratified by early adult BMI (Supplementary Table 6).
For these analyses, the group of women was split at early
adult BMI of 21 kg/m? (close to the median of BMI age
18-20 years across the cohort studies), and the common ref-
erence category was the group of women with early adult
BMI <21 kg/m?, and stable weight. For premenopausal BC,
and its ER+ subtype, risk was decreased at>20 kg weight
gain; for the ER— subtype there was essentially no associa-
tion. There was no evidence of interaction between early
adult BMI and weight change. Women heavier in early adult-
hood generally have reduced premenopausal BC risk, rela-
tive to those leaner in early adulthood, independent of adult
weight change.

Postmenopausal BC risk was strongly related to weight
change in both strata of early adult BMI among women who
never used HRT (both p-trend < 0.001). The positive asso-
ciation was more pronounced for women who were leaner
in early adult life (BMI18 <21), with a 79% increased risk
for those who gained > 20 kg compared to women with sta-
ble weight (p-interaction =0.018). For ER+ postmenopau-
sal BC, the same pattern was observed with a significant
interaction (p-interaction=0.034). For both overall and
ER+ BC, risk was noticeably lower (approximately 20-35%
reduction) among women who were leaner in early adult
life and lost> 2 kg, whereas risk was only slightly reduced
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(by < 10%) among women with a comparable weight loss
who were heavier in early adult life. For ER— BC, weight
change was only significantly positively associated in
women with early adult BMI <21 kg/m? (p-trend <0.001);
no clear relationship was seen in women with early adult
BMI >21 kg/m? (p-interaction =0.133).

Discussion

Height showed positive, linear associations for premenopau-
sal and postmenopausal BC risk, with stronger associations
for hormone receptor-positive subtypes. Baseline (adult)
BMI had inverse associations with premenopausal BC, with
stronger associations for receptor-positive subtypes. Positive
nonlinear associations between baseline BMI and postmeno-
pausal BC risk were found in women who never used HRT,
primarily for receptor-positive subtypes; positive associa-
tions were more modest in HRT users than never users. Early
adult BMI was inversely related to both premenopausal and
postmenopausal BC risk with suggestively stronger associa-
tions shown for receptor-negative subtypes. Adult weight
gain since age 18-20 years was positively associated with
postmenopausal BC risk; the association was substantially
stronger for receptor positive subtypes, and among women
who were leaner in early adulthood. Women who had lost
weight since age 18-20 years had a suggestively lower risk
of overall premenopausal or postmenopausal BC compared
to women with stable weight. Women heavier in early adult-
hood generally had reduced premenopausal BC risk, rela-
tive to those leaner in early adulthood, independent of adult
weight change.

This large pooled analysis of prospective studies pro-
vides the most detailed examination of individual height,
weight and adult weight change in relation to postmeno-
pausal BC risk overall and by hormone receptor subtype.
Further strengths of this analysis include use of standardized
exposure and confounder information, examination of over-
all premenopausal BC and receptor subtypes and use of a
standardized (dose—response) modeling approach across out-
comes and populations. Unlike meta-analyses of published
results on these topics which have often reported heteroge-
neity between studies (e.g. [11, 20]), our analysis generally
showed little heterogeneity between cohorts after stratifying
by menopausal status, HRT use, and ER/PR subtypes. Our
study enabled us to conduct more detailed dose-response
modelling, particularly for BC subtypes, than was accom-
plished in many other studies, including meta-analyses. This
is especially important when relationships are nonlinear, as
we observed for baseline BMI and weight gain with post-
menopausal BC risk in women who never used HRT and

for weight gain with (hormone receptor-positive subtypes
of) premenopausal BC.

BMI at baseline (generally in mid to later adulthood)

While our current analysis confirms the stark contrasting
associations between baseline BMI and risk of premenopau-
sal (inverse association) versus postmenopausal BC (posi-
tive association) [1, 2, 6, 7, 56-59], and stronger positive
associations with postmenopausal BC in never compared
to ever HRT users [7, 56, 60], we also showed that the
dose—response relationship with postmenopausal BC and
its subtypes was significantly nonlinear in never HRT users.
As in recent meta-analyses [19, 20], including at most half of
the studies in our present analysis, we now showed relatively
strong positive associations with ER and/or PR positive sub-
types (ER+, PR+, ER+ PR+) of postmenopausal BC, and
no statistically significant associations with receptor-nega-
tive subtypes. In contrast to meta-analyses which can often
be hampered by heterogeneity in the study-specific results
[7,20, 57], we observed no significant heterogeneity among
the cohorts after taking into account menopausal status and
HRT use, illustrating the potential of more precise pooled
analyses.

Regarding the association of overweight in later adult life
with postmenopausal BC risk, the most plausible mechanism
is hormone-related. When ovarian estrogen production is
decreased after menopause, adipose tissue again becomes a
major source of estrogen due to aromatization of androgens
in peripheral adipose tissue [61]. Together with reduced
production of sex hormone binding globulin due to obe-
sity, this leads to increased levels of circulating bioavailable
estrogens. Support for the mediating role of estrogens comes
from observations that the association between BMI and
postmenopausal BC was essentially eliminated after adjust-
ment for bioavailable estrogen concentration [14, 15, 58].
Furthermore, the substantially weakened association with
BMI in HRT users also indicates that this exogenous hor-
mone source overrides the effect of endogenous estrogen
production from peripheral fat tissue. Thus, the association
of postmenopausal BC with BMI is most visible in never
HRT users, and indeed specifically with hormone receptor
positive subtypes. Alternative potential biological mecha-
nisms include altered production of adipokines, excess acti-
vation of the IGF axis, and chronic low-grade inflammation
[62-64].

For BMI and premenopausal BC, we found stronger
inverse associations than previously reported in meta-
analyses [7, 20, 57]; our results were similar to those of
a recent pooled analysis focused on premenopausal BC (8
studies in our analyses overlapped with that pooled analy-
sis) [8]. We also showed stronger inverse associations with
hormone receptor-positive subtypes, and no significant
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association with receptor-negative subtypes of premeno-
pausal BC, as has also been seen in meta-analyses of cohort
and case—control studies combined [6, 19]. For the inverse
association between BMI and premenopausal BC risk, sev-
eral mechanisms have been proposed but none has been
widely accepted. In premenopausal women, obesity may
protect against BC by causing more frequent anovulatory
menstrual cycles [65, 66]. This would result in decreased
estradiol and progesterone exposure and lower luteal phase
progesterone levels in ovulatory cycles [67]. Although this
is not supported by studies that have adjusted for menstrual
cycle pattern [68—70], our observation that BMI is more
strongly related to hormone-dependent ER/PR positive
BCs nevertheless suggests a hormonal mechanism is partly
responsible. Other proposed mechanisms include mitigation
of estrogen-induced proliferation in breast epithelial cells
concentrations in premenopausal women by decreased pro-
gesterone [20]. Gene expression studies showed decreased
BC cell proliferation in premenopausal women with increas-
ing body weight, but increased in postmenopausal women
[20, 71]. More research is needed to elucidate this intriguing
inverse association of BMI with premenopausal BC.

Early adult BMI

Intriguingly, BMI at early adult age (18-20 years) seems
consistently inversely related to both premenopausal and
postmenopausal BC risk, as is evident from our pooled
analysis, and from meta-analyses of cohort studies [11, 20].
Unlike results from meta-analyses [11, 20], there was no
statistically significant heterogeneity in our cohort estimates.
Also, our estimated association regarding premenopausal
BC (RR=0.79 per 5 kg/m?) was more strongly inverse than
in the meta-analyses [11, 20], and comparable to a recently
published estimate from a pooled analysis of premeno-
pausal BC [8]. This latter study showed that BMI at ages
18-24 years was most strongly inversely related to premeno-
pausal BC, compared to BMI measured at ages 25-54 years.
Although both that pooled study and our study reported no
significant differences in associations across tumor subtypes
defined by hormone receptor status, we noted that stronger
associations were suggested for receptor-negative subtypes
for both premenopausal and postmenopausal BC. For post-
menopausal BC, we also observed that the inverse associa-
tions were statistically significant for all ER/PR subtypes
except ER+ PR—, a subtype with relatively few cases.

A possible explanation for the intriguing inverse asso-
ciation of early BMI and BC was given in a Finnish study,
which found that BMI at age 7 years showed a stronger
inverse association with BC than BMI at age 15 [72], which
is in line with the observation that BMI at ages 18-24 years
had a stronger inverse relationship with BC than BMI meas-
ured at later ages [8]. BMI is an indicator of estrogenicity in
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childhood, especially before puberty, when adipose tissue is
the major source of estrogens [72]. Mammary glands may
differentiate early in animals exposed to estrogens early in
life, and therefore become less susceptible to carcinogens
[72-74]. Increased estrogenicity resulting from childhood
overweight or obesity, especially before puberty, possibly
also induces early human breast differentiation [72], and
thus could possibly lead to reduced BC risk later. Other
mechanisms related to IGF1 are also possible, since it has
been found that higher BMI in childhood/adolescence was
associated with decreased insulin-like growth factor1 (IGF1)
levels in adult women [11, 75]. Because the mechanism for
a protective effect of early adiposity on BC remains uncer-
tain, more research is needed to obtain further mechanistic
insight.

Adult weight change

Our results on weight change and postmenopausal BC gen-
erally agree with results from a recent meta-analysis [20],
although we found positive associations with all postmeno-
pausal ER/PR subtypes instead of only receptor-positive
subtypes [20]. After stratification by early adult BMI, we
found that adult weight gain after ages 18-20 years was more
important for determining postmenopausal BC risk (espe-
cially in never HRT users) than early adult BMI, with the
strongest positive effect of weight gain observed in women
with early adult BMI <21 kg/m?. In line with these results,
Song et al. [63] observed in an analysis of body shape trajec-
tories across the lifespan and cancer risk, that women who
were lean in adolescence and gained weight later in life had a
significantly higher postmenopausal BC risk than stable lean
women. Furthermore, women with a heavier body shape in
early life showed a lower risk of total and obesity-related
cancer than women with a leaner body shape, which seemed
to be mainly due to postmenopausal BC [63]. For premeno-
pausal BC, early adult BMI seemed to be more important for
the inverse association than adult weight gain.

Height

Our results showing moderately strong, positive, linear asso-
ciations of height and BC risk are consistent with earlier
studies and meta-analyses [1, 3-5, 41]. In a meta-analysis
of 26 cohort studies, height was positively associated with
premenopausal and postmenopausal BC [5]; the strength of
the associations was comparable to our current results. That
meta-analysis also reported stronger associations for hor-
mone receptor positive subtypes, but did not distinguish pre-
menopausal from postmenopausal BC. We found generally
stronger associations for receptor-positive subtypes (par-
ticularly PR+) for both premenopausal and postmenopausal
BC, but these differences were only statistically significant
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in postmenopausal BC, possibly due to lower numbers of
premenopausal BCs. Some evidence suggests that height is
positively associated with PR expression in normal breast
tissue [76]. The association of height with BC risk was also
confirmed in Mendelian randomization analysis [5], under-
scoring the strong and consistent evidence for height as a
risk factor for BC.

Attained adult height is genetically and environmentally
determined. Recent results from the Netherlands Cohort
Study show that women who were exposed to energy
restriction (i.e. father unemployed vs. employed) during the
Economic Depression (1932-1940) before or during their
growth spurt, were significantly shorter than those without
this exposure (163.8 cm vs. 165.5 cm, respectively) [41].
In that study, energy restriction before and/or during the
pubertal growth spurt was associated with a decreased hor-
mone receptor-positive BC risk [41]. One mechanism as to
why height increases BC risk involves the IGF signaling
pathway as IGFs, and particularly IGF1, play important roles
in growth and in carcinogenesis by inhibiting apoptosis and
stimulating cell proliferation [5, 77-80].

Study limitations

Besides the abovementioned strengths of our study, potential
weaknesses of our study include the use of self-reported
height and weight in the majority of studies, the longer-term
recall of early adult weight, the lack of detailed informa-
tion on menopausal status and other covariates such as HRT
use during follow-up, absence of weight information at ages
other than early adulthood and cohort baseline, limited num-
ber of studies from continents other than North-America and
Europe, and minimal race/ethnic diversity. The group of ever
HRT users was heterogeneous regarding type of HRT used
(which may be important for BC [81]), and consisted of past
and current users because we had no updated information
on use. In a recent pooled analysis, no association between
BC risk and BMI was seen among current HRT users [81].
We also had no information on the mode of BC detection,
whereas associations of BMI with BC may vary according
to detection method [82].

Conclusion

In conclusion, associations between baseline (adult) BMI
and adult weight change with risk of BC varied according
to menopausal status, were often nonlinear, and stronger for
hormone receptor-positive subtypes for both premenopausal
and postmenopausal BC. Body height was linearly and posi-
tively associated with any BC risk, but stronger for recep-
tor-positive subtypes. In contrast, the inverse and generally

linear associations of early adult BMI with premenopau-
sal and postmenopausal BC seemed stronger for receptor-
negative subtypes. The association of baseline (adult) BMI
with postmenopausal BC risk was stronger in never HRT
users than in ever users. If HRT use further decreases in the
future, then BMI will become a more important, avoidable
cause of postmenopausal BC [6]. More research is needed
to identify mechanisms of action for the intriguing inverse
association of BMI with premenopausal BC risk and the
crossover of effects of BMI on premenopausal and post-
menopausal BC risk, the inverse association of early adult
BMI with premenopausal and postmenopausal BC, and the
positive association of height with premenopausal and post-
menopausal BC risk.
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