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ABSTRACT

Background: The possible association between cigarette smoking and breast cancer risk has been quite controversial.

Methods: We conducted a systematic review and meta-analysis of all available observational studies published on the issue up to
January 2020. Random-effects models were used to compute pooled relative risks (RRs) for cigarette smoking status and dose-
risk relationships were evaluated using one-stage random-effects dose-response models.

Results: A total of 169 studies were selected, providing a pooled RR for breast cancer of 1.07 (95% confidence interval [CI],
1.05-1.10) for current, 1.08 (95% CI, 1.06-1.10) for former, and 1.09 (95% CI, 1.07-1.11) for ever smokers, compared to never
smokers. Results were consistent in case-control and cohort studies. No meaningful differences were observed across strata of
most covariates considered, nor according to relevant genetic mutations and polymorphisms (ie, BRCA mutation, N-
acetyltransferase and glutathione S-transferase genotypes, and P53). Breast cancer risk increased linearly with intensity of
smoking (RR 1.12; 95% CI, 1.08-1.16 for 20 cigarettes/day and 1.26; 95% CI, 1.17-1.36 for 40 cigarettes/day), and with
increasing duration of smoking (RR 1.05; 95% CI, 1.03—1.08 for 20 years of smoking and 1.11; 95% CI, 1.06—1.16 for 40 years of

smoking).

Conclusion: The present large and comprehensive meta-analysis—conducted using an innovative approach for study search—
supports the evidence of a causal role of tobacco smoking on breast cancer risk.
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INTRODUCTION

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer death among women worldwide.! In 2020,
there were about 2.26 million newly diagnosed female cases—
accounting for almost 1 in 4 cancer cases among women—and
685,000 female deaths from breast cancer (ie, 15% of total cancer
deaths).?

The onset of female breast cancer can be caused by various
environmental and genetic factors. Some of these risk factors are
not modifiable, such as age, familiarity, and hormonal factors,
while others are modifiable, such as smoking and alcohol con-
sumption.’

The possible association between cigarette smoking and the
risk of breast cancer has been quite controversial. In 1986, the
International Agency for Research on Cancer (IARC) reported
that smoking could reduce the risk for breast cancer possibly due
to its antiestrogenic effect, although the evidence was incon-
sistent.* A subsequent IARC publication reported that most
epidemiological studies have found no association with active

smoking, after controlling for established risk factors (includ-
ing in particular alcohol drinking, which represents a strong
confounding factor).” However, in 2012 the IARC—on the basis
of about 130 observational studies—concluded that there was
a direct association between tobacco smoking and female breast
cancer risk.® Consistently, one of the most recent and com-
prehensive meta-analysis concluded that the evidence accumu-
lated over the last years indicates that active tobacco smoking is
associated with a modest, but real increase in the risk of breast
cancer.’

With reference to possible differences in risk according to
menopausal status and oestrogen receptor (ER) status, in 2012 the
IARC indicated that studies were quite limited and inconsistent.®
The meta-analysis by Macacu et al indicated that the risks were
similar in pre and post-menopausal women.” A few papers
suggested a possible stronger effect of smoking on breast cancer
in BRCA mutation carriers or women who have a genetic reduced
inactivation of tobacco carcinogens—such as the N-acetyltrans-
ferase (NAT) and glutathione S-transferase (GST) M1—but the
evidence was limited and not conclusive.?!?
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In this meta-analysis, using an innovative approach for the
identification of original articles,'> we aim to verify and quantify
the association between cigarette smoking and female breast
cancer risk, with a focus on dose-response relationships and
possible differential role of tobacco smoking according to
relevant genetic mutations and polymorphisms.

METHODS

The present work is part of a series of systematic reviews
and meta-analyses on the association between cigarette smoking
and the risk of cancer.'>"'® Tt takes advantage of an innovative
methodology to identify original articles, based on a combina-
tion of umbrella and traditional reviews, that has already
been described in previous publications.!*!* The study protocol
has been registered in the International Prospective Register
of Systematic Reviews (PROSPERO; registration number:
CRD42017063991). As this was not an individual patient-level
meta-analysis, institutional review board permission and informed
consent were not required.

Search strategy
In the first step, we conducted an umbrella review on smoking
and the risk of cancer through a comprehensive literature search
on various databases (PubMed/MEDLINE, Embase, Institute
for Scientific Information Web of Science, and the Cochrane
Database of Systematic Reviews) to identify all meta-analyses,
pooled analyses, and reviews on the association between cigarette
smoking and the risk of cancer at any site. The search was run
on April 27, 2017 and then updated on January 14, 2020."
We identified eight systematic reviews/meta-analyses’'*>> and
five pooled analyses?*~*" on tobacco smoking and breast cancer
(eFigure 1). We also considered two monographs of the IARC on
tobacco smoking,>® three reports from the Centers for Disease
Control and Prevention,*'** and two reports from the Canadian
Expert Panel on Tobacco smoke and Breast Cancer Risk.3*3> We
screened the 20 above-mentioned reports to identify original
publications on tobacco smoking and the risk of breast cancer.
In the second step, we carried out a literature search on
PubMed/MEDLINE and Embase to identify all original studies
published between 2015 (ie, the publication date of the last and
most comprehensive review available on the topic’) and June 30,
2020. The search string included combinations of MeSH terms
and text words related to breast cancer and tobacco or smoking
(eMaterial 1). After the exclusion of duplicate publications and
ineligible articles and the inclusion of 16 additional relevant
publications identified from other sources, the update of the
scientific literature resulted in 76 additional original publications
on cigarette smoking and the risk of breast cancer. Combining
original articles identified in the umbrella review (step 1) and
in the update of the literature (step 2), we retrieved 371 non-
duplicate original publications (eFigure 1) that were screened for
eligibility on the basis of their full text using the eligibility criteria
described below. Data search and screening were made by two
independent reviewers.

Eligibility criteria

Studies were included in the present meta-analysis if they satisfied
the following eligibility criteria: i) they were either case-control
studies (including nested case-control studies or pooled analyses
of case-control studies) or cohort studies (including case-cohort

studies or pooled analyses of cohort studies); ii) they were
published as original articles in English; iii) they provided data on
the general female population; iv) they provided information on
the association between cigarette smoking and the risk of female
malignant breast cancer; v) they reported risk estimates, including
risk ratios, odds ratios, hazard ratios, or mortality rate ratios—all
referred to as relative risks (RRs)—for at least one variable among
smoking status (current, former and/or ever smoking), intensity,
duration and time since quitting, compared to never or current
cigarette smokers, and corresponding 95% confidence intervals
(CIs), or providing sufficient information to compute them.

Data extraction

For each eligible study, we collected general information on the
publication (eg, first author, year of publication, and journal),
study (eg, country, study name, calendar period, study design,
and sample size), the model used for RR estimates (including
covariates allowed for), and RRs with the corresponding 95% ClIs
and, when available, the number of cases and controls (or subjects
at risk/person years for cohort studies) for various exposure
categories.

Where necessary, we used the Hamling method®® in order to
change the reference category or to collapse the RRs of two or
more categories with the same reference group. When various
RRs were reported separately for different types of breast cancer,
we used the method described by Rucker and colleagues®” to
obtain a single RR for overall breast cancer.

Statistical analysis

Pooled RRs for current, former, and ever smokers vs never
smokers were estimated for breast cancer, overall and by study
design (ie, cohort and case-control). These estimates were
obtained using random-effects models to take into account the
heterogeneity of risk estimates.® Heterogeneity between studies
was assessed using the y? test, and inconsistency was measured
using the I? statistic, which represents the proportion of total
variation attributable to between-study variance.>® We conducted
stratified analyses based on various study, population, and cancer
characteristics (study design, geographic area, type of control,
endpoint, year of publication, menopausal status, and ER status);
analyses stratified by relevant genetic polymorphisms and muta-
tions (ie, BRCA, NAT2, GSTM1, P53) were also conducted. To
evaluate publication bias, we examined the funnel plots** and
applied the Egger’s test for funnel plot asymmetry.*!

We evaluated dose-response relationships between smoking
variables (ie, smoking intensity, smoking duration, and time since
quitting) and log RR of breast cancer, either linear or not, using
one-stage random-effects dose-response models*? (eMaterial 2).
For each exposure variable, we tested the statistical significance of
nonlinear coefficients using the Wald test. In case of rejection of
linearity, non-linear relationships were modelled using restricted
cubic spline with three knots at fixed percentiles of exposure (10%,
50%, and 90%).'4*3 For each category, the level of exposure was
assigned as the midpoint between the upper and the lower bounds;
for open-ended upper categories, the level of exposure was
determined as 1.2 times the lower bound.'>***> When the number
of cases and/or controls in one or more exposure categories was
not provided in the original study publication, we estimated the
covariance among the log RR by considering the total number of
cases and/or controls weighted by the average percent distribution
of subjects pooled from all other studies.*®
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All statistical analyses were performed using the R-software
version 3.4.1 (R Foundation for Statistical Computing, Vienna,
Austria), and, in particular, the “meta” and “dosresmeta”
packages.*0

RESULTS

Study selection and description

Among 371 original publications, 211 original articles met the
eligibility criteria (eFigure 1). After excluding 43 articles that
provided duplicated data (eTable 1), 168 articles (for a total of 169
studies, since one article includes data for a case-control study
and a cohort study'®) were included in the present meta-analysis.
The main characteristics of the case-control (n = 115) and cohort
(n =54) studies are summarized respectively in eTable 2 and
eTable 3. The studies were published between 1986 and 2020 and
included more than 400,000 breast cancer cases. Ninety studies
provided a measure of the association for current smokers, 86 for
former smokers, and 136 for ever smokers as compared to never
smokers; 77 studies reported RR estimates for smoking intensity
(31 among current smokers), 55 for smoking duration (11 among
current smokers), and 17 for time since quitting smoking. Publica-
tions containing data that were partially excluded from the present
meta-analysis, with the corresponding reasons of exclusion, are
described in eTable 4.

Quantitative data synthesis

The pooled RR of breast cancer for current compared to never
smokers was 1.07 (95% CI, 1.05-1.10) overall, and was signi-
ficantly higher in cohort (RR 1.10; 95% CI, 1.07-1.14) than in
case-control (RR 1.03; 95% CI, 0.98-1.08) studies (P of hetero-
geneity between study designs = 0.02; Figure 1). The pooled RR
for former compared to never smokers was 1.08 (95% CI, 1.06—
1.10) overall, 1.08 (95% CI, 1.05-1.12) in case-control, and 1.08
(95% CI, 1.05-1.10) in cohort studies (Figure 2). Corresponding
estimates for ever smokers were 1.09 (95% CI, 1.07-1.11), 1.10
(95% CI, 1.06-1.14), and 1.08 (95% CIL, 1.06-1.10), respectively
(eFigure 2). For all estimates, a significant between-study hetero-
geneity was observed.

Possible sources of heterogeneity were investigated through
stratified analyses (Table 1). Significant differences in the associa-
tion between current smokers and breast cancer risk were observed
according to the endpoint for cohort studies (RRs were 1.09
among studies on incidence and 1.18 among studies on mortality;
P =0.01), menopausal status (RRs were 1.03 for premenopausal
women and 1.13 for postmenopausal women; P = 0.02). Among
former smokers, significant differences were observed according
to income group (RRs were 1.96 for middle and 1.08 for high-
income countries; P < 0.01). Among ever smokers, significant
differences were observed according to geographic area, the
associations being higher in studies conducted in Asia (RR 1.32)
and in one study conducted in South America (RR 2.02). No
meaningful differences emerged for the effect of smoking on
breast cancer risk according to other covariates considered,
including ER status.

Analysis by genetic factors

Twenty studies reported the association between ever smoking
and the risk of breast cancer stratified by genetic features of
female breast cancer, including BRCA mutation (n = 6 studies),
GSTM1 (n =3), NAT2 (n=9), and P53 (n = 3). Risk estimates
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were consistent in women with BRCA mutation (RR 1.02), in
those with GSTM1 _null (RR 1.10), GSTM1 _present (RR 1.09),
and with (RR 1.14) or without (RR 1.06) P53 gene expression,
although risk estimates in all these groups were not statistically
significant. Breast cancer risk was significantly increased in
women with NAT2 slow polymorphism (RR 1.19; 95% CIL, 1.09—
1.30), but not in those with NAT2 fast polymorphism (RR 1.00;
95% CI, 0.86-1.17), although the two estimates were not signi-
ficantly heterogeneous (eFigure 3).

Dose-response analysis

Breast cancer risk increased linearly with intensity of smoking
(RR 1.12; 95% CI, 1.08-1.16 for 20 cigarettes per day and 1.26;
95% CI, 1.17-1.36 for 40 cigarettes per day; Figure 3A). The RR
of breast cancer also increased linearly with increasing dura-
tion of smoking: RRs were 1.05 (95% CI, 1.03-1.08) for 20 years
of smoking and 1.11 (95% CL, 1.06-1.16) for 40 years of smok-
ing (Figure 3B). There was no association between time since
quitting and breast cancer risk, being 0.99 (95% CI, 0.97-1.00)
after 10 years since quitting and 0.96 (95% CIL, 0.92-1.01) after
30 years since smoking cessation (Figure 3C).

Publication bias

No evidence of publication bias emerged for current and former
smoking and breast cancer risk, either from visual inspection of
the funnel plots (eFigure 4; panels A and B) or from the Egger’s
test (P=0.84 and P =0.33 for current and former smokers,
respectively); evidence for publication bias was, however, found
for ever smokers (P-value for the Egger’s test = 0.01; eFigure 4;
panel C).

DISCUSSION

The present systematic review and meta-analysis gives the most
up-to-date, exhaustive, and comprehensive assessment of the
association between cigarette smoking and the risk of breast
cancer. On the basis of 169 original studies, it provides further
evidence of the causal role of tobacco smoking on breast cancer
risk, with a 7%, 8%, and 9% increased risk in current, former, and
ever smokers, respectively, and significant dose- and duration-
risk relationships.

Our findings confirm the evidence from the last IARC
Monograph® and those reported by the last available compre-
hensive meta-analysis on tobacco smoking and breast cancer risk,’
although they are based on a larger number of studies and included
also dose-risk analyses. The dose-response analysis showed a
direct linear association with smoking intensity and smoking
duration, thus supporting a causal effect of tobacco on breast
cancer risk. Similar risk estimates were found for current, former,
and ever smokers, and no dose-response association emerged
between time since quitting smoking and breast cancer risk.

We found consistent results across strata of various study and
population characteristics. In particular, the magnitude of the risk
was similar across study designs for former and ever smokers,
although it was significantly higher in cohort than in case-control
studies for current smokers. Significant heterogeneity in risk
estimates were found across geographic areas for ever smokers,
with higher associations in the Asian population, but not for
current and former smokers. This difference, if not due to chance
alone, can be at least partly due to genetic and other differences
in this population. Heterogeneity between studies on incidence
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Cases
Author, year Ccs NS RR [95% CI]
CASE-CONTROL STUDIES
Brinton, 1986 351 805 - 1.18 [0.90; 1.40,
O'Connell, 1987 55 178 — 0.70 [0.50; 0.98
Brownson, 1988 68 327 1.38 [1.01; 1.90
Hiatt, 1988 —.— 1.02 [0.80; 1.29
Meara, 1989 (SUB1) 0.81 [0.40; 1.64;
Meara, 1989 (SUB2) —a— 0.83 [0.66; 1.05
Meara, 1989 (SUB3) 2.30 [1.17; 4.50
Rohan, 1989 108 254 1.37 [0.95; 1.96
Chu, 1990 1,530 1,788 ] 1.20 [1.10; 1.30,
Ewertz, 1990 716 503 — 0.93 [0.78; 1.10
Palmer, 1991 (SUB1) 181 293 - 1.10 [0.90; 1.40
Palmer, 1991 (SUB2) 613 841 - 1.30 [1.10; 1.60
Wakai, 1994 58 221 — 1.63 [1.11; 2.39
White, 1994 215 376 —— 1.10 [0.88; 1.38
Baron, 1996 1,642 3,297 | 1.00 [0.92; 1.09
Braga, 1996 536 1,712 — 0.84 [0.70; 1.00
Morabia, 1996 56 126 1.01 [0.64; 1.60
Gammon, 1998 370 913 —m— 0.82 [0.67; 1.01
Tung, 1999 40 308 0.90 [0.55; 1.49
Delfino, 2000 5 64 0.49 [0.17; 1.46
Johnson, 2000 (PRE) 173 378 —— 0.90 [0.70; 1.20
Johnson, 2000 (POST) 309 700 - 1.30 [1.10; 1.60,
Hamajima, 2002 0.99 [0.93; 1.05;
Kropp, 2002 158 197 —— 1.04 [0.80; 1.35
Zheng, 2002 52 142 1.00 [0.60; 1.60
Alberg, 2004 13 75 0.66 [0.30; 1.40
Manjer, 2004 65 128 0.97 [0.67; 1.42
Li, 2005 123 436 1.40 [1.00; 1.90
Sillanpaa, 2005 64 363 1.45 [0.96; 2.20
van der Hel, 2005 281 584 —— 1.06 [0.86; 1.31
Lissowska, 2006 836 1,034 - 1.12 [0.97; 1.29
Mechanic, 2006 (AA) 156 493 —— 0.98 [0.76; 1.27
Mechanic, 2006 (WH) 214 718 —a— 0.80 [0.64; 1.00
Magnusson, 2007 657 1,526 - 1.00 [0.90; 1.20
Prescott, 2007 286 991 0.89 [0.64; 1.24
Roddam, 2007 —— 1.04 [0.79; 1.36,
Slattery, 2008 (NHW PRE) 74 313 1.30 [0.90; 1.90
Slattery, 2008 (NHW POST) 127 516 —— 1.00 [0.70; 1.30
Slattery, 2008 (HIS PRE) 30 232 0.90 [0.50; 1.60
Slattery, 2008 (HIS POST) 64 286 1.00 [0.70; 1.50.
Ginsburg, 2009 (BRCA1) —a 0.95 [0.81; 1.12
Ginsburg, 2009 (BRCA2) —a— 0.71 [0.50; 1.00
Trivers, 2009 0.70 [0.39; 1.24
Andonova, 2010 242 586 — 0.84 [0.66; 1.06
Brown, 2010 70 429 0.90 [0.60; 1.30;
Conlon, 2010 56 81 0.93 [0.61; 1.42
Mordukhovich, 2010 (p53+) 0.87 [0.50; 1.54
Mordukhovich, 2010 (p53-) T 1.21 [0.94; 1.55
Catsburg, 2014 78 606 —— 1.04 [0.78; 1.39
llic, 2014 36 130 0.65 [0.38; 1.13
Nishino, 2014 143 957 —a 0.88 [0.68; 1.13
Connor, 2016 - 1.00 [0.87; 1.16
Hara, 2017 59 411 —_— 2.27 [1.38; 3.82!
Ellingjord-Dale, 2018 1,075 1,748 i 1.13 [1.03; 1.23
Berrandou, 2019 194 688 . 1.13 [0.88; 1.45
Godinho-Mota, 2019 12 2.43 [1.01; 5.83
Pooled estimate 12,091 26,754 1.03 [0.98; 1.08
Heterogeneity: I° = 54%, p < 0.01
COHORT STUDIES
Hiatt, 1986 i 1.10 [0.92; 1.32
Akiba, 1990 22 182 1.00 [0.60; 1.60.
Tverdal, 1993 31 32 1.41 [0.86; 2.31
Calle, 1994 187 468 —— 1.26 [1.05; 1.50
Engeland, 1996 138 418 —— 1.00 [0.80; 1.20
Goodman, 1997 19 135 0.97 [0.60; 1.58
Nordlund, 1997 & 0.95 [0.79; 1.14
Manjer, 2000 141 180 —— 1.08 [0.86; 1.35
Al-Delaimy, 2004 128 596 T 1.12 [0.92; 1.37
Jee, 2004 0.80 [0.40; 1.80
Reynolds, 2004 141 1,174 —a 1.32 [1.10; 1.57,
Gram, 2005 360 137 . 1.17 [0.95; 1.45
Hanaoka, 2005 14 162 1.70 [1.00; 3.10
Olson, 2005 280 1,316 - 1.19 [1.03; 1.37
Ozasa, 2007 7 79 —_— 1.43 [0.65; 3.11
Lin, 2008 8 196 T 0.67 [0.32; 1.38!
Xue, 2011 1,422 3,788 1.09 [1.02; 1.17
Bjerkaas, 2013 2,881 3,028 1.14 [1.08; 1.20
Blakely, 2013 2,292 7,233 1.00 [0.94; 1.05
Gaudet, 2013 233 1,966 1.24 [1.07; 1.42
Lemogne, 2013 0.95 [0.50; 1.82
Pirie, 2013 912 2,295 1.13 [1.04; 1.22
Rosenberg, 2013 201 771 —- 0.93 [0.78; 1.10
Dossus, 2014 1,906 5,421 1.06 [1.00; 1.12
Land, 2014 1.32 [0.98; 1.78
Carter, 2015 274 1,748 L 1.30 [1.20; 1.50
Catsburg, 2015 1,567 3,314 1.17 [1.00; 1.25
Gram, 2015 602 2,469 1.07 [0.98; 1.18
Meyer, 2015 43 141 0.94 [0.64; 1.37
Wada, 2015 19 142 0.90 [0.55; 1.47
Ordonez-Mena, 2016 2,536 7121 1.07 [1.00; 1.15
Taghizadeh, 2016 1.15[0.76; 1.75
Andersen, 2017 445 379 - 1.27 [1.11; 1.46]
Gaudet, 2017 5,828 18,647 1.07 [1.04; 1.10
Jones, 2017 87 1,073 1.12 [0.89; 1.39
van den Brandt, 2017 544 1,419 1.13 [0.95; 1.36
White, 2017 137 985 1.03 [0.85; 1.26
Arthur, 2018 518 3,884 i 1.14 [1.03; 1.25
Jacob, 2018 0.92 [0.87; 0.97
Ko, 2018 (BRCA) 95 217 - 1.28 [1.00; 1.64
Viner, 2019 (PRE) 34 83 1.19 [0.79; 1.80
Viner, 2019 (POST) 44 119 1.07 [0.75; 1.53
Zeinomar, 2019 137 559 —— 1.02 [0.85; 1.23
Arthur, 2020 (PRE) —— 1.10 [0.84; 1.43
Arthur, 2020 (POST) .- 1.16 [1.00; 1.35
Coleman, 2020 949 L 1.11 [0.99; 1.26
Pooled estimate 24,233 72,826 1.10 [1.07; 1.14
Heterogeneity: /° = 55%, p < 0.01
Pooled estimate 36,324 99,580 1.07 [1.05; 1.10]
Heterogeneity: /° = 55%, p < 0.01 f T T T !

0.2 0.5 1 2 5 10

Forest plot of study-specific and pooled relative risk (RR) of breast cancer for current cigarette smokers (CS) versus
never smokers (NS), by study design. AA, African-American ethnicity; BRCA, BRCA mutation; BRCA1, BRCA1
mutation; BRCA2, BRCA2 mutation; Cl, confidence interval; HIS, Hispanic ethnicity; NHW, non-Hispanic Caucasian
ethnicity; p53—, p53 negative; p53+, p53 positive; POST, post-menopausal women; PRE, pre-menopausal women;
SUBH1, first subgroup; SUB2, second subgroup; SUB3, third subgroup; WH, white ethnicity.
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Cases
Author, year FS NS RR [95% CI]
CASE-CONTROL STUDIES
Brinton, 1986 385 805  Ea 1.24 [1.00; 1.50]
O'Connell, 1987 43 178 1.16 [0.80; 1.69]
Brownson, 1988 61 327 0.89 [0.64; 1.22
Hiatt, 1988 B 0.65 [0.47; 0.89
Meara, 1989 (SUB1) 0.92 [0.57; 1.49
Meara, 1989 (SUB2) —— 0.95 [0.70; 1.30;
Meara, 1989 (SUB3) 0.99 [0.42; 2.33
Rohan, 1989 89 254 1.04 [0.73; 1.48]
Chu, 1990 816 1,788 i 1.10 [1.00; 1.30]
Ewertz, 1990 261 503 — 0.98 [0.80; 1.24
Palmer, 1991 (SUB1) 133 293 —t— 1.00 [0.70; 1.30]
Palmer, 1991 (SUB2) 501 841 - 1.10 [0.90; 1.40]
Wakai, 1994 15 221 0.91 [0.49; 1.70
White, 1994 156 376 — 0.93 [0.73; 1.20
Baron, 1996 2,010 3,297 L3 1.10 [1.01; 1.19]
Braga, 1996 321 1,712 - 1.14 [0.90; 1.40]
Morabia, 1996 62 126 1.52 [0.98; 2.36]
Gammon, 1998 362 913 —— 0.99 [0.81; 1.21
Tung, 1999 28 308 0.98 [0.54; 1.78
Delfino, 2000 40 64 0.85 [0.50; 1.42
Johnson, 2000 (PRE) 250 378 - 1.20 [0.90; 1.50]
Johnson, 2000 (POST) 494 700 - 1.10 [0.90; 1.30]
Hamajima, 2002 1.07 [1.01; 1.13]
Kropp, 2002 113 197 —— 0.81 [0.61; 1.08
Zheng, 2002 144 142 1.10 [0.80; 1.60]
Alberg, 2004 27 75 1.10 [0.56; 2.10]
Manjer, 2004 66 128 1.14 [0.78; 1.65]
Li, 2005 384 436 e 1.20 [1.00; 1.50]
Sillanpaa, 2005 52 363 0.94 [0.62; 1.43
van der Hel, 2005 63 584 1.29 [0.81; 2.03]
Lissowska, 2006 504 1,034 T 1.09 [0.93; 1.29]
Mechanic, 2006 (AA) 245 493 — 1.45 [1.13; 1.87]
Mechanic, 2006 (WH) 482 718 - 1.20 [0.97; 1.48]
Magnusson, 2007 601 1,526 R 1.00 [0.90; 1.10
Prescott, 2007 451 991 — 1.04 [0.80; 1.36]
Roddam, 2007 —f— 1.15 [0.87; 1.53
Slattery, 2008 (NHW PRE) 148 313 E—— 1.40 [1.00; 1.80;
Slattery, 2008 (NHW POST) 324 516 T 1.10 [0.90; 1.30]
Slattery, 2008 (HIS PRE) 67 232 1.10 [0.80; 1.70]
Slattery, 2008 (HIS POST) 100 286 —t 0.90 [0.70; 1.30;
Ginsburg, 2009 (BRCA1) —a— 1.27 [1.06; 1.50]
Ginsburg, 2009 (BRCA2) — 0.89 [0.66; 1.20,
Trivers, 2009 — 1.52 [1.23; 1.89
Andonova, 2010 192 586 —e 0.95 [0.75; 1.19
Brown, 2010 92 429 — 1.60 [1.10; 2.20]
Conlon, 2010 130 81 1.27 [0.91; 1.77]
Mordukhovich, 2010 (p53+) 1.03 [0.69; 1.55]
Mordukhovich, 2010 (p53-) —— 1.05 [0.85; 1.29]
Catsburg, 2014 412 606 — 1.00 [0.86; 1.17
llic, 2014 25 130 2.12 [0.98; 4.59
Nishino, 2014 60 957 1.12 [0.77; 1.62]
Connor, 2016 - 1.10 [0.98; 1.24
Hara, 2017 30 411 0.63 [0.35; 1.09
Ellingjord-Dale, 2018 1,579 1,748 " 1.07 [0.99; 1.15]
Berrandou, 2019 243 688 — 0.94 [0.76; 1.17,
Godinho-Mota, 2019 48 R — 1.90 [1.14; 3.14]
Pooled estimate 12,609 26,754 1.08 [1.05; 1.12
Heterogeneity: /° = 29%, p = 0.03
COHORT STUDIES
Hiatt, 1986 .-— 1.21 [1.02; 1.42]
Tverdal, 1993 7 32 0.90 [0.40; 2.05
Calle, 1994 144 468 —a 0.85 [0.70; 1.03;
Engeland, 1996 47 418 —— 1.10 [0.80; 1.50;
Goodman, 1997 2 135 0.32 [0.08; 1.28
Nordlund, 1997 1.21[0.88; 1.67]
Manjer, 2000 93 180 —=— 1.31 [1.02; 1.69]
Al-Delaimy, 2004 283 596 .- 1.18 [1.02; 1.36]
Jee, 2004 1.70 [0.80; 3.60]
Reynolds, 2004 690 1,174 L 1.08 [0.98; 1.19]
Gram, 2005 137 T— 1.15 [0.94; 1.41
Hanaoka, 2005 4 162 1.10 [0.40; 3.50;
Qlson, 2005 399 1,316 - 1.08 [0.95; 1.22]
Ozasa, 2007 7 79 ————  4.79[2.18; 10.50]
Lin, 2008 4 196 1.27 [0.46; 3.48]
Xue, 2011 3,562 3,788 1.06 [1.01; 1.11
Bjerkaas, 2013 1,581 3,028 1.17 [1.10; 1.24]
Blakely, 2013 2,655 7,233 1.05 [1.00; 1.11
Gaudet, 2013 1,522 1,966 1.13 [1.06; 1.21
Lemogne, 2013 0.99 [0.68; 1.44
Rosenberg, 2013 405 771 0.97 [0.84; 1.12
Dossus, 2014 2,495 5,421 1.05 [1.00; 1.10]
Land, 2014 1.24 [0.99; 1.54]
Catsburg, 2015 1,773 3,314 1.02 [0.96; 1.08]
Gram, 2015 1,413 2,469 1.03 [0.96; 1.10]
Meyer, 2015 20 141 0.79 [0.49; 1.29
Wada, 2015 5 142 0.67 [0.28; 1.65
Ordonez-Mena, 2016 5,428 7,121 1.08 [1.04; 1.12]
Taghizadeh, 2016 0.55 [0.17; 1.77
Andersen, 2017 338 379 1.08 [0.94; 1.26]
Gaudet, 2017 11,685 18,647 1.06 [1.04; 1.09]
Jones, 2017 655 1,073 1.14 [1.03; 1.26]
van den Brandt, 2017 563 1,419 1.14 [0.96; 1.36,
White, 2017 721 985 1.00 [0.89; 1.12]
Arthur, 2018 3,663 3,884 1.06 [0.93; 1.21
Ko, 2018 (BRCA) 104 217 1.04 [0.82; 1.32]
Viner, 2019 (PRE) 70 83 1.23 [0.89; 1.70]
Viner, 2019 (POST) 115 119 1.07 [0.82; 1.38]
Zeinomar, 2019 302 559 1.06 [0.92; 1.22]
Arthur, 2020 (PRE) 1.01 [0.85; 1.21
Arthur, 2020 (POST) 1.07 [0.99; 1.16]
Coleman, 2020 949 1.12 [1.00; 1.27]
Pooled estimate 40,655 68,601 1.08 [1.05; 1.10
Heterogeneity: ?= 33%, p =0.02
Pooled estimate 53,264 95,355 1.08 [1.06; 1.10]

Heterogeneity: 1% = 30%, p <0.01 [ T I T T 1
0.2 0.5 1 2 5 10

Figure 2. Forest plot of study-specific and pooled relative risk (RR) of breast cancer for former cigarette smokers (FS) versus
never smokers (NS), by study design. AA, African-American ethnicity; BRCA, BRCA mutation; BRCA1, BRCA1
mutation; BRCA2, BRCA2 mutation; Cl, confidence interval; HIS, Hispanic ethnicity; NHW, non-Hispanic Caucasian

ethnicity; p53—, p53 negative; p53+, p53 positive; POST, post-menopausal women; PRE, pre-menopausal women;
SUBH1, first subgroup; SUB2, second subgroup; SUB3, third subgroup; WH, white ethnicity.
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Table 1. Pooled relative risk and corresponding 95% confidence interval for breast cancer risk for current, former, and ever cigarette
smokers versus never cigarette smokers, overall and in strata of selected characteristics

Current smokers Former smokers Ever smokers
Strata Number of  Pooled RR Number of  Pooled RR Number of  Pooled RR
P-value®  P-value® P-value®  P-value® P-value*  P-value”
studies  (95% CI) vaen Fvallet sudies (95% CI) vaer Fvalet udies (95% CI) valuer frvaiue
1.07 1.08 1.09
Total 90 (105-1.10) <0.01 86 (106110, <0.01 135 Qo) <0.01
Geographic area®
) 1.10 1.09 1.08
North America 39 (1.05-1.14) <0.01 38 (1.05-1.12) 0.01 54 (1.06-1.11) <0.01
1.05 1.08 1.07
Europe 31 (101-1.10) <0.01 29 (0S111) 031 39 10112 <0.01
1.13 1.09 1.32
Asi 11 2 02 1 2 01 3 01 01
sia ©090-140) 0% 00 0 ©076-157) 00 <00 0 (116-150) <001 <00
111 1.05 1.03
Oceani 2 0.09 2 0.96 3 0.60
ceania (0.83-1.48) (1.00-1.11) (0.99-1.08)
2.43 1.90 2.02
h Ameri 1 - 1 - 1 -
South America (1.01-5.84) (1.14-3.15) (1.30-3.13)
Income group?
. 1.08 1.08 1.08
High income 83 (1.04-1.11) <0.01 79 (1.06-1.10) <0.01 114 (1.06-1.11) <0.01
0 0.87 Lo <0.01 s 0.07
Middle income 2 (0.33-435) 0.01 2 (1.29-3.00) 0.82 14 (1.06-1.95) <0.01
Study design
1.10 1.08 1.08
Cohort 44 (0T114) <0.01 40 (105110, 0.02 44 (1L06-1.10) 0.02
1.03 0.02 1.08 0-69 1.10 0-36
Case-control 46 : 0.01 46 : 0.03 92 : 0.01
ase-contro (0.98-1.08) < (1.05-1.12) (1.06-1.14) <
Type of controls®
0.97 1.08 1.09
Hospital 9 0.01 9 0.18 25 0.01
ospita (0.80-1.17) < (0.94-1.23) (0.95-1.24) <
1.04 044 1.09 0-84 o 0.85
Populati 34 : 01 34 : 01 2 : 01
opulation (0.99-1.10) <0.0 (1.04-1.14) <0.0 6 (1.06-1.15) <00
Endpoint"
1.09 1.07 1.08
Incid 34 0.01 33 0.34 37 0.02
neidence (1.06-1.13) < (1.06-1.09) (1.06-1.10)
s 0.01 o 0.82 " 0.14
Mortali 11 : 4 : 01 : 2
ortality (1.12-1.24) 0.46 8 (0.90-1.33) <00 8 (1.06-1.22) 0.29
Year of publication
1.06 1.06 1.06
2002 26 0.01 25 0.16 47 0.01
< (0.99-1.13) < (1.01-1.12) (1.01-1.11) <
1.04 112 111
2002-2011 29 0.28 0.03 29 0.18 0.01 41 033 0.01
(0.99-1.10) (1.07-1.17) < (1.07-1.17) <
1.09 1.07 1.09
> A . 5
>2012 35 (1061.1%) <0.01 32 Gol112) 0.11 47 L0611 <001
Menopausal status
1.03 1.09 1.10
Pre- 2 0.42 2 0.20 37 0.01
re 0.99-108) (Lo2-115) o (Lo4-116) <
1.13 : 1.06 : 112 :
Post- 2 01 2 . 4 01
ost 6 (1.06-1.21) <00 5 (1.03-1.10) 055 0 (1.08-1.17) <00
Estrogen Receptor
. 1.09 1.09 111
Positive 12 (1.02-1.16) 0-19 12 (1.04-1.14) 018 16 (1.05-1.16) 0.02
o 0.39 o8 0.81 o8 057
Negati 12 : 0.40 12 : 0.10 16 : 0.08
cgative 0.96-1.13) 0.97-1.19) (1.00-1.16)

CI, confidence interval; RR, relative risk.

2P-value for heterogeneity across strata.

bP-value for heterogeneity within strata.

‘Studies conducted in multiple countries from different geographic areas were not included. No studies from Africa.

dStudies conducted in multiple countries with different income were not included. No studies from low income countries.

¢Type of controls for case-control studies only. Pooled analyses considering both studies with hospital and with population controls were not included.
"Endpoint for cohort studies only. Studies providing RRs for both incidence and mortality were considered in both categories.
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Relative risk (RR) for the dose-response relation-
ships between cigarette smoking intensity, duration,
and time since quitting and breast cancer. (A)
cigarette smoking intensity (based on 31 studies);
(B) cigarette smoking duration (based on 11
studies); (C) time since quitting (based on 17
studies).
Linear model from a random-effects dose-
response model
——95% confidence interval of the linear model
RR for the reference category (never
smokers in A and B, current smokers in C)
RR for various exposure categories in each
study included in the analysis. The area of
the circle is proportional to the precision (ie,
to the inverse variance) of the RR
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or mortality was also observed for current smokers, which can
be possibly explained by the fact that there may be genetic
differences between women who develop breast cancer and those
who die from this neoplasm.

We found a higher risk estimate in post-menopausal than
in pre-menopausal women among current smokers, but not in
former and ever smokers. No difference was found in the
previous meta-analysis by Macacu and colleagues based on a
more limited number of studies.” Moreover, the stronger risk in
post-menopausal women has not a clear explanation, because, if
any, the anti-estrogenic effect of tobacco should be stronger in
post-menopausal than in premenopausal women.*’

We did not find evidence of a difference in risk for women
with positive and negative ER status. Although in 2014 the report
of the Surgeon General of the United States raised the possibility
of differences in the risk associated with smoking by hormone
receptor status,’? results from about 16 studies do not support
such a hypothesis.

In our study, we also investigated the possible differential role
of tobacco smoking on breast cancer according to different breast
cancer susceptibility genes, which have not been considered in
previous meta-analyses. Although a few papers suggested a
possible stronger effect in BRCA mutation carriers,® ' our data
do not seem to support this hypothesis. Similarly, we found
consistent risks according to P53 expression. We observed a
somewhat stronger risk in women with NAT2 slow genotype,
providing some evidence that the ability to detoxify tobacco
carcinogens may modify the risk of tobacco exposure for breast
cancer. However, we did not find a stronger risk estimate in
women with GSTM1 null genotype, although data on this
polymorphism were extremely limited.

Various mechanisms explaining the increased risk of breast
cancer in relation to tobacco smoking have been postulated.
Tobacco smoke contains several chemical substances, such as
polycyclic hydrocarbons, nitrosamines, and aromatic amines,
which are known carcinogens.® Specifically, it includes fat-soluble
compounds known to induce mammary tumors in rodents.3>
Since nicotine and other components of cigarette smoke have
been found in breast tissue,* these carcinogens are able to reach
the breast. Tobacco carcinogens seem, therefore, to overcome
the antiestrogenic effect of tobacco, which in the past has been
thought to favorably affect breast cancer risk.*

The limitations of this work are those typical of meta-analyses
of epidemiological studies. Case-control and cohort studies are
prone to selection and recall bias. A misclassification of exposure
may have occurred since information on smoking intensity and
duration was self-reported in most studies. Some misclassification
may partly explain the lower association in current than in former
smoking observed in case-control studies. Heterogeneity between
studies was found for each smoking variable, which may be the
result of pooling data from studies conducted with different
methodologies, considering different definitions of smoking, and
including individuals with various characteristics and background
risks. To allow for heterogeneity, we used random-effects models,
which give more conservative estimates, although they do not
resolve heterogeneity. We also investigated possible putative
sources of heterogeneity in risk estimates through stratified anal-
yses according to study, population, and cancer characteristics,
although we could not stratify our results for other potentially
relevant variables, such as age. However, these variables did not
contribute so much to explain the observed heterogeneity.
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Our meta-analysis has several strengths. The innovative
methodology used to identify original articles—based on a
combination of umbrella and traditional reviews'*!*—allowed us
to include data from 211 epidemiological studies investigating the
association between cigarette smoking and breast cancer risk,
making this meta-analysis the most comprehensive on the issue.
Furthermore, we considered information from publications not
indexed in PubMed>®3'-33 that were not captured in previous
meta-analyses, although the publications satisfied their inclusion
criteria. A careful screening process of the retrieved publications
was carried out in order to avoid data overlapping from original
studies included in pooled analyses and/or individual-patient
meta-analyses. In addition, we modelled the risk functions to
describe the best dose-response relationships with smoking
intensity, duration, and time since quitting smoking.

In conclusion, this meta-analysis convincingly supports the
contention that cigarette smoking is a risk factor for breast cancer.
Although the excess risk of breast cancer due to tobacco smoking
is of smaller magnitude compared to those of other tobacco-
related neoplasms, its impact at a population level may be of great
relevance, considering the high incidence of this neoplasm.
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