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ABSTRACT
◥

Background: It is not known whether modifiable lifestyle factors
that predict survival after invasive breast cancer differ by subtype.

Methods:We analyzed data for 121,435 women diagnosed with
breast cancer from 67 studies in the Breast Cancer Association
Consortium with 16,890 deaths (8,554 breast cancer specific) over
10 years. Cox regression was used to estimate associations between
risk factors and 10-year all-cause mortality and breast cancer–
specific mortality overall, by estrogen receptor (ER) status, and by
intrinsic-like subtype.

Results: There was no evidence of heterogeneous associations
between risk factors and mortality by subtype (Padj > 0.30). The
strongest associations were between all-cause mortality and BMI
≥30 versus 18.5–25 kg/m2 [HR (95% confidence interval (CI), 1.19
(1.06–1.34)]; current versus never smoking [1.37 (1.27–1.47)],
high versus low physical activity [0.43 (0.21–0.86)], age ≥30 years

versus <20 years at first pregnancy [0.79 (0.72–0.86)]; >0–<5 years
versus ≥10 years since last full-term birth [1.31 (1.11–1.55)]; ever
versus never use of oral contraceptives [0.91 (0.87–0.96)];
ever versus never use of menopausal hormone therapy, including
current estrogen–progestin therapy [0.61 (0.54–0.69)]. Similar
associations with breast cancer mortality were weaker; for example,
1.11 (1.02–1.21) for current versus never smoking.

Conclusions: We confirm associations between modifiable life-
style factors and 10-year all-cause mortality. There was no strong
evidence that associations differed by ER status or intrinsic-like
subtype.

Impact: Given the large dataset and lack of evidence that
associations between modifiable risk factors and 10-year mortality
differed by subtype, these associations could be cautiously used in
prognostication models to inform patient-centered care.
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Introduction
Breast cancer is a heterogeneous disease with differing risk fac-

tors (1) and etiologies (2) and correspondingly differential response
to treatment (3) as well as prognosis (4). Despite the heterogeneous
nature of breast cancer, there are few studies investigating possible
differential relationships between risk factors and mortality according
to tumor subtypes. Given that more women are surviving after a
breast cancer diagnosis (5), identifying lifestyle and personal factors
associated with mortality after breast cancer according to tumor
subtypes is important.

A recent systematic literature review and meta-analysis in patients
with breast cancer (6) concluded that there was limited suggestive
evidence for physical activity, foods containing fiber, and foods con-
taining soy being associatedwith decreased all-causemortality, and for
body fatness, weight gain, and intake of total fat and saturated fatty
acids being associated with increased all-cause mortality. However,
there was a lack of consistent data to draw conclusions for other dietary
and nutritional risk factors regarding all-cause mortality or breast
cancer–specific mortality, either overall or by molecular subtype (6).

In a large population-based prospective cohort, cigarette smoking
was found to be related to highermortality fromboth breast cancer and
smoking-related diseases (7). The findings regarding reproductive
factors have, however, been conflicting. Most studies have found no
association between mortality after breast cancer and age at
menarche (8–11), parity (10, 12–14), history of breastfeeding (11),
duration of breastfeeding (11, 14), history of oral contraceptive
use (10, 11, 15, 16), or duration of oral contraceptive use (11, 15–17).
There are some reports of decreasedmortality associated with younger
age at menarche (18, 19), parity (20), history of breastfeed-
ing (12, 21, 22), longer duration of breastfeeding (12), andmenopausal
hormone therapy (MHT; refs. 23, 24). Other studies have reported
increased mortality associated with younger age at menarche (25),
parity, particularly among women with luminal breast cancers (26)
and women diagnosed before age 50 (13, 27), shorter time interval
since last birth (8, 10, 11, 14, 26–30), and MHT use, particularly
combined estrogen–progestin (31–33). There is paucity of data and no

clear evidence for differential effects of the investigated risk factors
with mortality for different intrinsic-like subtypes. A more detailed
investigation is essential to improve our understanding of these
relationships. Therefore, we aimed to investigate associations between
prediagnosis reproductive and lifestyle risk factors on 10-year all-cause
and breast cancer–specific mortality by tumor subtype of patients with
breast cancer. We also investigated whether prognostic models could
be improved by inclusion of these factors.

Methods
Study population and exposure assessment

We employed data from studies participating in the Breast Cancer
Association Consortium (BCAC), which are described in Supplemen-
tary Table S1. Details of the inclusion criteria are presented in the
Supplementary Methods. The final study population consisted of
121,435 patients with invasive, stage I–III, female breast cancer from
67 studies participating in the BCAC. All individual studies were
approved by their appropriate institutional review boards and/or
medical ethical committees. Written informed consent was obtained
from all study subjects.

We focused on 15 breast cancer lifestyle and reproductive risk
factors: age at menarche, parity, age at first full-term pregnancy
(FFTP), time since last full-term birth, ever breastfeeding, duration
of breastfeeding, body mass index (BMI; investigated both overall and
separately within postmenopausal and pre/perimenopausal women),
adult height, oral contraceptive use, MHT use, smoking status, pack-
years of smoking, recent alcohol consumption, cumulative alcohol
consumption, and physical activity. Exposure information was col-
lected prediagnosis in nested case–control/prospective cohort studies
and at or shortly after diagnosis in case–control studies and patient
cohorts. Time since last full-term birth was calculated as the time
interval between age at diagnosis and age at last full-term birth.
Women were defined as postmenopausal if the last menstruation
occurred >12 months before diagnosis, and as pre/perimenopausal
otherwise. Menopausal status and MHT use were combined into a
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single variablewith eight categories,where former usewasusemore than
6 months prior to diagnosis and current use was use at date of diagnosis
or within 6 months prior to the date of diagnosis. Ever use of oral
contraceptiveswas defined as use for≥4months andnever use as<4 four
months of use. There were three categories for smoking status: never,
former, and current, with current defined as smoking in the last year
before diagnosis. A pack-year constituted 20 cigarettes smoked per day
for 1 year. Alcohol consumption and physical activity were based on the
last year before diagnosis. For comparison with other studies, tertiles of
physical activity (hours/week) were used. Cumulative alcohol consump-
tion was that consumed over a lifetime until the date of diagnosis.

Breast cancer intrinsic–like subtypes
The source of tumor marker data and assessment of specific tumor

markers varied across the studies and included clinical/pathology
records and immunohistochemistry (IHC) staining of whole tumor
sections or tissue microarrays (34). Breast tumors were classified
according to estrogen receptor (ER) status (positive vs. negative) and
according to intrinsic-like subtypes based on ER, progesterone recep-
tor (PR), the human epidermal growth factor receptor 2 (HER2), and
grade (35).

Outcome assessment
Vital status was ascertained by individual studies. Cause of death

was coded according to the 10th revision of the International Clas-
sification of Diseases (ICD-10-WHO). The primary study outcomes
were 10-year all-cause mortality (death from any cause) and 10-year
breast cancer–specific mortality (death from breast cancer; coded as
ICD-10-C50).

Statistical analyses
Multiple imputation of missing data

Multiple imputation, performed using R package MICE (version
3.2.0), was used to handle missing values of both risk factor and
clinicopathologic variables as described in the Supplementary Meth-
ods. A list of imputed variables and corresponding percentages of
missing values is provided in Supplementary Table S2.

Associations of individual and multiple risk factors with all-cause
and breast cancer–specific mortality overall and by subtype

Delayed-entry Cox regression models were used to assess associa-
tions between lifestyle and reproductive breast cancer risk factors and
10-year all-cause and breast cancer mortality in all patients and by
tumor subtypes according to ER status and intrinsic-like subtypes.
Time-to-event started from date of diagnosis, and time-at-risk started
from date of recruitment into the study if it was after date of
diagnosis. Age of the patient was used as the time-scale so that
patient age is implicitly accounted for without the need to estimate
its coefficient (36). For breast cancer–specific mortality, women
who died within 10 years from diagnosis, and whose cause of death
was not breast cancer (24.6% of the total number of deaths) or was
unknown (24.8% of the total number of deaths) were censored at
age of death. Women who died 10 years or more after diagnosis
were censored at their age at 10 years after diagnosis. Women who
did not experience the event of interest (death from any cause or
death from breast cancer) within the first 10 years following
diagnosis were censored at their age at last follow-up. All models
were stratified by study and adjusted for tumor size, nodal status,
tumor grade (except for luminal-B-HER2-negative–like), and sys-
temic treatment (adjuvant endocrine therapy (yes/no), (neo)adju-
vant chemotherapy (yes/no), and trastuzumab (yes/no). Cox

models were performed for each risk factor individually using
imputed data, and as sensitivity analyses using complete-case data
(Supplementary Tables S3 and S4; Supplementary Figs. S1–S16).
Multiple testing was accounted for using the Benjamini–Hochberg
method, as described in the Supplementary Methods. Additional
sensitivity analyses based on prospective studies only were per-
formed to address potential recall bias.

Potential heterogeneity of the association estimates across tumor
subtype was tested by means of a likelihood ratio test comparing
models with and without an interaction term between the variable
representing a specific risk factor and the variable representing the
subtype (based on ER status only or according to the intrinsic-like
classification).

To account for the interplay between risk factors, we fitted a single
multivariable Cox regressionmodel including all risk factors of interest
(with the exception of pack-years) to assess associations with 10-year
all-cause and breast cancer–specific mortality. Similar to analyses of
individual risk factors with outcomes, the Cox model was stratified by
study and adjusted for covariates as above. Because this analysis was
performed in all patients, ER, PR, and HER2 status were included as
additional covariates.

The proportional hazards assumption was assessed for each risk
factor of interest, based on all included cases, after applying exclusion
criteria for individual subjects (not imputed). Plots of the Schoenfeld
residuals did not show strong evidence of deviation from the propor-
tional hazard assumption.

Time-dependent ROC curve analyses were performed, as described
in the Supplementary Methods, to assess whether the additional
inclusion of the risk factors investigated would add discriminative
power compared with a prognostic model based only on the estab-
lished breast cancer prognostic factors.

Results
There were 16,890 deaths overall and 8,554 breast cancer–related

deaths after a follow-up time of 10 years in 121,435 patients with breast
cancer (Table 1). The median follow-up time for patients included in
the study was 7.7 years. Overall median age at diagnosis was 57 years
[interquartile range (IQR), 48–65]. Distribution of tumor and treat-
ment characteristics and risk factors in all patients and by subtype is
shown in Table 1.

Associations of individual risk factors with all-cause and breast
cancer–specific mortality overall and by subtype

Associations of individual risk factors with all-cause mortality are
shown in Table 2. Parous women had lower mortality compared
with nulliparous, with strongest associations observed in women who
had one [HR (95% confidence interval (CI)), 0.87 (0.79–0.96)] or two
full-term pregnancies HR (95% CI), 0.86 (0.77–0. 96). Among parous
women, lower all-causemortality was associated with later age at FFTP
(P¼ 1.0E-15), with HR of 0.79 [95% CI, (0.73–0.86)] for women with
FFTP at age ≥30 years compared with <20 years. Higher all-cause
mortality was associated with a more recent full-term pregnancy only
in women with ERþ tumors [time since last full-term birth 0–5 years
vs. ≥10 years HR (95% CI), 1.36 (1.12–1.65)], but there was no
statistical heterogeneity by ER status (P ¼ 8.5E-01; Table 3).

In both pre- and postmenopausal women, higher BMI was asso-
ciated with higher all-cause mortality. The evidence was stronger for
postmenopausal womenwithHR of 1.20 (95%CI, 1.12–1.29) for obese
(≥30 kg/m2) women compared with normal weight women (BMI
18.5–25 kg/m2). LowBMIwas likewise associatedwith higher all-cause
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mortality [HR (95% CI), 1.53 (1.30–1.80)] for underweight (BMI <
18.5 kg/m2) compared with normal weight.

Exogenous hormone exposure was associated with reduced all-
cause mortality. Compared with never use, ever oral contraceptive
use was associated with decreased all-cause mortality [HR (95% CI),
0.88 (0.84–0.93); P ¼ 1.6E-04]. Overall, use of MHT was also
associated with decreased risk of all-cause mortality, with the
strongest association for current users of combined estrogen and
progesterone therapy compared with never users [HR (95% CI),
0.58 (0.52–0.65)].

Current cigarette smoking compared with never smoking was
associated with higher all-cause mortality [HR (95% CI), 1.38
(1.30–1.45)]. A 10-unit increase in the number of pack-years smoked
was also associated with an increased risk of all-cause mortality [HR
(95% CI), 1.11 (1.06–1.15); P ¼ 1.2E-03]. Physical activity was
associated with decreased all-cause mortality [HR (95% CI), 0.42
(0.21–0.85)] for highest vs. lowest tertile.

There was no evidence of heterogeneity by ER status or by intrinsic-
like subtype (Tables 2 and 3). Some variability was observed in
estimates for women who had a recent full-term birth, especially
comparing those 0–5 years with≥10 years whereHRs (95%CI) ranged
from1.55 (1.08–2.24) for luminal A–like tumors to 0.93 (0.68–1.27) for
triple-negative (TN) tumors, although there was no overall evidence of
heterogeneity (P ¼ 1.00Eþ00).

Results of associations between single risk factors and breast
cancer–specific mortality were generally in line with those observed
for all-cause mortality, but weaker (Table 4). The exception was time

since last full-term birth, where the association with breast cancer–
specific mortality appeared to be somewhat stronger than with all-
cause mortality, especially for the ER-positive (P ¼ 2.2E-04) and
luminal A–like subtypes (P ¼ 5.5E-03). There was also some
variability in the association estimates related to time since last
full-term birth according to ER status and intrinsic-like subtype,
notably for last full-term birth 0–5 years versus ≥10 years prior to
diagnosis for luminal A–like [HR (95% CI), 1.79 (1.27–2.51)]
compared with that for TN [HR (95% CI), 0.90 (0.65–1.24)]. Risk
factors associated with all-cause mortality, such as parity, oral
contraceptive use, BMI in postmenopausal women, smoking, and
physical activity were not associated with breast cancer–specific
mortality after multiple testing correction.

Sensitivity analyses relating to associations between individual
risk factors with outcomes restricted to the complete-case data
yielded results that were generally consistent with those from the
imputed data analyses for both all-cause and breast cancer–specific
mortality, as point estimates were mostly in the same direction and
the corresponding confidence intervals were largely overlapping
(Supplementary Figs. S1–S16). For physical activity, the association
with all-cause mortality was attenuated, particularly in the analyses
based on all patients [HR (95% CI), 0.82 (0.62–1.12); Supplemen-
tary Table S3].

Sensitivity analyses based on prospective studies only yielded results
that were generally in line with those from analyses based on all studies
though confidence intervals were wider due to decreased numbers in
the dataset (Supplementary Figs. S17–S22).

Table 3. Heterogeneity tests of the associations between risk factors and outcomes (10-year all-cause mortality and breast cancer–
specific mortality), by ER status and by intrinsic-like subtype.

All-cause mortality Breast cancer–specific mortality

ER status
Intrinsic-like
subtypee ER status

Intrinsic-like
subtypee

Risk factor P P P P

Age at menarche 6.7E-01 8.6E-01 7.2E-01 1.0Eþ00
Parity 8.1E-01 1.0Eþ00 7.2E-01 1.0Eþ00
Age at FFTPa 6.7E-01 1.0Eþ00 7.2E-01 1.0Eþ00
Time since last full-term birtha 8.5E-01 1.0Eþ00 5.4E-01 3.3E-01
Breastfeedinga 7.8E-01 9.7E-01 1.0Eþ00 1.0Eþ00
Duration of breastfeedinga 7.8E-01 1.0Eþ00 1.0Eþ00 1.0Eþ00
BMI (all women) 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
BMI (postmenopausal women) 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
BMI (pre/perimenopausal women) 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
Height 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
Oral contraceptive use 6.7E-01 6.7E-01 7.2E-01 1.0Eþ00
MHTb,c 1.0Eþ00 8.1E-01 1.0Eþ00 1.0Eþ00
Smoking 6.7E-01 6.7E-01 1.0Eþ00 1.0Eþ00
No. of pack-years of smoking 6.7E-01 6.7E-01 1.0Eþ00 1.0Eþ00
Alcohol consumptiond 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
Cumulative alcohol consumption 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00
Physical activityd 1.0Eþ00 1.0Eþ00 1.0Eþ00 1.0Eþ00

Note: ReportedP values come froma likelihood ratio test comparing amodel including the ER status/subtype variable and an interaction term between such variable
and a specific risk factor, with a model without the interaction term. ER negative was used as the reference category for ER status and luminal A as the reference
category for the subtype variable. P values are adjusted for multiple testing using the Benjamini–Hochberg method for false discovery rate (FDR) control on 34 tests
for each endpoint of interest (all-cause and breast cancer–specific mortality). All models have been stratified by study and adjusted for lymph nodes status, tumor
size, tumor grade, and (neo)adjuvant systemic treatment. Age of the patients was used as time scale.
aAssociation estimated in parous women.
bFormer use of MHT was more than 6 mo before diagnosis.
cCurrent use of MHT was at diagnosis or within 6 mo before diagnosis.
dAt diagnosis or within 1 year before diagnosis.
eDefinition of intrinsic-like subtype follows Goldhirsch et al. 2011 as in Tables 2 and 4.
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Associations of multiple risk factors with all-cause and breast
cancer–specific mortality overall

Accounting for all risk factors simultaneously in the Cox model did
not substantially change HRs for most risk factors (Table 5). Of the
three individually associated reproductive variables, parity was no
longer associated with all-cause mortality after adjusting for age at
FFTP and time since last full-term birth. Similar to results from
individual risk factors and all-causemortality, current use of combined
estrogen–progestin comparedwith neverMHTuse [HR (95%CI), 0.61
(0.54–0.69)] and ever use of oral contraceptive compared with never
oral contraceptive use [HR (95% CI), 0.91 (0.87–0.96)] were both still
associated with all-cause mortality. All-cause mortality was increased
in current smokers compared with nonsmokers [HR (95% CI), 1.37
(1.27–1.47)]. At least 5.5 hours/week of physical activity decreased risk
of all-cause mortality [HR (95% CI), 0.43 (0.21–0.86); highest vs.
lowest tertile].

Associations of multiple risk factors with breast cancer–specific
mortality (Table 6) also remained substantially unchanged compared
with individual risk factors associations except for parity (Table 4).

Sensitivity analyses relating to associations of multiple risk factors
with outcomes restricted to the complete-case data yielded results that
were mostly consistent with those of the imputed data, with two
exceptions (Supplementary Tables S7 and S8; Supplementary Figs. S23
and S24). Former versus never smoking was associated with increased
all-causemortality [HR (95%CI), 1.69 (1.16–2.47)] and breast cancer–
specificmortality [HR (95%CI), 1.71 (1.07–2.73)] in the complete-case
analysis, in contrast to the imputed data analysis [HR (95% CI), 1.03
(0.98–1.07) and HR (95% CI), 0.94 (0.88–1.01), respectively]. On the
other hand, physical activity was no longer associated with all-cause
mortality in the complete-case analysis.

Evaluation of the discriminative power of the models
Supplementary Figures S25 and S26 show the AUC values over a

range of ages for a Cox model only including classical prognostic
factors (i.e., tumor characteristics and treatment) and for a Cox model
additionally including the risk factors investigated. We observed a
decrease in discriminative power of both models with older ages. The
discriminative power of the model including additional risk factors
was higher over all ages compared with that based on only classical
prognostic factors. For all-cause mortality, the concordance index
increased from 0.69 to 0.71 when adding risk factors to the model
(Supplementary Fig. S25). For breast cancer–specific mortality, the
concordance indexwas 0.74 for bothmodels (Supplementary Fig. S26).

Discussion
Breast cancer risk factors for mortality after a breast cancer diag-

nosis according to tumor subtype have not been established. Identi-
fication and characterization of these associations is important because
they may be useful for prognostication at the time of diagnosis.
Therefore, our main objectives were to quantify associations between
breast cancer risk factors and all-cause and breast cancer–specific
mortality and to evaluatewhether associations differ by tumor subtype.
We found evidence for associations between modifiable lifestyle risk
factors and all-causemortality, namely, obesity, smoking, and physical
activity as well as associations with reproductive risk factors, age at
FFTP, and time since last birth, and exogenous hormone use in the
form of oral contraceptives and MHTs. Similar associations were also
found with breast cancer–specific mortality. After correction for
multiple testing, there was no evidence for differential associations
by ER status or intrinsic-like subtype.

Table 5. Multivariable Cox regression model on the imputed
datasets including all risk factors simultaneously with 10-year all-
cause mortality as endpoint.

Risk factor HR (95% CI) P

Age at menarche 1.02 (1.00–1.04) 6.8E-02
Parity

0 Ref.
1 1.02 (0.91–1.15) 7.4E-01
2 0.99 (0.86–1.15) 9.0E-01
3 1.01 (0.86–1.18) 9.4E-01
4þ 1.01 (0.86–1.18) 9.2E-01

Age at FFTP, y
<20 Ref.
20–<25 0.90 (0.84–0.96) 1.9E-03
25–<30 0.84 (0.78–0.90) 2.8E-06
≥30 0.79 (0.72–0.86) 2.0E-07

Time since last full-term birth, y
≥10 Ref.
≥5–<10 1.13 (1.01–1.28) 3.2E-02
>0–<5 1.31 (1.11–1.55) 1.1E-03

Breastfeeding
Ever vs. never 0.94 (0.82–1.06) 2.7E-01
Duration of breastfeeding, per 6 mo 1.02 (1.00–1.04) 6.9E-02

BMI, kg/m2

18.5–<25 Ref.
<18.5 1.31 (0.96–1.77) 5.6E-02
25–<30 1.04 (0.92–1.18) 4.4E-01
≥30 1.19 (1.06–1.34) 1.1E-03

Adult height, per 5 cm 0.98 (0.93–1.03) 2.8E-01
Oral contraceptive use

Ever vs. never 0.91 (0.87–0.96) 9.4E-05
MHT

Never use, postmenopausal Ref.
Formera use of ET 0.75 (0.65–0.86) 2.9E-05
Formera use of EPT 0.85 (0.73–0.98) 3.0E-02
Formera use (unknown type) 0.81 (0.76–0.86) 1.1E-11
Currentb use of ET 0.72 (0.64–0.82) 8.3E-07
Currentb use of EPT 0.61 (0.54–0.69) 3.8E-15
Currentb use (unknown type) 0.78 (0.72–0.85) 4.9E-08

Smoking
Never Ref.
Formerc 1.03 (0.98–1.07) 2.3E-01
Currentd 1.37 (1.27–1.47) 0.0Eþ00

Alcohol consumptiond, per 10 g/wk 1.00 (0.99–1.01) 6.6E-01
Cumulative alcohol consumption,
per 10 g/d

1.00 (0.96–1.05) 9.3E-01

Physical activityd,e, hours/wk
<1.8 Ref.
≥1.8–<5.5 0.81 (0.39–1.68) 5.2E-01
≥5.5 0.43 (0.21–0.86) 6.3E-03

Note: The Cox model was stratified by study and adjusted for lymph nodes
status, tumor size, tumor grade, ER status, PR status, HER2 status, and (neo)
adjuvant systemic treatment. Age of the patients was used as time scale. All the
risk factors were simultaneously included in the model. Corresponding com-
plete-case analysis was based on 1,264 cases and 158 deaths from all causes. A
comparison between results from imputed data analysis and corresponding
complete-case analysis are shown in Supplementary Fig. S23.
Abbreviations: ET, estrogen therapy; EPT, combined estrogen and progestin
therapy.
aMore than 6 mo before diagnosis.
bAt diagnosis or within 6 mo before diagnosis.
cMore than 1 year before diagnosis.
dAt diagnosis or within a year before diagnosis.
eCategories based on the tertiles of the observed distribution of the variable.
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Data on breast cancer risk factors in relation to survival according to
tumor subtypes are scarce with a few studies reporting possibly
differential associations between survival and older age at menar-
che (18, 37), breastfeeding (22), parity (26, 37), older age at FFTP (37),
recent last birth (26), and low (37) and high BMI (37, 38) by tumor
subtypes, and other studies reporting no differential associations with
MHTuse (39–41).Our data donot support the previous reports, which
might have been chance findings.

Our findings indicate that several modifiable risk factors are
associated with survival. Low and high BMI (8, 10, 12, 37) as well as
smoking (7, 42) were found to increase both all-cause and breast
cancer–specific mortality, whereas physical activity was found to
decrease all-cause mortality (43) with similar patterns of association
for breast cancer–specific mortality (6). The observed associations
with high BMI could, in part, be due to obese breast cancer
survivors being less responsive to aromatase inhibitor treat-
ments (8, 44) or chemotherapy (8, 45, 46). A systematic review
and meta-analysis also highlights evidence for a nonlinear J-shaped
dose–response relationship between BMI and mortality (47), con-
sistent with findings from the current analysis that underweight
women may also be at increased risk of mortality compared with
normal-weight women. The attenuated association between smok-
ing and breast cancer–specific mortality compared with overall
mortality could be attributed to the association of smoking with
diseases other than breast cancer such as lung cancer and cardio-
vascular diseases. Comparable with results from two meta-
analyses (6, 43), we found high physical activity to be associated
with lower risk of all-cause mortality with similar patterns for breast
cancer–specific mortality. Body weight, smoking, and physical
activity are relevant breast cancer risk factors in that reduction in
weight and smoking, as well as the promotion of physical activity
are practical and useful targets for both patients and public health.
The relevance of obesity and physical activity as modifiable factors
is strengthened by growing evidence that postdiagnosis weight gain
increases mortality in addition to prediagnosis BMI (6, 48) and
changes in pre- to postdiagnosis physical activity are also associated
with mortality (6, 49).

In line with previous literature, associations with age at menarche,
number of full-term pregnancies, and breastfeeding with mortality
were null after accounting for other reproductive variables (8, 10–12).
Our data substantiate previously suggested patterns of association
where risk of mortality decreases with older age at FFTP (8, 10, 11, 37)
and a more recent last birth increases mortality, particularly breast
cancer–specific mortality (8, 13, 18, 28–30). The reasons for these
associations are unclear. Women of higher socioeconomic status often
have their first child later and have better access to health care, lifestyle,
and nutrition, all of which can decrease mortality. The association of a
more recent last birth with increased breast cancer–specific mortality
appeared to be differential by ER status and intrinsic-like subtype,
although not after accounting for multiple testing corrections. Two
previous studies also found such associations only for luminal
tumors (26, 29). Breast tumors occurring during pregnancy, postpar-
tum, or during lactation can be subject to treatment and diagnosis
delays, both of which may result in poorer prognosis.

Exposure to exogenous hormones—oral contraceptive andMHT—
was observed to be associated with decreased mortality regardless of
tumor subtype.Decreased all-causemortalitywith ever oral contracep-
tive use has been inconsistently reported (8, 10, 15, 16) andmay be due
to differences in timing, duration, and dose of oral contraceptives.
Ever MHT use was associated with decreased all-cause and breast
cancer–specific mortality, and corroborate the results from published

Table 6. Multivariable Cox regression model on the imputed
datasets including all risk factors simultaneously, with 10-year
breast cancer–specific mortality as endpoint.

Risk factor HR (95% CI) P

Age at menarche 1.03 (1.00–1.05) 1.4E-02
Parity

0 Ref.
1 1.04 (0.90–1.21) 5.5E-01
2 1.00 (0.83–1.20) 1.0Eþ00
3 1.00 (0.81–1.24) 1.0Eþ00
4þ 1.01 (0.81–1.25) 9.4E-01

Age at FFTP, y
<20 Ref.
20–<25 0.90 (0.82–0.99) 2.7E-02
25–<30 0.87 (0.79–0.95) 2.8E-03
≥30 0.80 (0.72–0.89) 4.4E-05

Time since last full-term birth, y
≥10 Ref.
≥5–< 10 1.16 (1.01–1.34) 2.9E-02
>0–< 5 1.36 (1.15–1.61) 2.4E-04

Breastfeeding
Ever vs. never 0.98 (0.81–1.18) 8.2E-01
Duration of breastfeeding, per 6 mo 1.02 (1.00–1.05) 7.2E-02

BMI, kg/m2

18.5–<25 Ref.
<18.5 1.10 (0.79–1.53) 5.6E-01
25–<30 1.06 (0.93–1.20) 3.6E-01
≥30 1.16 (1.04–1.29) 4.7E-03

Adult height, per 5 cm 1.00 (0.95–1.06) 8.7E-01
Oral contraceptive use

Ever vs. never 0.96 (0.89–1.03) 2.5E-01
MHT

Never use, postmenopausal Ref.
Formera use of ET 0.82 (0.66–1.03) 8.2E-02
Formera use of EPT 1.11 (0.91–1.35) 3.2E-01
Formera use (unknown type) 0.88 (0.80–0.97) 1.0E-02
Currentb use of ET 0.71 (0.57–0.89) 2.6E-03
Currentb use of EPT 0.64 (0.54–0.76) 2.3E-07
Currentb use (unknown type) 0.86 (0.76–0.97) 1.3E-02

Smoking
Never Ref.
Formerc 0.94 (0.88–1.01) 7.2E-02
Currentd 1.11 (1.02–1.21) 1.1E-02

Alcohol consumptiond, per 10 g/wk 1.00 (0.99–1.01) 8.4E-01
Cumulative alcohol consumption,
per 10 g/d

0.98 (0.91–1.06) 5.2E-01

Physical activityd,e, hours/wk
<1.8 Ref.
≥1.8–<5.5 0.77 (0.22–2.73) 6.4E-01
≥5.5 0.40 (0.13–1.19) 5.7E-02

Note: The Coxmodel is stratified by and adjusted for lymph nodes status, tumor
size, tumor grade, ER status, PR status, HER2 status, and (neo)adjuvant systemic
treatment. Age of the patient was used as time scale. All risk factors were
simultaneously included in the model. Corresponding complete-case analysis
was based on 1,264 cases and 114 deaths from breast cancer. A comparison
between results from imputed data analysis and corresponding complete-case
analysis are shown in Supplementary Fig. S24.
Abbreviations: ET, estrogen therapy; EPT, combined estrogen and progestin
therapy.
aMore than 6 mo before diagnosis.
bAt diagnosis or within 6 mo before diagnosis.
cMore than 1 year before diagnosis.
dAt diagnosis or within a year before diagnosis.
eCategories based on the tertiles of the observed distribution of the variable.
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meta-analyses (23, 24). On the other hand, current MHT use, partic-
ularly combined estrogen–progestin, has been found to be associated
with increased breast cancer–specific mortality in population-based
prospective cohort studies (32, 33), but this estimate combines the joint
effects of incidence and case-fatality. Unmeasured factors related to
MHT such as differences in “health-seeking behavior” and medical
surveillance might be present, as women can only receive exogenous
hormones after consultation with a physician, which could not be
accounted for in this analysis, so that residual confounding cannot be
excluded. Thus, the observed association between MHT and survival
does not imply that MHT use after diagnosis would be beneficial for
survival, especially because it is well-established that MHT use
increases risk of breast cancer (50).

Amajor strength of our study is the sample size,making it the largest
dataset of patients with breast cancer available to date. Because of the
large sample size, we were able to assess associations by ER and
intrinsic-like subtype as well as heterogeneity between subtypes. We
have collected and harmonized information on numerous potential
risk factors and have fitted multivariable models that simultaneously
accounted for established prognostic factors as well as first-line cancer
treatment.

Despite centralized data harmonization, residual heterogeneity in
the studies with varying designs and different coding of variables may
still be present and affect our results. Timing of exposure information
collection with respect to diagnosis also differs between study designs.
Whereas prediagnosis information is generally collected prospectively
in nested case–control/prospective cohort studies and retrospectively
in case–control studies, patient cohort studies aremore likely to collect
postdiagnosis information. Although some types of risk factor infor-
mation such as current MHT use may be affected by whether they are
assessed before or after diagnosis, this is less likely to be the case for
most risk factors we considered, such as reproductive history, and
BMI. In this analysis, nine cohort studies provided risk factor infor-
mation collected more than 1 year before diagnosis, comprising
11.4% of the total analyzed sample. Their inclusion is not likely to
have substantially affected our evaluation of associations between risk
factors and survival also by tumor subtype. Delays in patient recruit-
ment can lead to survival bias that we accounted for using delayed
entry in the regression models, which if well-specified, should provide
unbiased estimates (8). An additional limitation was the fact that some
studies did not completely report cause of death. In particular, for
24.8% of the total number of deaths it was unknownwhether they were
due to breast cancer or to other causes. This could have led to a loss of
power in the breast cancer–specific analyses, if most of the deaths of
unknown cause were actually due to breast cancer. Another challenge
was the large proportion of missing values for some of the variables
under study, particularly alcohol consumption and physical activity.
We included these variables in our study to provide a comprehensive
analysis of all the potentially relevant risk factors for survival. We
addressed the missing data issue by employing multiple imputation,
which allowed us to keep the sample size intact and, if data are missing
at random, should provide unbiased estimates for the associations of
interest. A recent simulation study showed that this is the case even for
large proportions of missing values, up to 90%, provided that impu-
tation models are correctly specified, therefore concluding that the
proportion of missing values itself should not be used to determine
whether to perform multiple imputation (51).

Sensitivity analysis using complete-case data confirmed that for
most variables, the results were consistent with imputed results, with
the exception of former smoking and physical activity. Former smok-
ing was associated with both all-cause and breast cancer–specific

mortality when only complete-case data was used, whereas physical
activity was not associated with mortality in the complete-case anal-
ysis. For physical activity, our results based on multiple imputed data
were consistent with those from a recent systematic review and meta-
analysis where the summary HR (95% CI) for prediagnosis physical
activity and all-cause mortality was 0.82 (0.76–0.87) and for post-
diagnosis physical activity and all-cause mortality was 0.58 (0.52–
0.65) (43). Former smoking was not associated with 10-year mortality
based on the analysis of imputed data, which has also been reported
previously (8).

Although we have been able to investigate associations between
numerous pertinent breast cancer risk factors with mortality, we
were unable to consider others such as mode of detection and
comorbidities, which may be relevant for mortality. Socioeconomic
status (SES) could also be a potential confounder in the associations
between some of the considered risk factors and mortality. Risk
factors that would be most strongly associated with SES include
age at FFTP, as mentioned previously, as well as exogenous hor-
mone use (oral contraceptives and MHT) which might be less
accessible to women with lower SES. Some studies that have
accounted for SES have still found reduced case fatality in current
users of MHT (39, 41), so SES seems unlikely to fully explain the
association between MHT use and breast cancer survival.

In conclusion, we provide evidence that associations of breast
cancer risk factors with survival after a diagnosis of breast cancer do
not substantially differ by tumor subtype. The absence of effect
heterogeneity by subtype suggests that the associated risk factors may
be generalizable to all tumors, which facilitates their use in prognos-
tication models and public health strategies without the need for
subtype-specific considerations.
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