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Abstract

While the association between exposure to secondhand smoke and lung cancer risk is well
established, few studies with sufficient power have examined the association by histological type.
In this study, we evaluated the secondhand smoke-lung cancer relationship by histological type
based on pooled data from 18 case-control studies in the International Lung Cancer Consortium
(ILCCO), including 2,504 cases and 7,276 controls who were never smokers and 10,184 cases and
7,176 controls who were ever smokers. We used multivariable logistic regression, adjusting for
age, sex, race/ethnicity, smoking status, pack-years of smoking, and study. Among never smokers,
the odds ratios (OR) comparing those ever exposed to secondhand smoke with those never
exposed were 1.31 (95% CI: 1.17-1.45) for all histological types combined, 1.26 (95% CI: 1.10-
1.44) for adenocarcinoma, 1.41 (95% CI: 0.99-1.99) for squamous cell carcinoma, 1.48 (95% CI:
0.89-2.45) for large cell lung cancer, and 3.09 (95% CI: 1.62-5.89) for small cell lung cancer. The
estimated association with secondhand smoke exposure was greater for small cell lung cancer than
for non-small cell lung cancers (OR=2.11, 95% CI: 1.11-4.04). This analysis is the largest to date
investigating the relation between exposure to secondhand smoke and lung cancer. Our study
provides more precise estimates of the impact of secondhand smoke on the major histological
types of lung cancer, indicates the association with secondhand smoke is stronger for small cell
lung cancer than for the other histological types, and suggests the importance of intervention
against exposure to secondhand smoke in lung cancer prevention.
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Introduction

Lung cancer, with 1.59 million deaths in 2012, is the most common cause of cancer death
worldwide. Active tobacco smoking has been established as a strong risk factor for lung
cancer, with an average risk ratio (RR) of 15-30.2 Smoking is associated with increased
risks of all major histological types of lung cancer, although it has been reported to be more
strongly associated with small cell lung cancer (odds ratio [OR]=12.9, 95% confidence
interval [C1]: 9.79-17.1) and squamous cell carcinoma (OR=11.3, 95% ClI: 9.39-13.5) than
with large cell lung cancer (OR=5.64, 95% CI: 4.15-7.67) and adenocarcinoma (OR=3.22,
95% Cl: 2.62-3.98).3 However, about 25% of the world’s lung cancer cases are not
attributable to active tobacco use.# Even if lung cancer cases among never smokers are
considered separately from those among ever smokers, lung cancer among never smokers
ranks as the seventh most common cause of cancer death worldwide.*

The development of lung cancer in never smokers has stimulated myriad investigations on
potential risk factors for lung cancer among those populations. Based on its review of
numerous studies, the International Agency for Research on Cancer (IARC) concluded that
involuntary smoking is carcinogenic to humans, with an increased risk of 20% for women
and of 30% for men among never smokers who are exposed to secondhand smoke (i.e.,
environmental tobacco smoke) from their spouse.® Based on an analysis of 37
epidemiological studies, Hackshaw et al. reported never smokers who lived with a smoker
were at a 26% increased risk of lung cancer compared with those who did not live with a
smoker (95% Cl: 6-47%).6 Dose-response relationships were observed between lung cancer
risk and both the number of cigarettes smoked by the spouse and the duration of exposure.
The pooled relative risk was higher for squamous and small cell carcinoma (RR=1.58, 95%
Cl: 1.14-2.19) than for adenocarcinoma (RR=1.25, 95% CI: 1.07-1.46). Similarly, a pooled
analysis of two case-control studies reported that duration of exposure showed consistent
dose-response relationships with adenocarcinoma and squamous and small cell carcinomas
and suggested a higher risk for squamous and small cell carcinomas than for
adenocarcinoma.” However, this previous analysis was limited by inadequate power for
further analysis by each histological type of lung cancer. In most of the studies to date, the
number of small cell lung cancer cases among never smokers has been too small to be
studied in detail 8-10

In this study, we aim to investigate the relationship between exposure to secondhand smoke
and risk of lung cancer by histological type (adenocarcinoma, squamous cell carcinoma,
large cell lung cancer, and small cell lung cancer) among ever smokers and never smokers
combined and among never smokers only, using the pooled database of the International
Lung Cancer Consortium (ILCCO).

Material and Methods

Study Population

ILCCO was established in 2004 with the objective of sharing comparable data from ongoing
lung cancer studies to increase the power for subgroup analysis. The consortium was
established with funding from the National Cancer Institute (NCI) and the IARC.
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Investigators with eligible epidemiologic studies of lung cancer were invited to participate in
the ILCCO data pooling project. A total of 56 lung cancer studies have each provided a
study protocol for subject recruitment and a structured questionnaire for lifestyle
information in order to participate in ILCCO. Details of the studies have been reported
previously.11-20

Eighteen case-control studies in ILCCO provided the data for this analysis, all measured
through structured questionnaires (table 1). Eight studies were conducted in North America;
four studies were conducted in Europe; and six studies were conducted in Asia/Oceania.
Eight studies recruited healthy controls from the general population; eight studies recruited
controls from hospital patients or their family or friends who did not have any smoking-
related illnesses; and two studies recruited controls from mixed sources. Fifteen studies
matched cases with controls on potential confounders, such as age, sex, and ethnicity, while
three studies did not use matching. Written informed consents were obtained from all study
participants, and each study was approved by its respective local human subject review
board.

The most commonly used definition of never smokers was those who smoked less than 100
cigarettes in their lifetime (the FHS, UCLA, WELD, NELCS, SLRI, Harvard, Mayo, and
IARC studies). Other definitions included those who smoked less than 180 cigarettes in their
lifetime (the Hawaii study), those who smoked less than 200 cigarettes in their lifetime (the
Seoul study), those who smoked less than 365 cigarettes in their lifetime (the Kyushu,
Moffitt, and GEL-S studies), those who never smoked more than ten cigarettes per week
regularly (the Liverpool study), or those who either smoked less than 400 cigarettes in their
lifetime or less than one cigarette per day for one year (the CREST study). The Aichi and
GenAir studies defined never smokers as those who reported they had never smoked.

We checked the data for inadmissible values, aberrant distributions, inconsistencies, and
missing values and sent queries to the participating investigators to resolve all issues. We
excluded from the analysis participants with unknown age (n=31) or race/ethnicity (n=251).
We also excluded 10,442 participants with unknown secondhand exposure status, of whom
7,541 were from the IARC, Moffit, or GenAir study. The IARC and Moffitt studies
collected information regarding secondhand smoke exposure from never smokers only, and
the GenAir study collected information regarding secondhand smoke exposure from those
who either never smoked or who had stopped smoking for at least ten years. The cases and
controls excluded due to unknown exposure status had similar distributions of age, sex, and
race/ethnicity as those included in the analysis.

The data for this study included 12,688 lung cancer cases and 14,452 controls, of whom
2,504 cases and 7,276 controls were never smokers and 10,184 cases and 7,176 controls
were current or former smokers. Cases included patients with invasive tumors of the lung
using either the International Classification of Diseases for Oncology (ICD-O) version 2 or
the International Classification of Diseases (ICD), Ninth or Tenth Edition.

Int J Cancer. Author manuscript; available in PMC 2015 October 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kim et al.

Page 5

Statistical Analysis

Results

We performed unconditional logistic regression to obtain odds ratios (OR) with 95%
confidence intervals (CI) to assess the association between exposure to secondhand smoke
and lung cancer risk. All models included age (continuous), sex, race/ethnicity (White/
Caucasian, Latino, Black/African-American, Asian, Native American, or other), and study
center. We examined the joint effects of active smoking and exposure to secondhand smoke
and tested for multiplicative interaction. We assessed various aspects of secondhand smoke
exposure, including location, duration, and childhood exposure. Exposure duration variables
included duration of exposure at home, duration of exposure at the workplace, and duration
of exposure at home and work combined. The combined duration of exposure variable was
created by summing the values for duration of exposure at home and duration of exposure at
work—thus, it is the maximum possible duration of exposure, since there could be overlap
between exposure periods. We performed the analyses among the total sample and among
never smokers separately. For analyses among the total sample, we further adjusted the
models for cigarette smoking status (ever smoker or never smoker) and pack-years of
cigarette smoking (continuous) in order to separate the qualitative difference between ever
smokers and never smokers from the quantitative impact of smoking.2! The sub-analysis of
never smokers allowed us to completely eliminate the confounding effect of active smoking,
assuming there was no misclassification of ever/never smoking status.

We tested for heterogeneity across the study odds ratios by using the likelihood ratio test, in
which we examined the difference between the log likelihood of a model with the product
term between study and the variable of interest, and that of a model without such a product
term. When there was evidence of heterogeneity in the study-specific odds ratios, we
assessed the source of heterogeneity by stratified analyses. If the heterogeneity was not due
to any study characteristic, we examined forest plots and performed influence analysis to
assess the source of heterogeneity from any single study. For influence analysis, each study
was excluded one at a time to assure that the magnitude of the overall summary estimate and
P-value were not dependent on any one study.

We also conducted separate analyses by lung cancer histology to compare the estimated
associations of secondhand smoke with different histological subtypes. We combined
bronchioloalveolar carcinomas with the rest of the adenocarcinomas; excluding them had
negligible effect on the results. When comparing small cell lung cancer with non-small cell
lung cancers, we employed a case-case approach.2223 All statistical analyses were performed
with SAS v9.3. All P-values are two-sided.

The distributions of basic characteristics of the lung cancer patients and controls among the
overall population and among the subsample of never smokers are shown in table 2. The
contribution of cases from the individual studies ranged from 1% to 33% and that of controls
ranged from 1% to 16%. The majority of the cases and controls lived in North America. In
both the overall population and the never smoker population, the proportion of older
participants (65 years or above) was higher among the cases than among the controls. The
proportion of men was higher in cases than in controls among the overall population, but
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lower among the never smoker population. The proportion of adenocarcinoma was higher
among never smokers than among the overall population; the proportions of squamous cell
carcinoma and small cell carcinoma were lower among never smokers than among the
overall population; the proportions of large cell lung cancer were similar between the two
populations.

Table 3 shows the joint effects of active smoking and exposure to secondhand smoke.
Exposure to secondhand smoke was associated with an increased risk of lung cancer among
both ever smokers and never smokers, and multiplicative interaction was observed between
active smoking and exposure to secondhand smoke (ratio of odds ratios [ROR]=1.33, 95%
Cl: 1.15-1.54).

Table 4 reports the associations between exposure to secondhand smoke and lung cancer by
histological subtype in the overall study population. Compared with those never exposed to
secondhand smoke, those ever exposed were at a higher risk of lung cancer (OR=1.34, 95%
Cl: 1.24-1.45). Positive associations were also observed when the different histological
types of lung cancer were considered separately (OR=1.35, 95% CI: 1.23-1.48 for
adenocarcinoma; OR=1.36, 95% CI: 1.17-1.58 for squamous cell carcinoma; OR=1.36,
95% CI: 1.04-1.79 for large cell lung cancer; and OR=1.63, 95% ClI: 1.31-2.04 for small
cell lung cancer). Associations seemed to differ by exposure location. No association was
observed for those exposed at work (OR=1.02, 95% CI: 0.93-1.13), but positive associations
were observed for those exposed at home (OR=1.19, 95% CI: 1.08-1.31) and those exposed
both at home and at work (OR=1.39, 95% CI: 1.27-1.52). However, there was heterogeneity
across the studies (P<0.001). Risk of lung cancer increased with increasing years of
exposure at home (P<0.001), at work (P=0.02), and at home and work combined (P=0.002).
Positive associations were also detected for exposure during childhood when all histological
types were combined (OR=1.15, 95% CI: 1.05-1.25) and when small cell lung cancer was
examined separately (OR=1.35, 95% CI: 1.09-1.67). The positive association between
exposure during childhood and lung cancer development persisted when all types of non-
small cell lung cancer were combined (OR=1.12, 95% CI: 1.02-1.23; results not shown).

Stratified analyses showed that the associations between exposure to secondhand smoke and
lung cancer development did not differ significantly by sex (OR=1.23, 95% CI: 1.10-1.38
for males; OR=1.37, 95% CI: 1.23-1.52 for females; results not shown) or race/ethnicity
(OR=1.43, 95% CI: 1.30-1.58 for Whites; OR=1.16, 95% CI: 1.00-1.34 for Asians;
OR=0.99, 95% ClI: 0.60-1.64 for Blacks; OR=0.75, 95% ClI: 0.43-1.32 for Hispanic/
Latinos; results not shown). When we stratified the overall population by age (<65 years old
and =65 years old), positive associations were observed in both age groups (OR=1.22, 95%
Cl: 1.09-1.36 for <65 years old; OR=1.45, 95% CI: 1.30-1.63 for =65 years old; results not
shown).

Table 5 presents the associations between exposure to secondhand smoke and lung cancer
by histological type among never smokers only. Exposure to secondhand smoke was
associated with an increased risk of lung cancer in this population as well (OR=1.31, 95%
Cl: 1.17-1.47). Positive associations were observed for all of the histological types
examined, with the strongest association observed for small cell lung cancer (OR=1.26, 95%
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Cl: 1.10-1.44 for adenocarcinoma; OR=1.41, 95% CI: 0.99-1.99 for squamous cell
carcinoma; OR=1.48, 95% CI: 0.89-2.45 for large cell lung cancer; OR=3.09, 95% ClI:
1.62-5.89 for small cell lung cancer). Exposure at home seemed to have a greater influence
than exposure at work—the adjusted odds ratios were 1.21 (95% CI: 1.05-1.39) for those
exposed at home, 1.10 (95% CI: 0.94-1.28) for those exposed at work, and 1.30 (95% ClI:
1.12-1.50) for those exposed both at home and at work. Lung cancer risk tended to increase
with increasing years of exposure (P=0.07 for exposure at home; P=0.08 for exposure at
work; P=0.04 for exposure at home and work combined). We did not observe an apparent
association between lung cancer risk and childhood exposure to secondhand smoke
(OR=1.08, 95% CI: 0.92-1.26).

Associations between exposure to secondhand smoke and lung cancer development among
never smokers were similar in males versus females (OR=1.35, 95% CI: 1.07-1.71 for
males; OR=1.27, 95% CI: 1.11-1.45 for females; results not shown). There was some
indication of heterogeneity of associations by race/ethnicity, but the sample sizes were not
large enough to obtain precise estimates for non-White populations (OR=1.36, 95% CI:
1.18-1.58 for Whites; OR=1.20, 0.98-1.45 for Asians; OR=0.52, 0.25-1.06 for Blacks;
OR=1.57, 0.70-3.52 for Hispanic/Latinos; results not shown). A stronger association was
observed within the older age group of never smokers than within the younger age group
(OR=1.56, 95% CI: 1.31-1.86 for =65 years old; OR=1.10, 95% CI: 0.95-1.29 for <65 years
old; results not shown).

Table 6 compares small cell lung cancer with non-small cell lung cancer in terms of their
association with secondhand smoke exposure. The adjusted odds ratios comparing small cell
lung cancer with non-small cell lung cancer were 1.28 (95% CI: 1.03-1.59) and 2.11 (95%
Cl: 1.11-4.04) in the overall population and among never smokers, respectively.

Discussion

This pooled analysis is the largest collaborative effort investigating the association between
exposure to secondhand smoke and the development of lung cancer by histological type.
Exposure to secondhand smoke was associated with an increased risk of lung cancer among
both ever smokers and never smokers. Among the overall population, exposure to
secondhand smoke increased the risk of lung cancer by approximately 30% and 60% for
non-small cell lung cancer and small cell lung cancer, respectively. Among never smokers,
secondhand smoke exposure increased the risk by approximately 30% and 200% for non-
small cell lung cancer and small cell lung cancer, respectively.

Results of our joint effects analyses suggest that exposure to secondhand smoke is
associated with lung cancer risk in both ever smokers as well as never smokers. The strong
association between secondhand smoke exposure and lung cancer risk among ever smokers
might be related to the fact that smokers exposed to secondhand smoke tend to smoke more
than unexposed smokers do, as was the case in the present analysis—the mean pack-years of
smoking was 42.3 among those exposed to secondhand smoke, compared with 34.5 among
those who were unexposed (t-test P<0.0001; results not shown). However, the association
was very strong even after adjusting for pack-years of smoking (OR=1.40, 95% CI: 1.25-
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1.56; results not shown). Therefore, a potential alternative explanation for this finding is that
mainstream smoke and sidestream smoke have a synergistic effect on lung cancer
development.

Our results also indicate that the association with secondhand smoke exposure may be
greater for small cell lung cancer than for the other histological types (P=0.02). This
observation is consistent with the point estimates reported in previous studies by Hackshaw
et al. and Brennan et al. which also evaluated the association between secondhand smoke
exposure and lung cancer risk, but with small and squamous cell carcinomas combined.8”
Detecting such clear associations has been particularly challenging for small cell lung cancer
due to the small number of cases among never smokers. In our study, the difference in the
magnitudes of the association among the overall population compared with never smokers
may be due to chance or residual confounding.

Epidemiologic studies have consistently reported that cigarette smoking is most strongly
associated with small cell lung cancer, followed by squamous cell carcinoma.31023-28 The
differences in the strengths of associations by histological type is thought to be related to
tumor location. Small cell lung cancer and squamous cell carcinoma mainly occur in the
large central bronchi whereas adenocarcinoma and large cell lung cancer arise from more
peripheral sites. The aerodynamic diameters of cigarette smoke particles determine the sites
of deposition in the regions of the lung.2? It has been hypothesized that sites that are more
proximal in the respiratory tract are more heavily exposed to tobacco smoke particles,
especially those of larger size, than are peripheral sites.253931 De Stefani et al. suggested that
the presence of carcinogenic radioactive compounds and heavy metals in tobacco smoke
could also explain the strong relation between exposure to tobacco smoke and small cell
lung cancer, since occupational exposure to these carcinogens are strongly associated with
small cell lung cancer.23 Many of these carcinogens (e.g., nickel, chromium, and arsenic)
are also major constituents of sidestream smoke.® The results of our study suggest that
cigarette smoke plays a major role in the development of small cell lung cancer not only in
the form of mainstream smoke affecting active smokers but also in the form of sidestream
smoke affecting both active and passive smokers.

Lung cancer histology seems to be dictated by genetic alterations and the type of cells in
which they occur. In a study using precise laser capture microdissection and allelotyping,
Wistuba et al. reported there were differences in specific genetic alterations detected in
small cell lung cancer compared with non-small cell lung cancers, and the smoking-
damaged bronchial epithelium of patients with small cell lung cancer showed considerably
more genetic damage—in terms of allele loss and microsatellite alterations—than that of
patients with non-small cell lung cancers.32 Furthermore, many genetic alterations were also
frequently observed in histologically normal and mildly abnormal bronchial biopsies from
current and former smokers.32 Rb and p53 mutations, which occur in up to 90% of human
small cell lung cancers, are examples of genetic damage caused by smoking. In a study to
establish a mouse model for small cell lung cancer, Meuwissen et al. demonstrated that
concomitant loss of Rb and p53 in a broad range of mouse lung epithelial cells gave rise
almost exclusively to small cell lung cancer.33 Although the cellular origin of lung cancer is
largely unknown, it is speculated that different histological types arise from distinct cells of
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origin located in defined microenvironments, and small cell lung cancer is thought to have
its origin in neuroendocrine cells.33-35

We also observed some variations in strengths of associations by the location and duration
of secondhand smoke exposure. Exposure at home seemed to have a stronger effect than
exposure at the workplace, probably because exposure at home—especially from a spouse—
is more likely to be of greater duration and intensity than exposure at work. The results also
suggest that people exposed to secondhand smoke both at home and at the workplace are
more likely to develop lung cancer than those exposed at one location only. For both
exposure at home and exposure at work, we observed dose-response relations between
duration of exposure and lung cancer incidence. The trends were more evident among the
overall population than among the subgroup of never smokers, possibly due to the difference
in sample sizes. Brennan et al. also reported such dose-response relations among never
smokers, but their method of categorizing duration of exposure differed from ours.” When
we used the same duration categories used by Brennan et al. (<16/16-30.9/=31.0 years for
exposure from the spouse—assumed to be comparable to our variable for exposure at home
—and <8.0/8.0-20.9/>21.0 years for exposure at work), we observed dose-response
relations among never smokers for both exposure at home (P=0.04) and exposure at work
(P=0.02). Lastly, exposure to secondhand smoke during childhood was associated with lung
cancer among the overall population. Results from previous studies of exposure to
secondhand smoke during childhood have been inconsistent, which could be, at least
partially, due to the difficulty of recalling exposures that took place a long time ago.36-4°
The inconsistency may also be due to chance, since some studies had low power.

This study has several limitations. Due to the nature of our case-control study design, the
results might be influenced to some degree by recall bias. Since tobacco is an established
risk factor for many diseases, hospital-based controls might be more likely than healthy
controls to recall their exposure to secondhand smoke. If this is in fact the case, our results
from hospital-based case-control studies might be more likely to be biased towards the null,
compared to those from population-based studies. However, when we performed stratified
analysis, the association between exposure to secondhand smoke and lung cancer
development was even stronger within the stratum of hospital-based studies than that of
population-based studies. Variations in the definition of never smokers across studies could
also be a limitation. However, consistent results from influence analysis confirmed that the
observed associations were not due to any particular study. Another potential source of bias
might be the result of misclassification of ever smokers as never smokers due to
misreporting. In addition, the concordance of smoking status within couples might lead to
bias of the estimates. Although we were not able to assess this issue in this pooled
population, a European validation study has suggested that such bias from smoker
misclassification is not likely to be significant.>0 If a disproportionate number of exposed
controls had been classified as unexposed, then this might bias the estimated association
away from the null. Finally, we excluded some participants from the analysis due to missing
data, mostly on exposure status. Selection bias is possible if the data were not missing at
random. However, comparing those excluded from the analysis with those included, the
distributions of the covariates were similar between the two groups, except for study site.

Int J Cancer. Author manuscript; available in PMC 2015 October 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kim et al.

Page 10

The strength of this study is the relatively high power achieved through the pooling of
individual-level data. Compared with meta-analyses, pooled analyses such as ours can
achieve high power with less publication bias and more consistent covariate adjustment.
Although our results point to the role of secondhand smoke in the development of lung
cancer regardless of histological type, the extent of the relationship varies by histological
type and is especially strong for small cell lung cancer.

While it is important to disseminate the public health message about the hazard of active and
passive smoking in order to reduce the incidence of lung cancer, further investigation on the
etiologic processes underlying the association between tobacco smoke and lung cancer are
warranted. Future studies should also determine if exposure to secondhand smoke is
associated with stage of lung cancer, as well as consider other potential risk factors,
including indoor air pollution from other sources and genetic factors. In the ILCCO
consortium, we have started the process of pooling genetic data in order to investigate the
role of genetic polymorphisms in the DNA repair genes in the development of lung cancer
among never smokers.
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