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Abstract

Background: Breast cancer is considered to result from a combination of genetic and lifestyle-related factors, but the degree
to which an overall healthy lifestyle may attenuate the impact of multiple genetic variants on invasive breast cancer risk
remains equivocal.
Methods: Using Cox proportional hazards regression models, we examined the association of a modified healthy lifestyle
index (HLI) with risk of invasive breast cancer by genetic risk group among 146 326 women from the UK Biobank. We
generated an HLI score based on a combination of diet, physical activity, smoking, alcohol consumption and anthropometry,
and a polygenic risk score (PRS) using 304 breast cancer-associated genetic loci.
Results: Among premenopausal and postmenopausal women, a favorable lifestyle (highest tertile) was associated with 22%
and 31% reductions in invasive breast cancer risk, respectively (hazard ratio [HR]high vs low ¼ 0.78, 95% confidence interval [CI]
¼ 0.64 to 0.94; HRhigh vs low ¼ 0.69, 95% CI ¼ 0.63 to 0.77, respectively), whereas a high PRS (highest tertile) was associated with
more than a doubling in the risk in both groups. For premenopausal women, the greatest risk reduction in association with
the HLI was seen among those with a high PRS (HRhigh vs low ¼ 0.73, 95% CI ¼ 0.75 to 0.95). In postmenopausal women, those
with a favorable lifestyle had 30%, 29%, and 32% reductions in risk of invasive breast cancer in the low, intermediate, and
high PRS groups, respectively (HRhigh vs low ¼ 0.70, 95% CI ¼ 0.56 to 0.88; HRhigh vs low ¼ 0.71, 95% CI ¼ 0.59 to 0.84; and HRhigh vs

low ¼ 0.68, 95% CI ¼ 0.59 to 0.78, respectively). There was an additive but not multiplicative interaction between the HLI score
and PRS for postmenopausal and, to a lesser extent, premenopausal women.
Conclusion: Our findings support the view that an overall healthy lifestyle may attenuate the impact of genetic factors on
invasive breast cancer risk among women of European ancestry.

Breast cancer is a complex disease resulting from a combina-
tion of genetic and environmental factors (1). With respect to
genetic factors, a few inherited mutations with moderate to
high penetrance (eg, BReast CAncer type 1 [BRCA1] and BReast
CAncer type 2 [BRCA2]) have been identified (2), but these ge-
netic changes account for only a small proportion of breast
cancer cases (<10%) (1). Recent advances in breast cancer ge-
netics have led to the identification of many low-penetrance
single nucleotide polymorphisms (SNPs), which individually
have relatively weak associations with risk of breast cancer (3–
8). However, studies that have examined risk in relation to
combinations of breast cancer–associated SNPs have reported
much stronger associations (3–8), with pooled findings from 10
studies nested within the Breast Cancer Association
Consortium (BCAC) using a 313-SNP polygenic risk score (PRS)
and results from the UK Biobank using a 306-SNP PRS showing

that the increase in risk of breast cancer per SD increase in
the PRS was about 60% (8).

Several lifestyle-related factors, including obesity (postmen-
opausal women only), excess alcohol consumption, physical in-
activity, and, to some degree, smoking and an unhealthy
dietary pattern, have also been positively associated with risk of
breast cancer (9). Because these lifestyle factors tend to coexist,
a number of recent studies have examined the association of
combinations of lifestyle factors with breast cancer risk using
various lifestyle indices, and they have provided evidence to
support a reduction in risk for those with an overall healthy life-
style (10–16). Moreover, existing evidence suggests that up to
50% of breast cancer cases may be preventable by adherence to
healthy lifestyle practices (17,18) .

Recent studies have indicated that adherence to a healthy
lifestyle plays a pivotal role in attenuating the impact of genetic
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factors on risk of several chronic diseases, including coronary
heart disease (19), stroke (20), hypertension (21), dementia (22),
and colorectal cancer (23). However, to date, no studies to our
knowledge have examined whether a combined lifestyle score
attenuates the impact of a combination of breast cancer-
associated genes on invasive breast cancer risk. Hence, in the
study reported here, we examined whether the associations be-
tween an overall healthy lifestyle and risk of invasive breast
cancer vary by genetic risk categories among women participat-
ing in the UK Biobank study.

Methods

Study Population and Design

The full UK Biobank study protocol is publicly available (http://
www.ukbiobank.ac.uk/wp-content/uploads/2011/11/UK-Biobank-
Protocol.pdf). Briefly, the UK Biobank is a large prospective ob-
servational study comprising approximately 500 000 men and
women (N¼ 229 134 men, N¼ 273 402 women) of various ethnic-
ities aged 40–69 years at enrollment. Participants were recruited
from across 22 centers located throughout England, Wales, and
Scotland between 2006 and 2010 (24,25). The study was estab-
lished to provide a resource for the investigation of the genetic,
environmental, and lifestyle factors associated with a wide
range of diseases, including cancer. The study was approved by
the North West Multi-center Research Ethics Committee, the
National Information Governance Board for Health and Social
Care in England and Wales, and the Community Health Index
Advisory Group in Scotland (http://www.ukbiobank.ac.uk/
ethics/). All participants provided written informed consent.

Exposure and Covariate Ascertainment

At enrollment, information on the participants’ sociodemo-
graphic characteristics, health and medical history, and diet and
lifestyle was collected using a self-administered touchscreen
questionnaire (http://www.ukbiobank.ac.uk/resources/) and
nurse-led interviews. During the interviews, the participants’
body weight, waist circumference (WC), and height were mea-
sured by trained staff using standardized procedures. Regarding
menopausal status, women who reported at recruitment that
they had had a menstrual period in the preceding year were clas-
sified as premenopausal, and those who reported that they had
stopped menstruating at least 1 year before enrollment were clas-
sified as postmenopausal. Women who had missing information
on menopausal status were classified as postmenopausal if they
had had a bilateral oophorectomy (with or without a hysterec-
tomy) or were older than 55 years of age (with or without a hys-
terectomy and/or bilateral oophorectomy) (26).

Healthy Lifestyle Index (HLI)

We created a modified HLI score based on the new World
Cancer Research Fund/American Institute of Cancer Research
(WCRF/AICR) lifestyle score (27). In this study, only five of the
eight WCRF/AICR cancer prevention recommendations relating
to lifestyle factors were used to generate the HLI score because
the UK Biobank food frequency questionnaire did not collect
information on the remaining recommendations (see
Supplementary Table 1, available online) (27). Specifically, the
score included diet, alcohol consumption, physical activity,
body mass index (BMI; postmenopausal women only), and WC

(postmenopausal women only); the score also included smok-
ing, although this was not included in the WCRF/AICR recom-
mendations (see the Supplementary Methods section, available
online, for further details). The HLI score was categorized as low
(lowest tertile), intermediate (second tertile), and high (highest
tertile) (tertiles were created based on the distribution of the HLI
score among the noncases).

Polygenic Risk Score

A brief description of the procedure for genotyping and imputa-
tion of the SNPs is provided in the Supplementary Methods
(available online). In a recently published study by Mavaddat
et al. (8), a 313 SNP PRS was found to have the best performance
compared with the commonly used 77-SNP PRS and with a
score based on 3820 SNPs. Thus, for the purpose of this study,
we focused on the 313-SNP PRS (see Supplementary Table 2,
available online). In the UK Biobank imputed database, only 304
of the 313 SNPs were available for our analyses (8). Detailed in-
formation on the generation of the PRS score is provided in the
Supplementary Methods (available online).

Outcome Ascertainment

The outcome for this study was incident invasive breast cancer.
In UK Biobank, cancer diagnoses were ascertained through link-
age to national cancer registries in England, Wales, and
Scotland. Invasive breast cancer was coded using the 10th
Revision of the International Classification of Diseases. Death
was ascertained via linkage to death registries. Complete
follow-up was available through March 31, 2016, for England
and Wales and October 31, 2015, for Scotland.

Analytical Cohort

The study reported here was restricted to women of European
ancestry. The process for construction of the analytical cohort
can be found in Supplementary Figure 1 (available online). After
exclusions, the study population comprised 146 326 women.

Statistical Analyses

Cox proportional hazards models were used to assess the asso-
ciations of lifestyle factors and the PRS with invasive breast can-
cer risk with time to diagnosis as the underlying timescale.
Analyses were performed separately for premenopausal and
postmenopausal women. Women who died, withdrew from the
study before the end of follow-up, or had not developed inva-
sive breast cancer by the end of follow-up were censored (ie,
noncases). Participants were followed up from their date of en-
rollment until the date of diagnosis of invasive breast cancer,
date of withdrawal from the study, date of death, or until the
end of follow-up, whichever came first. Covariates were in-
cluded in the models if they are known a priori to be associated
with risk of invasive breast cancer or if adjustment for them
resulted in a 10% change in the hazard ratio (HR). Regression
models were adjusted for age at recruitment, socioeconomic
status [based on Townsend deprivation index as quintiles (21)],
age at menarche, parity and age at first live birth (as a combined
variable), ever use of hormone replacement therapy (HRT; post-
menopausal women only), ever use of oral contraceptives, his-
tory of mammograms, age at menopause (postmenopausal
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women only), family history of breast cancer, BMI (premeno-
pausal women only), and the first five genetic principal compo-
nents and genotyping batch, as well as PRS and HLI, unless (for
the latter two variables) they were included as the main expo-
sure. Use of Schoenfeld residuals showed that the proportional
hazards assumption was not violated. Ptrend in risk with the
modified HLI score were estimated by including the ordinal HLI
variable as a continuous variable in the regression models and
testing its coefficient using the Wald test. To test for multiplica-
tive interaction between the lifestyle score and the PRS, we in-
cluded an interaction term in the regression models and tested
its coefficient using the Wald test. Using Cox proportional haz-
ards regression models, we estimated the relative excess risk
because of interaction and its 95% confidence interval (CI) to
test for statistical significance of additive interactions, as previ-
ously described (28). The additive interaction between the modi-
fied HLI and the PRS in association with invasive breast cancer
risk was assessed by testing whether the estimated joint effect
(ie, relative risk) of the two exposures was greater than the sum
of the individual effect estimates for the modified HLI and the
PRS.

To address the possibility of reverse causality, we performed
sensitivity analyses in which women who were diagnosed with
invasive breast cancer within the first 2 years of follow-up were
excluded. We also performed sensitivity analyses to assess the
association of a modified HLI score that included BMI and WC
with risk of invasive breast cancer among premenopausal
women (given that body fat is inversely associated with risk of
breast cancer among premenopausal women, the scoring of
BMI and WC was the reverse of that used for postmenopausal
women; here, the models were not adjusted for BMI or WC).

Except for the test for additive interaction (performed using
SAS 9.4; SAS Institute Inc., Cary, NC), all statistical analyses
were performed using Stata 15 (StataCorp, College Station, TX).
All P values were two-sided, and a P value of less than .05 was
considered statistically significant.

Results

Table 1 shows the distribution of the baseline characteristics of
the participants by menopausal status. Among premenopausal
and postmenopausal women, compared with noncases, cases
were less likely to be in the healthiest behavior category (high-
est tertile) and were more likely to have a high PRS (highest ter-
tile). After a median follow-up of 7.1 years (interquartile range ¼
6.3–7.7 years), the incidence rate of invasive breast cancer was
3.0 per 1000 person-years among premenopausal women and
3.6 per 1000 person-years among postmenopausal women
(Table 2). The PRS was normally distributed among premeno-
pausal and postmenopausal women (Supplementary Figure 2,
available online).

We observed risk gradients for the modified HLI score and
PRS with risk of invasive breast cancer among premenopausal
and postmenopausal women (Figure 1). Specifically, among
both groups of women, there was a consistent trend of decreas-
ing risk of breast cancer with increasing HLI score, with pre-
menopausal and postmenopausal women in the high-HLI-score
category having 22% and 31% reductions in risk of invasive
breast cancer, respectively, compared with those in the low-
HLI-score category (HRhigh vs low ¼ 0.78, 95% CI ¼ 0.64 to 0.94;
HRhigh vs low ¼ 0.69, 95% CI ¼ 0.63 to 0.77, respectively). In con-
trast, the PRS had a strong positive association with invasive
breast cancer risk, with a relatively high PRS being associated

with 2.64- and 2.5-fold increases in risk of invasive breast cancer
among premenopausal and postmenopausal women, respec-
tively (Figure 1).

The associations between the modified HLI score and risk of
invasive breast cancer by PRS categories are shown in Table 3
and Figure 2. Among premenopausal women, the greatest re-
duction in risk of invasive breast cancer in association with the
modified HLI score was observed among those with a high PRS
(HRhigh vs low ¼ 0.73, 95% CI ¼ 0.75 to 0.95; Table 3). After the in-
clusion of BMI and WC in the HLI score, these associations were
slightly attenuated among premenopausal women with inter-
mediate and high genetic risk (Supplementary Table 3, available
online). In postmenopausal women, those with a favorable life-
style had 30%, 29%, and 32% reductions in risk of invasive breast
cancer in the low, intermediate, and high PRS groups, respec-
tively (HRhigh vs low ¼ 0.70, 95% CI ¼ 0.56 to 0.88; HRhigh vs low ¼
0.71, 95% CI ¼ 0.59 to 0.84; and HRhigh vs low ¼ 0.68, 95% CI ¼ 0.59
to 0.78, respectively) (Table 3). Compared with those with a low
genetic risk and a high HLI score, premenopausal and postmen-
opausal women with a high genetic risk and a low HLI score had
approximately 3.40- and 3.66-fold increases in the risk of inva-
sive breast cancer, respectively (Figure 2). We did not observe a
multiplicative interaction between the HLI score and the PRS.
However, we observed positive additive interactions for a low
modified HLI score with a high PRS for premenopausal women
and for intermediate HLI and low HLI scores with high PRS
among postmenopausal women. The P values for the overall
tests of additive interaction were .06 and .02 for premenopausal
and postmenopausal women, respectively (Table 4).

The observed associations between the modified HLI score
and invasive breast cancer risk among premenopausal and
postmenopausal women did not change after exclusion of
women who had a breast cancer diagnosis within the first 2
years of follow-up (Table 5).

Table 6 and Supplementary Figures 3 and 4 (available online)
present the associations of the individual HLI components with
risk of invasive breast cancer among premenopausal and post-
menopausal women. In premenopausal women, only diet and
physical activity were associated with altered risk (inverse asso-
ciations). However, among postmenopausal women, relatively
high alcohol consumption, excess adiposity (overall or central),
and current smoking were positively associated with risk,
whereas physical activity (highest quintile) was inversely asso-
ciated with risk.

Discussion

In this large prospective study, we observed that women of
European descent with a relatively high PRS had more than a
doubling in the risk of invasive breast cancer, whereas an over-
all healthy lifestyle was associated with a moderate (approxi-
mately 27%) reduction in the risk of invasive breast cancer.
Further, when examining the joint associations of the modified
HLI and the PRS with risk, we demonstrated that among pre-
menopausal women, the greatest relative reduction in risk in
association with an overall healthy lifestyle occurred among
those with high genetic risk. For postmenopausal women, the
reduction in risk of breast cancer in association with the modi-
fied HLI was similar across all strata of the PRS. Our study also
demonstrated a modest additive interaction between these
scores among premenopausal and, in particular, postmeno-
pausal women.
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Our findings of linear dose-response associations between
the 304 SNP PRS score and risk of invasive breast cancer among
premenopausal and postmenopausal women, which were inde-
pendent of lifestyle-related factors and other conventional
breast cancer risk factors, are consistent with those of previous
studies (3–8). Interestingly, in the current study, the association
between the PRS and risk of invasive breast cancer among pre-
menopausal women was somewhat stronger than that for post-
menopausal women. This finding is in agreement with existing
evidence that indicates that familial or genetic breast cancer
typically occurs at an earlier age than sporadic breast cancer

(29). Similar to this study, a number of previous studies, using
various lifestyle indices, have consistently shown an inverse as-
sociation of an overall healthy lifestyle with risk of invasive
breast cancer among premenopausal women (11,30) and, in par-
ticular, among postmenopausal women (10–15,31).

Having a genetic predisposition substantially increases a
woman’s lifetime risk of breast cancer (32,33), and there is evi-
dence to suggest that this risk may be increased or decreased
according to an individual’s lifestyle (34–38). In keeping with
this, one early study showed that among BRCA1/2 carriers,
physical activity and a normal body weight contributed to

Table 1. Baseline characteristics of women from the UK Biobank by menopausal status

Characteristics

Premenopausal Postmenopausal

Cases Noncases Cases Noncases
(N¼706) (N¼ 34 751) (N¼ 2716) (N¼ 108 153)

Age at enrollment, median (IQR), y 46 (43–48) 45 (43–48) 61 (58–64) 61 (56–64)
Socioeconomic status, lowest quintile, % 21.8 20.0 20.2 20.0
Family history of breast cancer, % 15.0 10.0 15.5 11.5
Age at menarche, median (IQR), y 13 (12–14) 13 (12–14) 13 (12–14) 13 (12–14)
Nulliparous, % 32.7 27.6 16.8 17.0
Age at menopause, median (IQR), y — — 51 (48–53) 50 (48–53)
OC use ever, % 91.8 91.6 78.7 79.9
HRT use ever, % — — 53.3 50.1
Mammogram ever, % 38.7 33.7 95.6 97.4
Healthy lifestyle factors

Diet score, highest tertile, % 7.9 11.7 13.8 15.0
Alcohol nonusers, % 7.1 8.3 9.3 10.5
Physical activity, �3000 MET-min/wk, % 22.8 27.3 27.8 30.9
BMI, 18.5–24.9 kg/m2, % 49.9 50.1 33.8 38.5
WC, <80 cm, % 53.4 51.9 32.3 37.6
Smoking, never, % 63.0 62.9 54.9 57.4

HLI score,* %
Low 46.9 43.5 42.5 37.2
Intermediate 29.8 28.4 35.2 34.9
High 23.4 28.1 22.4 28.0

PRS,† %
Low 19.1 33.3 19.4 33.3
Intermediate 28.9 33.3 31.0 33.3
High 52.0 33.3 49.6 33.3

*Cutpoints: HLI score: less than or equal to 2.5, greater than 2.5–3, greater than 3 and less than or equal to 3, greater than 3–3.75, greater than 3.75, for premenopausal

and postmenopausal women, respectively. BMI ¼ body mass index; IQR ¼ interquartile range; HLI ¼ healthy lifestyle index; HRT ¼ hormone replacement therapy; MET

¼metabolic equivalent; OC ¼ oral contraceptive; PRS ¼ polygenic risk score; WC ¼waist circumference.

†PRS score: less than or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to �0.5191, �0.5190 to �0.0097, greater than �0.0096 for preme-

nopausal and postmenopausal women, respectively.

Table 2. Incidence rate of invasive breast cancer by modified HLI and PRS category among premenopausal and postmenopausal women in the
UK Biobank

Scores

Premenopausal Postmenopausal

Cases/noncases Incidence/1000 person-years Cases/noncases Incidence/1000 person-years

Overall 3.0 3.6
HLI score*

Low 331/15 104 3.1 1153/40 205 4.1
Intermediate 210/9865 3.0 956/37 723 3.6
High 165/9782 2.4 607/30 225 2.9

PRS*
Low 135/11 586 1.7 528/36 051 2.1
Intermediate 204/11 582 2.5 842/36 055 3.3
High 367/11 583 4.5 1346/36 047 5.3

*HLI ¼ healthy lifestyle index; PRS ¼ polygenic risk score.
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Ptrend: 0.009 
Per unit increase: HR= 0.86, 95% CI= 0.77 to0.96 

No. at risk       
Low 11 721 11 608 11 487 10 052 1453 1 
Intermediate 11 786 11 664 11 529 10 100 1491 0 
High 11 950 11 790 11 568 10 050 1430 0 

Low (Referent) 
High; HR= 2.64, 95% CI= 2.17 to 3.22 

Intermediate; HR= 1.48, 95% CI= 1.19 to 1.84 

Ptrend: <0.001 
Per unit increase: HR= 2.14, 95% CI= 1.89 to 2.42 

Ptrend: <0.001 
Per unit increase: HR= 2.03; 95% CI= 1.91 to 2.16 

Ptrend: <0.001 
Per unit increase: HR= 0.84, 95% CI= 0.80-0.88 

No. at risk       
Low 15 435 15 268 15 040 13 302 1997 1 
Intermediate 10 075 9952 9823 8536 1236 0 
High 9947 9842 9721 8364 1141 0 

High; HR= 0.78, 95% CI= 0.64 to 0.94 
Low (Referent) Intermediate; HR= 0.97, 95% CI= 0.82 to 1.16 

No. at risk       
Low 41 358 40 470 39 459 34 753 5368 5 
Intermediate 38 679 37 926 37 084 32 472 4711 7 
High 30 832 30 294 29 625 25 854 3627 3 

 

 
Low (Referent) Intermediate; HR= 0.87, 95% CI= 0.80 to 0.95 
High; HR= 0.69, 95% CI= 0.63 to 0.77 

 No. at risk       
Low 36 579 35 996 35 313 31 048 4580 6 
Intermediate 36 897 36 189 35 350 31 025 4633 3 
High 37 393 36 505 35 505 31 006 4493 6 

 
High; HR= 2.51, 95% CI= 2.27 to 2.77 

Intermediate; HR= 1.60, 95% CI= 1.43 to 1.78 Low (Referent) 

Figure 1. Risk of breastAQ30 cancer by modified healthy lifestyle index (HLI) and polygenic risk score (PRS) among women from the UK Biobank. Adjusted for age at re-

cruitment, socioeconomic status, age at menarche, parity and age at first pregnancy (combined), family history of breast cancer, history of mammograms, oral contra-

ceptive use, age at menopause (postmenopausal women), hormone replacement therapy use (postmenopausal women), body mass index (premenopausal women),

first five principal components of ancestry and genotyping batch, lifestyle score, and genetic score, unless included as main exposure, in Cox proportional hazards re-

gression models. Cutpoints: HLI score: less than or equal to 2.5, greater than 2.5 to 3, greater than 3 and less than or equal to 3, greater than 3 to 3.75, greater than 3.75,

for premenopausal and postmenopausal women, respectively; PRS score: less than or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to

�0.5191, �0.5190 to �0.0097, greater than �0.0096 for premenopausal and postmenopausal women, respectively. All tests were two-sided. CI ¼ confidence interval; HR

¼ hazard ratio.

Table 3. Associations between modified HLI and risk of breast cancer by PRS category among women from the UK Biobank*

PRS category†

HLI score†

Ptrend§ Pinteraction§ Per tertile increase HR (95% CI)*
Low Intermediate High

HR (95% CI)* HR (95% CI)* HR (95% CI)*

Premenopausal‡
Low 1.00 (Referent) 1.25 (0.84 to 1.86) 0.97 (0.63 to 1.49) .96 .17 1.01 (0.80 to 1.28)
Intermediate 1.00 (Referent) 1.17 (0.85 to 1.60) 0.76 (0.53 to 1.10) .18 0.80 (0.66 to 0.98)
High 1.00 (Referent) 0.80 (0.62 to 1.02) 0.73 (0.57 to 0.95) .01 0.85 (0.74 to 0.99)

Postmenopausal
Low 1.00 (Referent) 0.90 (0.74 to 1.09) 0.70 (0.56 to 0.88) .002 .85 0.88 (0.79 to 0.97)
Intermediate 1.00 (Referent) 0.82 (0.70 to 0.96) 0.71 (0.59 to 0.84) <.001 0.83 (0.76 to 0.80)
High 1.00 (Referent) 0.88 (0.78 to 0.99) 0.68 (0.59 to 0.78) <.001 0.82 (0.77 to 0.88)

*Adjusted for age at recruitment, socioeconomic status, age at menarche, parity and age at first pregnancy (combined), family history of breast cancer, history of mam-

mograms, oral contraceptive use, first five principal components of ancestry and genotyping batch, age at menopause (postmenopausal women only), and hormone re-

placement therapy use (postmenopausal women only). CI ¼ confidence interval; HLI ¼ healthy lifestyle index; HR ¼ hazard ratio; PRS ¼ polygenic risk score.

†Cutpoints: HLI score: less than or equal to 2.5, greater than 2.5 to 3, greater than 3 and less than or equal to 3, greater than 3 to 3.75, greater than 3.75, for premeno-

pausal and postmenopausal women, respectively. PRS score: less than or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to �0.5191,

�0.5190 to �0.0097, greater than �0.0096 for premenopausal and postmenopausal women, respectively.

‡Also adjusted for BMI.

§All tests were two-sided.
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delayed age at onset of breast cancer (34). Moreover, other stud-
ies have reported an increased risk of breast cancer with smok-
ing, physical inactivity, and high energy intake among BRCA

carriers (35–38). Similarly, we observed that an overall healthy
lifestyle was associated with a reduction in the risk of breast
cancer among premenopausal and postmenopausal women
with a strong genetic predisposition (ie, having a high PRS).
Further, our study showed that compared with women with a
low genetic risk and high modified HLI score, the greatest in-
crease in risk was observed among those with a high genetic
risk and low HLI score.

Some studies have observed multiplicative interactions be-
tween lifestyle factors, including current smoking (39), alcohol
consumption (40,41), BMI (42), and selected breast cancer-
associated SNPs. Moreover, in the Breast Cancer Association
Consortium study, there was a multiplicative interaction be-
tween alcohol consumption and a 77-SNPs PRS (43). In the cur-
rent study, we did not observe interaction on the multiplicative
scale between the modified HLI and the PRS. However, we did
observe an additive interaction between the scores for post-
menopausal and, to some degree, premenopausal women. The
observed additive interactions between the scores suggest that
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Figure 2. Risk of breast cancer accordingto modified healthy lifestyle index (HLI) and polygenetic risk score (PRS) among women from the UK Biobank. Adjusted for age

at recruitment, socioeconomic status, age at menarche, parity and age at first pregnancy (combined), family history of breast cancer, history of mammograms, oral

contraceptive use, body mass index (premenopausal women), first five principal components of ancestry and genotyping batch, age at menopause (postmenopausal

women only), and hormone replacement therapy use in Cox proportional hazards regression models. Cut points: HLI score: less than or equal to 2.5, greater than 2.5 to

3, greater than 3 and less than or equal to 3, greater than 3 to 3.75, greater than 3.75, for premenopausal and postmenopausal women, respectively; PRS score: less than

or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to �0.5191, �0.5190 to �0.0097, greater than �0.0096 for premenopausal and postmen-

opausal women, respectively. All tests were two-sided. CI ¼ confidence interval; HR ¼ hazard ratio.
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genetic and lifestyle factors may have a stronger joint effect on
risk of invasive breast cancer rather than the sum of individual
effects of the HLI and PRS. We are not aware of previous
studies that have assessed additive interactions between life-
style and genetic scores in relation to risk of invasive breast
cancer. Interaction on the additive scale is rarely assessed in
gene–environment studies, but this form of interaction provides
an indication of the presence of biological interaction between
risk factors (45) and therefore has important etiological implica-
tions (44,46). Two risk factors are said to have a biological inter-
action if both operate in the same pathway towards disease
(45). Additive interaction also has important public health
implications (46) because it can help to identify groups of indi-
viduals who are more likely to benefit from interventions. For
example, in this study, among premenopausal women, it would

appear that lifestyle intervention would have the greatest im-
pact on those with a high genetic risk. Further studies need to
be conducted to confirm our findings.

Strengths of this study include its large sample size, infor-
mation on a wide range of breast cancer–associated SNPs, the
use of standardized protocols for data collection, and ascertain-
ment of cases by linkage to national cancer registries. However,
the study also has several limitations. First, some of the
lifestyle-related factors were self-reported, and therefore, they
may have been misclassified. However, it is likely that misclas-
sification was nondifferential because the participants’ disease
status was unknown at baseline, so reporting of lifestyle factors
is unlikely to have been influenced by the participants’ disease
status. Such misclassification may have biased the results to-
wards the null. Second, the lifestyle-related factors were based

Table 5. Associations between modified HLI and risk of breast cancer by PRS category among women from the UK Biobank (excluding those
with a breast cancer diagnosis within 2 years of recruitment)

PRS category§,k

HLI score§

Ptrend† Pinteraction†
Low Intermediate High

HR (95% CI)* HR (95% CI)* HR (95% CI)*

Premenopausal‡
Low 1.00 (Referent) 1.18 (0.74 to 1.88) 0.95 (0.58 to 1.57) .93 .23
Intermediate 1.00 (Referent) 1.36 (0.95 to 1.94) 0.82 (0.53 to 1.26) .85
High 1.00 (Referent) 0.72 (0.54 to 0.96) 0.74 (0.56 to 0.97) .03

Postmenopausal
Low 1.00 (Referent) 0.90 (0.72 to 1.13) 0.66 (0.50 to 0.86) .003 .85
Intermediate 1.00 (Referent) 0.81 (0.67 to 0.97) 0.71 (0.58 to 0.87) .001
High 1.00 (Referent) 0.84 (0.73 to 0.98) 0.70 (0.59 to 0.83) <.001

*Adjusted for age at recruitment, socioeconomic status, age at menarche, parity and age at first pregnancy (combined), family history of breast cancer, history of mam-

mograms, oral contraceptive use, first five principal components of ancestry and genotyping batch, age at menopause (postmenopausal women only), and HRT use.

CI ¼ confidence interval; HLI ¼ healthy lifestyle index; HRT ¼ hormone replacement therapy; PRS ¼ polygenic risk score.

†All tests were two-sided.

‡Also adjusted for body mass index.

§Cut points: HLI score: less than or equal to 2.5, greater than 2.5 to 3, greater than 3 and less than or equal to 3, greater than 3 to 3.75, greater than 3.75, for premeno-

pausal and postmenopausal women, respectively. PRS score: less than or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to �0.5191,

�0.5190 to �0.0097, greater than �0.0096 for premenopausal and postmenopausal women, respectively.

Table 4. RERI and 95% CI for additive interaction between modified HLI and PRS*

HLI score†

PRS†

Intermediate High

RERI* 95% CI P‡ RERI* 95% CI P‡

Premenopausal§
Intermediate 0.41 �0.31, 1.13 .132 �0.06 �0.96, 0.84 .55
Low 0.36 �0.25, 0.98 .122 0.87 0.12, 1.63 .01
Overall test of all RERI — — — — — .06

Postmenopausal
Intermediate �0.03 �0.44, 0.39 .553 0.47 0.02, 0.93 .02
Low 0.23 �0.18, 0.64 .139 0.73 0.27, 1.19 .001
Overall test of all RERI — — — — — .02

*Adjusted for age at recruitment, socioeconomic status, age at menarche, parity and age at first pregnancy (combined), family history of breast cancer, history of mam-

mograms, oral contraceptive use, first five principal components of ancestry and genotyping batch, age at menopause (postmenopausal women only), and hormone re-

placement therapy use (postmenopausal women only). CI ¼ confidence interval; HLI ¼ healthy lifestyle index; PRS ¼ polygenic risk score; RERI ¼ relative excess risk

because of interaction (to estimate the RERI, the healthiest lifestyle behavior [high HLI score] and the lowest genetic risk [low PRS] groups were the reference

categories).

†Cut points: HLI score: less than or equal to 2.5, greater than 2.5 to 3, greater than 3 and less than or equal to 3, greater than 3 to 3.75, greater than 3.75, for premeno-

pausal and postmenopausal women, respectively; PRS score: less than or equal to �0.5008, �0.5007 to 0.0072, greater than 0.0072 and less than or equal to �0.5191,

�0.5190 to �0.0097, greater than �0.0096 for premenopausal and postmenopausal women, respectively.

‡All tests were two-sided.

§Also adjusted for body mass index.
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on a single measure; consequently, we were unable to account
for the influence of longitudinal changes in these factors on risk
of breast cancer. Third, this study was restricted to women of
European descent, and therefore the findings may not be gener-
alizable to non-European populations. Further, in the UK
Biobank, participants have a healthier lifestyle, lower rates of
comorbidities, and, among elderly women, lower all-cause mor-
tality rates than the general population (47). Hence, the findings
may not be generalizable to the general UK population due to
the presence of healthy volunteer selection bias (47). Last, infor-
mation on breast cancer stage and hormone-receptor subtype is
currently unavailable in the UK Biobank, as a result of which we
could not determine whether the observed associations vary by
these breast cancer characteristics.

In conclusion, our findings support the view that an overall
healthy lifestyle can attenuate the deleterious effect of genetic

factors on the risk of invasive breast cancer among women of
European descent. Importantly, our findings raise the possibility
that among premenopausal women, lifestyle intervention may
have the greatest impact on those with a high genetic risk but
that among postmenopausal women, lifestyle intervention may
be beneficial irrespective of an individual’s genetic
predisposition.
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