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Abstract

Purpose Although smoking has not been associated with overall ovarian cancer risk, a different impact on various histotypes
has been reported. Our aim is to provide an accurate, up-to-date estimate of the dose-risk relationships between cigarette
smoking and epithelial ovarian cancer, overall and by histotypes.

Methods Using an innovative approach for the identification of original study publications, we conducted a systematic review
and meta-analysis of epidemiological studies published on the topic until September 2018. Summary relative risks (RR)
for cigarette smoking were estimated using random-effects models; dose-risk relationships were evaluated using one-stage
random-effects models with restricted cubic splines.

Results Thirty-seven studies were considered in the meta-analysis. The summary RRs for current versus never smokers were
1.05 (95% confidence interval CI 0.95-1.16) for overall ovarian cancer, 1.78 (95% CI 1.52-2.07) for mucinous, 0.77 (95%
CI 0.65-0.93) for clear cell, 0.81 (95% CI 0.73-0.91) for endometrioid, and 1.05 (95% CI 0.94; 1.17) for serous cancer. The
risk of borderline mucinous (RR 2.09) and serous (RR 1.16) tumors was higher than for invasive cancers (RR 1.44 and 0.95,
respectively). For mucinous cancer, risk was noticeably higher with smoking intensity and duration (RR 2.35 for 20 ciga-
rettes/day, and 2.11 for 20 years of smoking). A non-significant linear relation was found with smoking intensity, duration,
and time since quitting for overall ovarian cancer and other histotypes.

Conclusions This uniquely large and comprehensive meta-analysis confirms that although cigarette smoking does not appear
to be a risk factor for ovarian cancer, and it is even slightly protective for some rare histotypes, there is a strong dose—risk
relationship with mucinous ovarian cancer.
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Introduction
Electronic supplementary material The online version of this . . .
article (https://doi.org/10.1007/510552-019-01198-8) contains Ovarian cancer is the eighth most common cancer and the
supplementary material, which is available to authorized users. eighth cause of death from cancer in women worldwide, with

about 295,000 incident cases and 185,000 deaths each year
[1]. Besides family history, and inherited mutations, major
risk factors include hormonal and reproductive factors, with
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analysis of 51 epidemiological studies, and covering 28,000
ovarian cancer cases suggested a slight, though significant,
increase in the risk of ovarian cancer among current ciga-
rette smokers (summary relative risk, RR 1.07, 95% confi-
dence interval CI 1.00-1.14) [6]. Another pooled analysis
of 21 case—control studies on approximately 14,000 cases
reported no association between current cigarette smoking
and invasive ovarian cancer (summary RR 0.89, 95% CI
0.76-1.04), but found a higher risk for borderline ovarian
tumor (summary RR 1.36,95% CI 1.13-1.64) [7].

Many studies report a significantly higher risk of muci-
nous ovarian cancer among smokers, although the quan-
tification of this risk is still unclear [2, 5-8]. The RR for
mucinous ovarian cancer for current versus never smokers
ranged between 1.30 and 2.30 in various studies, being 1.79
(95% CI 1.47-2.17) in the pooled analysis by Beral et al. [6]
and 1.31 (95% CI 1.04-1.66) in the pooled analysis by Faber
et al. [7]. It has also been suggested that the excess risk of
borderline mucinous tumors is higher than that of invasive
cancers, although previous studies were not sufficiently large
to establish whether this difference was significant [6-9].

For other ovarian cancer histotypes, an inverse associa-
tion has been reported for endometrioid and clear cell cancer
[6, 7], but the magnitude of this association is still not clear.
No significant association was reported for serous ovarian
cancer [6, 7], although Faber and colleagues suggested a
dose-response relationship between cigarette smoking inten-
sity and duration and the risk of borderline serous cancer [7].

To provide an accurate and up-to-date quantification of
the relation between cigarette smoking and ovarian cancer
risk, also according to histotypes and invasiveness, and
specify the functions that best describe the dose-risk rela-
tionships, we conducted a comprehensive review and meta-
analysis of all the pertinent epidemiological studies available
to date.

Methods

The present systematic review and meta-analysis were con-
ducted using an innovative method for the identification of
original publications, which combines an umbrella and tradi-
tional review. This methodology has been described in detail
in a previous publication and has been summarized below
[10]. The protocol has been registered in the International
Prospective Register of Systematic Reviews (PROSPERO;
registration number CRD42017063991).

Search strategy
In a first step, through a comprehensive literature search on

various databases (PubMed/MEDLINE, Embase, Institute
for Scientific Information Web of Science, and Cochrane
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Database of Systematic Reviews), we conducted an umbrella
review to identify all meta-analyses, pooled analyses, and
reviews on the relations between cigarette smoking and the
risk of cancer at any site published up to 28 April 2017
[10]. Out of 888 publications, we identified two systematic
reviews/meta-analyses [11, 12] and three pooled analyses
[4, 6, 7] reporting data on ovarian cancer (Supplementary
Fig. 1). We also examined two Monographs of the Interna-
tional Agency for Research on Cancer (IARC) on tobacco
smoking [13, 14]. Meta-analyses and systematic reviews
were used only to identify original study publications.
Pooled analyses were considered also as original study
publications, since the corresponding estimates are based
on individual-level data. Screening the reference lists of
the seven reports identified 49 non-duplicate original study
publications providing information on the relation between
tobacco smoking and ovarian cancer risk.

In a second step, we carried out an updated literature
search (Supplementary Box 1) to identify studies on tobacco
smoking and ovarian cancer risk published between 1 Janu-
ary 2008 (i.e., the year of the conduction of the last and
most comprehensive review available on the topic [11])
and 28 September 2018. After the exclusion of ineligible or
duplicate publications, and the inclusion of eight additional
publications identified from other sources, this literature
search resulted in 30 original study publications and pooled
analyses on tobacco smoking and ovarian cancer risk (Sup-
plementary Fig. 1).

Considering the non-duplicate publications identified
through the umbrella review and those identified in the
update, we obtained 74 original study publications or pooled
analyses that were screened for eligibility. These were inde-
pendently screened for eligibility by two reviewers (CSa and
XL). Differences between the two were solved with the help
of a third reviewer (AL).

Eligibility criteria

We included in the present review/meta-analysis all studies
that satisfied the following eligibility criteria: (i) they were
case—control studies (including nested case—control studies
or pooled analyses of case—control studies) or cohort studies
(including pooled analyses of cohort studies); (ii) they were
published as original articles in English; (iii) they provided
data on humans, in the general female population; (iv) they
provided information on cigarette smoking; (v) they reported
estimates of the RR—including odds ratios (OR), hazard
ratios (HR), or mortality rate ratios—of epithelial ovarian
cancer (overall and/or for specific histotypes) for at least one
variable among smoking status (former, current, and/or ever)
and dose—-response variables (intensity, duration, and/or time
since quitting), compared to never or current cigarette smok-
ers, and reported the corresponding 95% Cls, or provided
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sufficient information to compute them. We excluded pub-
lications reporting RR estimates for non-epithelial ovarian
cancer or mixed/combined ovarian histotypes.

Out of the 74 original study publications/pooled analyses
identified, 17 were excluded as ineligible (Supplementary
Fig. 1).

When results from the same study were provided in more
than one original publication/pooled analysis, we included
in the meta-analysis only those reported in the most recent
and/or complete publication.

Data extraction

For each eligible study, we collected general information on
the publication (first author, year of publication, journal),
study (country, study name, calendar period, study design,
outcome, and sample size), the model used to compute the
estimates (including adjustments), and the RR, with the cor-
responding 95% Cls, for various exposure categories and,
when available, the number of cases and controls (or sub-
jects at risk/person years for cohort studies).

When necessary, we used the method for pooling non-
independent estimates described by Hamling et al. [15], in
order to change the reference category or to collapse the RRs
for two or more categories.

Statistical methods

We calculated summary RRs for epithelial ovarian cancer
for current, former, and ever smokers versus never smokers,
using random-effects models, to take into account the hetero-
geneity of risk estimates [16]. We calculated RRs separately
for case—control and cohort studies, for specific histotypes
(clear cell, endometrioid, mucinous, and serous ovarian
cancer), and for invasive cancer or borderline tumor. Het-
erogeneity between studies was assessed using the X2 test,
and inconsistency was measured using the I? statistic, which
represents the proportion of total variation attributable to
between-study variance [17]. We also conducted stratified
analyses according to different study characteristics, includ-
ing geographic area, type of controls (for case—control stud-
ies), endpoint (for cohort studies), and year of publication.
To evaluate publication bias, we examined the funnel plots
[18] and used Egger’s test for funnel plot asymmetry [19].
We investigated both linear and non-linear relationships
between smoking intensity (for current vs. never smokers),
duration (for current vs. never smokers), and time since
quitting (for former vs. current smokers), and the log-RR
for overall ovarian cancer and major histotypes. For each
dose-response variable, we tested the log-linearity using the
Wald test; when the log-linearity was accepted, we modeled
the association between exposure and the log-RR for ovarian
cancer using linear regression; when the log-linearity was

rejected, we evaluated the non-linear relationship using a
one-stage random-effects dose—response model [20]. In the
latter case, we modeled the dose—response variables using
restricted cubic splines with three knots at fixed percentiles
of their distributions (10, 50, and 90%) [21, 22]. 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 [22-24]. In a few studies, where
the covariance among log-RRs was not computable because
of missing information for the number of cases and/or con-
trols, we redistributed cases and/or controls in various
dose-response exposure categories on the basis of the dis-
tribution from all the other studies combined [25].

For all statistical analyses, we used the R-software version
3.4.1 (R Development Core Team, 2017), in particular, the
“meta” and “dosresmeta” packages [10, 25].

The main findings of the present meta-analysis are also
set out in a dedicated website (www.epideuro.eu/scp) that
will be periodically updated. The website also provides data
on companion meta-analyses on the association between
cigarette smoking and other cancer types [22].

Results

Of the 57 eligible study publications/pooled analyses, 20
were not considered in the analyses, since the results were
reported in other publications; thus, 37 original studies
(including four pooled analyses) met the eligibility crite-
ria and were included in the present meta-analysis. (Sup-
plementary Table 1). Supplementary Table 2 lists the pub-
lications for which data were partially excluded from the
meta-analysis, and the reasons for exclusion. Supplementary
Tables 3 and 4 summarize, respectively, the main charac-
teristics of the 20 case—control studies [6, 7, 26—43] and 17
cohort studies [2, 8, 9, 44-57] included. The original pub-
lications were published between 1986 and 2017 and were
based on 70,646 ovarian cancer cases. Fourteen studies on
overall ovarian cancer provided a measure of the associa-
tion—or information to derive it—for current smokers, 14
for former smokers, and 21 for ever smokers, as compared
to never smokers. There were 24 studies reporting RR esti-
mates for smoking intensity (12 among current smokers), 20
for smoking duration (7 among current smokers), and 9 for
time since quitting. Fourteen studies reported the RRs for at
least one histotype.

Figure 1 shows the study-specific and summary RRs for
ovarian cancer for current versus never cigarette smokers,
overall and by study design. The summary RR was 1.05
(95% CI 0.95-1.16) for all studies combined; the cor-
responding estimates were 0.97 (95% CI 0.84-1.12) for
case—control studies, and 1.15 (95% CI 0.99-1.33) for
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Cases
Author, year CS NS RR [95% CI]
CASE-CONTROL STUDIES
Hartge, 1989 70 128 — 0.80 [0.60; 1.30]
Pan, 2004 87 207 1.10 [0.81; 1.49]
Bodmer, 2011 221 961 | 0.81 [0.69; 0.96]
Beral, 2012 3803 9819 1.07 [1.00; 1.14]
Faber, 2013 (B) 603 1327 - 1.36 [1.13; 1.64]
Faber, 2013 (1) 1624 6544 = i 0.89 [0.76; 1.04]
Kelemen, 2017 64 340 —a— 0.72 [0.50; 1.04]
Pooled estimate <= 0.97 [0.84; 1.12]
Heterogeneity: 12 = 78%, p < 0.01 %
COHORT STUDIES :
Tverdal, 1993 15 22 - 0.95 [0.49; 1.83
Akiba, 1994 E.L: 1.30 [0.60; 2.30
Engeland, 1996 36 98 ; 1.00 [0.70; 1.50
Niwa, 2005 5 33 : 2.27 [0.85; 6.08
Kenfield, 2008 86 214 -+ 1.20 [0.92; 1.56
Blakely, 2013 411 1275 - 1.00 [0.84; 1.19
Licaj, 2016 332 150 - 1.16 [0.98; 1.47
Licaj, 2017 (B) 327 222 - 1.55 [1.29; 1.85
Licaj, 2017 (1) 629 704 = 0.97 [0.86; 1.08
Pooled estimate = 1.15 [0.99; 1.33]
Heterogeneity: 12 = 65%, p <0.01
Pooled estimate 8313 22044 < 1.05 [0.95; 1.16]
Heterogeneity: /12 = 71%, p < 0.01 ' ' ' ' ' '

0.2 0.5 1 2 5 10

Fig. 1 Forest plot for study-specific and summary relative risk (RR)
of ovarian cancer for current cigarette smokers (CS) versus never
smokers (NS), overall and by study design. B borderline, 95% CI 95%

cohort studies. For all pooled estimates, there was significant
between-studies heterogeneity. The summary RRs for ovar-
ian cancer for former versus never cigarette smokers were
1.07 (95% CI 1.00-1.13) overall, 1.12 (95% CI 1.02-1.23)
for case—control studies, and 1.00 (95% CI 0.93-1.07) for
cohort studies (Supplementary Fig. 2). The corresponding
figures for ever versus never cigarette smokers were 1.05
(95% CI 1.00-1.10) overall, 1.05 (95% CI 0.99-1.12) in
case—control, and 1.05 (95% CI 0.97-1.14) in cohort stud-
ies (Supplementary Fig. 3). There were no significant dif-
ferences in the RRs for ovarian cancer for current, former,
and ever smokers across strata of geographic area, type of
controls, endpoint, and year of publication (Supplementary
Table 5).

No evidence of publication bias emerged from studies of
ovarian cancer on current (Supplementary Fig. 4), former
(Supplementary Fig. 5), and ever (Supplementary Fig. 6)
smokers either on visual inspection of the funnel plots or by
Egger’s test (respectively, p=0.88, p=0.43, and p=0.47 for
current, former, and ever smokers).

Figure 2 shows the RRs for various histotypes of ovar-
ian cancer among current versus never cigarette smokers.
There was significantly lower risk of clear cell (RR 0.77;
95% CI 0.65-0.93) and endometrioid (RR 0.81; 95% CI
0.73-0.91) ovarian cancer, with a RR of 0.80 (95% CI

@ Springer

confidence interval, I invasive. For Akiba, 1994, numbers of CS and
NS are not given since they were not provided in the published study

0.73-0.88) for both histotypes combined. A significantly
higher risk was found for mucinous cancer (RR 1.78; 95%
CI 1.52-2.07), but no significant association was found
for serous ovarian cancer (RR 1.05; 95% CI 0.94-1.17).
The RR estimates differ significantly between the four
ovarian cancer histotypes (p for heterogeneity < 0.001),
but heterogeneity between studies disappeared, except
for serous cancer. The RRs for clear cell, endometrioid,
mucinous, and serous ovarian cancers for former (Supple-
mentary Fig. 7) and ever smokers (Supplementary Fig. 8)
were consistent with those for current smokers, except for
mucinous cancer in former smokers, where no significant
association was observed.

We found no association between current smoking and
invasive ovarian cancer (RR 0.96; 95% CI 0.88-1.03), while
the RR was 1.48 (95% CI 1.31-1.67) for borderline ovarian
tumor (p for heterogeneity across groups < 0.001; Fig. 3).
The RR was 1.44 (95% CI 1.23-1.67) for invasive mucinous
cancer and 2.09 (95% CI 1.78-2.46) for borderline mucinous
tumor (p =0.039). The RR was 0.95 (95% CI 0.88-1.02) for
invasive serous cancer and 1.16 (95% CI 1.03-1.30) for bor-
derline serous tumor (p=0.23). No heterogeneity between
studies was observed in any of the invasiveness/histotype
strata. The results for former (Supplementary Fig. 9) and
ever smokers (Supplementary Fig. 10) according to ovarian
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Subtypes Cases
Author, year CS NS RR [95% CI]
Clear cell
Beral, 2012 159 573 — 0.80 [0.63; 1.01]
Faber, 2013 104 605 —M— 0.74 [0.56; 0.98]
Pooled estimate = 0.77 [0.65; 0.93]
Heterogeneity: 2= 0%, p =0.676
Endometrioid
Beral, 2012 411 1375 i 0.81 [0.70; 0.94]
Faber, 2013 234 1049 — 0.84 [0.69; 1.02]
Licaj, 2017 64 90 —i— 0.74 [0.53; 1.03]
Pooled estimate < 0.81 [0.73; 0.91]
Heterogeneity: 2= 0%, p =0.812
Mucinous
Pan, 2004 24 26 —_— 2.36 [1.30; 4.29]
Beral, 2012 735 1034 —a— 1.79 [1.47;2.17]
Faber, 2013 (B) 296 521 —a— 1.83 [1.39; 2.41]
Faber, 2013 (I) 182 452 —a— 1.31 [1.04; 1.66]
Licaj, 2016 55 16 T 1.67 [0.95; 2.93]
Licaj, 2017 (B) 169 85 —a— 2.26 [1.71; 2.98]
Licaj, 2017 (1) 72 45 —— 1.78 [1.20; 2.64]
Pooled estimate = 1.78 [1.52; 2.07]
Heterogeneity: 12=41%, p = 0.114
Serous
Pandeya, 2009 —a— 1.62 [1.21; 2.17
Beral, 2012 1751 4841 - 0.99 [0.91; 1.08
Faber, 2013 (B) 274 703 —— 1.16 [0.98; 1.37
Faber, 2013 (I) 894 3530 — 0.92 [0.76; 1.11
Licaj, 2016 193 91 —T— 1.10 [0.84; 1.44
Kelemen, 2017 39 216 — 0.74 [0.48; 1.14
Licaj, 2017 (B) 142 126 —r— 1.11 [0.86; 1.43
Licaj, 2017 (1) 342 371 —t 0.94 [0.81; 1.10
Pooled estimate 1.05 [0.94; 1.17]
Heterogeneity: 2= 60%, p =0.014 | | | | |

0.2 0.5 1 2 5 10

Fig.2 Forest plot for study-specific and summary relative risk (RR)
of ovarian cancer for current cigarette smokers (CS) versus never
smokers (NS) according to major histotypes. B borderline; 95% CI

cancer invasiveness were consistent with those for current
smokers.

Figure 4 shows the dose—response relationships between
smoking intensity (panel A), duration (panel B), and time
since quitting (panel C), and the risk of mucinous ovarian
cancer. There was a sharp non-linear increase in risk with
increasing smoking intensity: the RR for current versus
never smokers was 2.00 (95% CI 1.62-2.47) for 10 ciga-
rettes/day, and 2.35 (95% CI 1.70-3.26) for 20 cigarettes/
day (Supplementary Box 2). The risk rose non-linearly with
smoking duration up to 15 years, and declined slightly there-
after. The RRs were 2.06 (95% CI 1.43-2.97) for 10 years
of smoking, 2.11 (95% CI 1.72-2.59) for 20 years, and 1.60
(95% C1 0.94-2.74) for 30 years. The risk decreased linearly
with time since quitting smoking, with RR for former versus
current smokers of 0.65 (95% CI 0.52-0.82) after 10 years
since quitting, i.e., similar to the risk of never versus current
smokers (RR 0.56; 95% CI 0.48-0.66; data not shown). No

95% confidence interval; I invasive. For Pandeya, 2009, numbers of
CS and NS are not given since they were not provided in the pub-
lished study

significant dose—response relationships were found for over-
all ovarian cancer (Supplementary Fig. 11), for endometrioid
(Supplementary Fig. 12) or serous cancer (Supplementary
Fig. 13).

Discussion

Our study integrates the results from three previous pooled
analyses [2, 6, 7]. One was an investigation from a collab-
orative group including 51 cohort and case—control stud-
ies on ovarian cancer [6]. This study reported risk estimates
according to histotypes and invasiveness, but did not include
dose-response associations for different measures of ciga-
rette smoking. The second pooled analysis, considering 21
studies, investigated dose-response relationships according
to various measures of cigarette smoking, but included only
case—control studies [7]. The third provided only estimates

@ Springer
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A
Subtypes Cases
Author, year CS NS RR [95% CI]
All epithelial
Beral, 2012 2313 6567 0.97 [0.79; 1.20]
Faber, 2013 1624 6544 0.89 [0.76; 1.04]
Licaj, 2016 222 122 1.03 [0.81; 1.30]
Licaj, 2017 629 704 0.97 [0.87; 1.09]
Pooled estimate 0.96 [0.88; 1.03]
Heterogeneity: 1% = 0%, p =0.738
Mucinous
Beral, 2012 365 628 —— 1.49 [1.17; 1.89
Faber, 2013 182 452 —- 1.31 [1.04; 1.66
Licaj, 2016 15 7 1.02 [0.38; 2.76
Licaj, 2017 72 45 —— 1.78 [1.20; 2.64
Pooled estimate = 1.44 [1.23; 1.67]
Heterogeneity: 1= 0%, p =0.519
Serous
Beral, 2012 1383 4042 0.96 [0.87; 1.06
Faber, 2013 894 3530 0.92 [0.76; 1.11
Licaj, 2016 125 72 0.99 [0.73; 1.35
Licaj, 2017 342 371 0.94 [0.81;1.10
Pooled estimate 0.95 [0.88; 1.02]
Heterogeneity: 1= 0%, p =0.970 ‘ : | : : ‘

0.2 0.5 1 2 5 10
B
Subtypes Cases
Author, year CSs NS RR [95% CI]
All epithelial
Beral, 2012 719 1092 —— 1.59 [0.82; 3.08
Faber, 2013 603 1327 - 1.36 [1.13; 1.64
Licaj, 2016 110 28 —— 1.69 [1.10; 2.60
Licaj, 2017 327 222 i 1.55 [1.29; 1.86
Pooled estimate < 1.48 [1.31; 1.67]
Heterogeneity: 1> = 0%, p =0.694
Mucinous
Beral, 2012 368 397 —i— 2.25 [1.64; 3.08
Faber, 2013 296 521 —— 1.83 [1.39; 2.41
Licaj, 2016 40 9 —.— 2.17 [1.06; 4.45
Licaj, 2017 169 85 —— 2.26 [1.71;2.98
Pooled estimate = 2.09 [1.78; 2.46]
Heterogeneity: 1% = 0%, p =0.700
Serous
Beral, 2012 351 695 i 1.15 [0.94; 1.41]
Faber, 2013 274 703 1.16 [0.98; 1.37]
Licaj, 2016 68 19 - 1.46 [0.84; 2.53]
Licaj, 2017 142 126 —— 1.11 [0.86; 1.43]
Pooled estimate < 1.16 [1.03; 1.30]
Heterogeneity: 12 = 0%, p = 0.852 ‘ ‘ ‘ ‘ ‘

0.2 0.5 1 2 5 10

Fig. 3 Forest plot and summary relative risk (RR) of invasive ovarian cancer (A) and borderline ovarian tumors (B) (overall and by major histo-
types) for current cigarette smokers (CS) versus never smokers (NS)

for ever smokers and pack-years of smoking among ever Using all epidemiological data available to date on ciga-
smokers [2]. Therefore, none of the previous pooled analy-  rette smoking and ovarian cancer risk, we confirmed the
ses adequately analyzed all the aspects considered in our  different roles of cigarette smoking on various histotypes
meta-analysis. [6-8]. In particular, we found a significant 80% excess risk
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Fig.4 Relative risk (RR) for the dose-response relationships between
cigarette smoking intensity, duration, and time since quitting, and
mucinous ovarian cancer. A Cigarette smoking intensity (based on
four studies); B cigarette smoking duration (based on four studies); C
time since quitting (based on six studies). Restricted cubic
spline from a random-effects dose-response model (A, B), or linear
model (C). 95% confidence interval of the spline (A, B)
and linear (C) model; RR for current versus never cigarette
smokers (A, B), or for never versus current cigarette smokers (C).

RR for the reference category (never smokers in A, B, cur-
rent smokers in C). RR for various exposure categories in each
study in the analysis, where the area of the circle is proportional to
the precision (i.e., to the inverse variance) of the RR

of mucinous ovarian cancer in current smokers, and further
quantified the significant protective effect on clear cell and
endometrioid cancer.

When we examined ovarian cancer risk by tumor inva-
siveness, we found a significantly higher excess risk of
borderline ovarian tumor than invasive cancer in current
cigarette smokers. In agreement with two previous pooled
analyses [6, 7], this was observed in particular for border-
line mucinous tumor. However, we also found a significant,
though small, higher risk of borderline serous tumor, as pre-
viously suggested in the pooled analysis by Faber et al. [7].

With reference to the dose—response relationships, we
found a non-linear increase in the risk of mucinous cancer
with increasing intensity and duration of smoking. Moreo-
ver, compared to current smokers, the risk of mucinous can-
cer among former smokers decreased with time since stop-
ping smoking, reaching the level of never smokers 15 years
after stopping. For overall epithelial ovarian cancers as for
other histotypes, we did not see any meaningful dose-risk
relationships.

From the perspective of biological mechanisms, the direct
association between cigarette smoking and mucinous tumors
can be explained by their similarity of this neoplasm with
cervical adenocarcinoma and colorectal cancer [58], both of
which have been directly associated with tobacco exposure
[5]. Similarly, endometrioid and clear cell cancers share bio-
logical similarities with endometrial cancer [58], which has
been inversely associated with tobacco smoking, due to the
possible anti-estrogenic effect of smoking [5]. The effect of
tobacco smoking may be stronger in the early stage of (ovar-
ian) carcinogenesis. Therefore, the stronger tobacco-related
risk for mucinous than for serous cancer can be explained by
the fact that for the mucinous histotype there is a continuum
from benign to borderline and invasive disease, while serous
ovarian cancer, generally high grade, does not originate from
borderline tumor [59]. Moreover, somatic KRAS gene muta-
tions induced by cigarette smoking are more common in
mucinous than serous borderline ovarian tumor [60], like in
borderline tumors than invasive cancers [61].

Among the limitations of the present study are those
inherent to meta-analyses of epidemiological studies. First,
case—control and cohort studies are prone to various recall
and selection bias, as well as to confounding. Hospital-based
controls in particular may report higher frequency of tobacco
smoking than population-based ones. However, the consist-
ency of most findings across study design and sources of
controls is a reassurance against any major role of such bias.
In addition, most studies adjusted risk estimates for vari-
ous major known confounding factors for ovarian cancer.
Second, we pooled data from several epidemiological stud-
ies in various populations, including subjects with different
characteristics (e.g., race) and background risk levels, using
different methods, therefore giving heterogeneous estimates.
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However, our analyses stratified by various study character-
istics, indicated histology and invasiveness of ovarian can-
cer as the major sources of between-studies heterogeneity.
Third, information on cigarette smoking was self-reported in
most studies so some misclassification of information is pos-
sible. In this regard, the higher ovarian cancer risk in former
than current tobacco smokers, particularly in case—control
studies, may be due to biased self-reported information on
smoking status in newly diagnosed cancer patients [62]. This
may also be due to the fact that former smokers may have
quitted because of health problems, thus the health status of
former smokers may be generally worst as compared to that
of current smokers [63]. The histotype classification can also
suffer by some misclassification, although the substantial
differences in the tobacco risk between histotypes indicate
that any such misclassification is unlikely to have played a
major role.

The present meta-analysis has several strengths. First, we
tried to include as many epidemiologic studies as possible,
including the three large pooled analyses [2, 6, 7]. To reach
this scope, we used an original and innovative approach
combining an umbrella review with a traditional systematic
review [10], we also considered information from publica-
tions not indexed in PubMed, such as the TARC Monographs
[13, 14]. Following this approach, we were able to identify
more efficiently all original study publications, including
several studies that were not captured in previous meta-anal-
yses, although satisfying their inclusion criteria. Second, we
carefully screened every single publication in order to avoid
including results obtained from the same study. Third, we
estimated the risk functions best describing the dose-risk
relationships with smoking intensity, duration, and time
since stopping smoking, which have been only the subject of
a pooled analysis of case—control studies [7]. In addition, we
provided the first evidence of a non-linear relation between
smoking intensity and duration and mucinous ovarian can-
cer, suggesting a high excess risk even for a low number of
cigarettes per day and a few years of smoking. Furthermore,
our risk estimates were consistent across strata of most of
the selected characteristics, i.e., geographic area, type of
controls, endpoint evaluated, and year of publication. We
also used random-effects estimates to take account of het-
erogeneity. The studies included in our meta-analyses may
vary in quality; however, we did not assign quality scores
and did not a priori exclude any study for design weakness
or data quality. Finally, the figures given in the present study
are important from a public health perspective. They will
enable us to quantify the cancer burden attributable to ciga-
rette smoking on both the individual and population levels,
and provide essential information to guide policy decisions
for the control of tobacco smoking and cancer prevention.

In conclusion, from this comprehensive review and meta-
analysis based on an original search design, we can confirm

@ Springer

that current cigarette smoking is not associated with overall
and serous ovarian cancer and is only slightly inversely asso-
ciated with clear cell and endometrioid cancer. However, it
is associated with a significant 80% increased risk of muci-
nous cancer. This risk rises to over 2 for 20 cigarettes/day
or 20 years of use, and is higher for borderline tumors than
invasive cancers. Although mucinous cancer accounts for
only 7-14% of all epithelial ovarian cancers [64], this excess
risk should not be ignored as the prognosis for some forms
of this histotype appears to be worse than for other histo-
types [65]. It is therefore important to avoid starting smok-
ing and to promote stopping it to protect women against
(mucinous) ovarian cancer.

Acknowledgments The authors thank Dr. J.D. Baggott for language
editing.

Author contributions SG and AL had the original study idea and
designed the innovative methodology for the identification of original
publications. AL, CSa, and XL identified the publications, extracted
the data, and did the statistical analyses, with the help of GP. CSa,
CB, SG, and AL wrote the manuscript. CB, VB, and CSp provided
statistical and epidemiological supervision. All authors contributed
to critically reviewing and revising the draft manuscript, and approval
of its final version.

References

1. Bray F, Ferlay J, Soerjomataram I et al (2018) Global cancer sta-
tistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin
68:394-424

2. Wentzensen N, Poole EM, Trabert B et al (2016) Ovarian cancer
risk factors by histologic subtype: an analysis from the ovarian
cancer cohort consortium. J Clin Oncol 34:2888-2898

3. La Vecchia C (2017) Ovarian cancer: epidemiology and risk fac-
tors. Eur J Cancer Prev 26:55-62

4. Kurian AW, Balise RR, McGuire V, Whittemore AS (2005) His-
tologic types of epithelial ovarian cancer: have they different risk
factors? Gynecol Oncol 96:520-530

5. International Agency for Research on Cancer (2012) IARC mono-
graph on the evaluation of carcinogenic risks to humans. A review
of human carcinogens—personal habits and indoor combustions.
Volume 100E

6. Beral V, Gaitskell K, Hermon C et al (2012) Ovarian cancer and
smoking: individual participant meta-analysis including 28,114
women with ovarian cancer from 51 epidemiological studies. Lan-
cet Oncol 13:946-956

7. Faber MT, Kjaer SK, Dehlendorff C et al (2013) Cigarette smok-
ing and risk of ovarian cancer: a pooled analysis of 21 case—con-
trol studies. Cancer Causes Control 24:989-1004

8. Licaj I, Jacobsen BK, Selmer RM et al (2017) Smoking and risk
of ovarian cancer by histological subtypes: an analysis among
300,000 Norwegian women. Br J Cancer 116:270-276

9. Licaj I, Lukic M, Jareid M et al (2016) Epithelial ovarian cancer
subtypes attributable to smoking in the Norwegian Women and
Cancer Study, 2012. Cancer Med 5:720-727



Cancer Causes & Control (2019) 30:1023-1032

1031

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Lugo A, Bosetti C, Peveri G et al (2017) Dose-response relation-
ship between cigarette smoking and site-specific cancer risk: pro-
tocol for a systematic review with an original design combining
umbrella and traditional reviews. BMJ Open 7:¢018930
Nakamura K, Huxley R, Ansary-Moghaddam A, Woodward M
(2009) The hazards and benefits associated with smoking and
smoking cessation in Asia: a meta-analysis of prospective studies.
Tob Control 18:345-353

Jordan SJ, Whiteman DC, Purdie DM et al (2006) Does smoking
increase risk of ovarian cancer? A systematic review. Gynecol
Oncol 103:1122-1129

IARC (2004) IARC monographs on the evaluation of carcinogenic
risks to humans. Volume 83. Tobacco smoke and involuntary
smoking. Lyon, France

IARC (2012) IARC Monograph on the evaluation of carcinogenic
risks to humans. Volume 100E. A review of human carcinogens—
personal habits and indoor combustions. Lyon, France

Hamling J, Lee P, Weitkunat R, Ambuhl M (2008) Facilitating
meta-analyses by deriving relative effect and precision estimates
for alternative comparisons from a set of estimates presented by
exposure level or disease category. Stat Med 27:954-970
DerSimonian R, Laird N (1986) Meta-analysis in clinical trials.
Control Clin Trials 7:177-188

Higgins JP, Thompson SG (2002) Quantifying heterogeneity in a
meta-analysis. Stat Med 21:1539-1558

Peters JL, Sutton AJ, Jones DR et al (2008) Contour-enhanced
meta-analysis funnel plots help distinguish publication bias from
other causes of asymmetry. J Clin Epidemiol 61:991-996

Egger M, Smith GD, Schneider M, Minder C (1997) Bias in meta-
analysis detected by a simple, graphical test. BMJ 315:629-634
Crippa A, Discacciati A, Bottai M et al (2018) One-stage dose-
response meta-analysis for aggregated data. Stat Methods Med
Res 28:1579

Desquilbet L, Mariotti F (2010) Dose-response analyses using
restricted cubic spline functions in public health research. Stat
Med 29:1037-1057

Lugo A, Peveri G, Bosetti C et al (2018) Strong excess risk of
pancreatic cancer for low frequency and duration of cigarette
smoking: a comprehensive review and meta-analysis. Eur J Can-
cer 104:117-126

Bagnardi V, Rota M, Botteri E et al (2015) Alcohol consump-
tion and site-specific cancer risk: a comprehensive dose-response
meta-analysis. Br J Cancer 112:580-593

Berlin JA, Longnecker MP, Greenland S (1993) Meta-analysis of
epidemiologic dose-response data. Epidemiology 4:218-228
Crippa A, Orsini N (2016) Multivariate dose-response meta-
analysis: the dosresmeta R Package. J Stat Soft 72:1

Baron JA, Byers T, Greenberg ER et al (1986) Cigarette smoking
in women with cancers of the breast and reproductive organs. J
Natl Cancer Inst 77:677-680

Bodmer M, Becker C, Meier C et al (2011) Use of metformin and
the risk of ovarian cancer: a case—control analysis. Gynecol Oncol
123:200-204

Franks AL, Lee NC, Kendrick JS et al (1987) Cigarette smok-
ing and the risk of epithelial ovarian cancer. Am J Epidemiol
126:112-117

Fujita M, Tase T, Kakugawa Y et al (2008) Smoking, earlier
menarche and low parity as independent risk factors for gyneco-
logic cancers in Japanese: a case—control study. Tohoku J Exp
Med 216:297-307

Goodman MT, Tung KH (2003) Active and passive tobacco smok-
ing and the risk of borderline and invasive ovarian cancer (United
States). Cancer Causes Control 14:569-577

Green A, Purdie D, Bain C et al (2001) Cigarette smoking and risk
of epithelial ovarian cancer (Australia). Cancer Causes Control
12:713-719

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hartge P, Schiffman MH, Hoover R et al (1989) A case—con-
trol study of epithelial ovarian cancer. Am J Obstet Gynecol
161:10-16

Kelemen LE, Abbott S, Qin B et al (2017) Cigarette smoking and
the association with serous ovarian cancer in African American
women: African American cancer epidemiology study (AACES).
Cancer Causes Control 28:699-708

Kuper H, Titus-Ernstoff L, Harlow BL, Cramer DW (2000) Popu-
lation based study of coffee, alcohol and tobacco use and risk of
ovarian cancer. Int J Cancer 88:313-318

Marchbanks PA, Wilson H, Bastos E et al (2000) Cigarette
smoking and epithelial ovarian cancer by histologic type. Obstet
Gynecol 95:255-260

Modugno F, Ness RB, Cottreau CM (2002) Cigarette smoking and
the risk of mucinous and nonmucinous epithelial ovarian cancer.
Epidemiology 13:467-471

Mori M, Nishida T, Sugiyama T et al (1998) Anthropometric and
other risk factors for ovarian cancer in a case—control study. Jpn J
Cancer Res 89:246-253

Pan SY, Ugnat AM, Mao Y et al (2004) Association of cigarette
smoking with the risk of ovarian cancer. IntJ Cancer 111:124-130
Pandeya N, Williams GM, Green AC et al (2009) Do low control
response rates always affect the findings? Assessments of smoking
and obesity in two Australian case—control studies of cancer. Aust
N Z J Public Health 33:312-319

Polychronopoulou A, Tzonou A, Hsieh CC et al (1993) Reproduc-
tive variables, tobacco, ethanol, coffee and somatometry as risk
factors for ovarian cancer. Int J Cancer 55:402—407

Riman T, Dickman PW, Nilsson S et al (2004) Some life-style fac-
tors and the risk of invasive epithelial ovarian cancer in Swedish
women. Eur J Epidemiol 19:1011-1019

Slattery ML, Schuman KL, West DW et al (1989) Nutrient intake
and ovarian cancer. Am J Epidemiol 130:497-502

Zhang Y, Coogan PF, Palmer JR et al (2004) Cigarette smoking
and increased risk of mucinous epithelial ovarian cancer. Am J
Epidemiol 159:133-139

Akiba S, Hirayama T (1990) Cigarette smoking and cancer mor-
tality risk in Japanese men and women-results from reanalysis
of the six-prefecture cohort study data. Environ Health Perspect
87:19-26

Akiba S (1994) Analysis of cancer risk related to longitudi-
nal information on smoking habits. Environ Health Perspect
102(Suppl 8):15-19

Blakely T, Barendregt JJ, Foster RH et al (2013) The association
of active smoking with multiple cancers: national census-cancer
registry cohorts with quantitative bias analysis. Cancer Causes
Control 24:1243-1255

Carter BD, Abnet CC, Feskanich D et al (2015) Smoking and
mortality—beyond established causes. N Engl J Med 372:631-640
Engeland A, Andersen A, Haldorsen T, Tretli S (1996) Smoking
habits and risk of cancers other than lung cancer: 28 years’ follow-
up of 26,000 Norwegian men and women. Cancer Causes Control
7:497-506

Gram IT, Braaten T, Adami HO et al (2008) Cigarette smoking
and risk of borderline and invasive epithelial ovarian cancer. IntJ
Cancer 122:647-652

Gram IT, Lukanova A, Brill I et al (2012) Cigarette smoking and
risk of histological subtypes of epithelial ovarian cancer in the
EPIC cohort study. Int J Cancer 130:2204-2210

Kenfield SA, Stampfer MJ, Rosner BA, Colditz GA (2008) Smok-
ing and smoking cessation in relation to mortality in women.
JAMA 299:2037-2047

Niwa Y, Wakai K, Suzuki S et al (2005) Cigarette smoking and
the risk of ovarian cancer in the Japanese population: findings
from the Japanese Collaborate Cohort study. J Obstet Gynaecol
Res 31:144-151

@ Springer



1032

Cancer Causes & Control (2019) 30:1023-1032

53.

54.

55.

56.

57.

58.

59.

60.

Pirie K, Peto R, Reeves GK et al (2013) The 21st century hazards
of smoking and benefits of stopping: a prospective study of one
million women in the UK. Lancet 381:133-141

Terry PD, Miller AB, Jones JG, Rohan TE (2003) Cigarette smok-
ing and the risk of invasive epithelial ovarian cancer in a prospec-
tive cohort study. Eur J Cancer 39:1157-1164

Tverdal A, Thelle D, Stensvold I et al (1993) Mortality in relation
to smoking history: 13 years’ follow-up of 68,000 Norwegian men
and women 35-49 years. J Clin Epidemiol 46:475-487
Tworoger SS, Gertig DM, Gates MA et al (2008) Caffeine, alco-
hol, smoking, and the risk of incident epithelial ovarian cancer.
Cancer 112:1169-1177

Weiderpass E, Sandin S, Inoue M et al (2012) Risk factors for
epithelial ovarian cancer in Japan—results from the Japan Pub-
lic Health Center-based Prospective Study cohort. Int J Oncol
40:21-30

Gilks CB, Prat J (2009) Ovarian carcinoma pathology and genet-
ics: recent advances. Hum Pathol 40:1213-1223

Kurman RJ, Shih IM (2010) The origin and pathogenesis of epi-
thelial ovarian cancer: a proposed unifying theory. Am J Surg
Pathol 34:433-443

Baykara O, Tansarikaya M, Demirkaya A et al (2013) Association
of epidermal growth factor receptor and K-Ras mutations with

@ Springer

61.

62.

63.

64.

65.

smoking history in non-small cell lung cancer patients. Exp Ther
Med 5:495-498

Mayr D, Hirschmann A, Lohrs U, Diebold J (2006) KRAS and
BRAF mutations in ovarian tumors: a comprehensive study of
invasive carcinomas, borderline tumors and extraovarian implants.
Gynecol Oncol 103:883-887

Morales NA, Romano MA, Cummings KM et al (2013) Accuracy
of self-reported tobacco use in newly diagnosed cancer patients.
Cancer Causes Control 24:1223-1230

Gallus S, Muttarak R, Franchi M et al (2013) Why do smokers
quit? Eur J Cancer Prev 22:96-101

Kurman RJ, Carcangiu ML, Herrington CS, Young RH (2014)
WHO/IARC classification of tumours of female reproductive
organs, 4th edn. France, Lyon

Perren TJ (2016) Mucinous epithelial ovarian carcinoma. Ann
Oncol 27(Suppl 1):i53-i57

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Dose–risk relationships between cigarette smoking and ovarian cancer histotypes: a comprehensive meta-analysis
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Search strategy
	Eligibility criteria
	Data extraction
	Statistical methods

	Results
	Discussion
	Acknowledgments 
	References




