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Abstract

Household air pollution (HAP) is associated with the development of lung cancer, yet few
studies investigated the exposure patterns and joint associations with tobacco smoking. In this
study, we included 224,189 urban participants from China Kadoorie Biobank (CKB), 3,288 of
which diagnosed with lung cancer during the follow-up. Exposure to four HAP sources (solid
fuels for cooking/heating/stove, and environmental tobacco smoke exposure) was assessed at
baseline. Distinct HAP patterns and their associations with lung cancer were examined
through latent class analysis (LCA) and multivariable Cox regression. A total of 76.1% of the
participants reported regular cooking and 52.2% reported winter heating, of which 9% and
24.7% used solid fuels, respectively. Solid fuel heating increased lung cancer risk (Hazards
ratio [HR]: 1.25, 95% confidence interval [CI]: 1.08-1.46). LCA identified three HAP
patterns; the "clean fuel cooking & solid fuel heating" pattern significantly increased lung
cancer risk (HR: 1.25, 95%CI: 1.10-1.41), compared with low HAP pattern. An additive
interaction was observed between heavy smoking and "clean fuel cooking & solid fuel
heating" (relative excess risk [RERI]: 1.32, 95%CI: 0.29-2.47, attributable proportion [AP]:
0.23, 95%CI: 0.06-0.36). Cases resulting from solid fuel account for ~4% of total cases
(population attribute fraction [PAF] overan: 4.31%, 95% CI: 2.16%-6.47%, PAF ever smokers:
4.38%, 95%CI: 1.54%-7.23%). Our results suggest that in urban China, solid fuel heating
increased the risk of lung cancer, particularly among heavy smokers. The whole population
could benefit from cleaner indoor air quality by reducing using solid fuels, especially

smokers.
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Novelty and Impact

Household air pollution (HAP) is associated with lung cancer. Here, based on China Kadoorie
Biobank (CKB), the authors evaluated potential HAP exposure patterns and their association
with lung cancer risk, as well as the joint effects and additive interactions with tobacco
smoking. Results showed solid fuel heating increased the risk of lung cancer, particularly
among heavy smokers. The whole population would have health benefits by stopping using

solid fuels, especially smokers.
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1. Introduction

Household air pollution (HAP) from the use of solid fuels for cooking or heating is one of
the major risk factors for the global burden of disease (GBD). The damage caused by HAP is
unevenly distributed across countries in the world, with almost all deaths due to HAP
occurring in low and middle-income countries (LMICs)!. The GBD study “estimated that 2.3
million deaths in 2019 were associated with HAP, including over 0.3 million in China 3. Thus,
controlling HAP is critical to reducing the burden of disease, especially in developing

countries like China.

Emissions of HAP from the incomplete solid fuels burning were proved to contain high
concentrations of carcinogenic volatile substances, such as benzo[a]pyrene, polycyclic
aromatic hydrocarbons (PAHs), and particulate matter (PM) with a diameter <2.5 um 4,
which had been linked to many different diseases, especially respiratory diseases. In terms of
lung cancer, some epidemiologic studies >, mostly cross-sectional or case-control designed
studies, have reported the relationship between HAP and lung cancer risk. A retrospective
cohort study ® based on 27,310 participants in Xuanwei, China also found that compared with
anthracite, bituminous coal users had a significantly higher risk of lung cancer, along with 36
times higher for men and 99 times higher for women. However, few prospective cohort
studies based on large-scale populations have examined the health effects of HAP, limited by

the scale and geographical diversity.



Although the Chinese economy is developing rapidly, there are over 450 million
individuals in China who still rely on solid fuels °. Despite this fact, few previous studies have
investigated the association between HAP and lung cancer based on the urban population.
Besides, the diverse fuel types and combustion processes may induce different exposure
patterns '°, detailed evidence on different exposure patterns of HAP is still inadequate . A
cohort study ! based on the Tasmanian Longitudinal Health Study (TAHS) examined the
relationship between exposure to heating/cooking facilities, smoking, and mold and
respiratory health in middle-aged adults. The study identified seven HAP profiles and found
that exposure to wood heating, gas cooking and heating, and tobacco smoke increased the
risks of persistent asthma. However, it considered only selected sources of HAP, ignoring
some other sources that are common in developing countries, such as biomass fuel and coal.
Given the heterogeneity in the uses of solid fuels in different countries, the exposure patterns

of the Chinese population to HAP and their effect on health remains unclear.

In China, coal and wood are the main solid fuels 3. A variety of behaviors (such as
cooking and heating) are associated with solid fuel use. However, previous studies have often
failed to fully consider the complex patterns of air pollution exposure caused by multiple
behaviors. Besides, concerning participants with different smoking status, previous studies
usually ignored the potential joint effects and interactions with smoking. Thus, in this large
prospective study based on the China Kadoorie Biobank (CKB), we investigated: (i) the effect
of separate HAP sources on risks of incident lung cancer; (ii) potential HAP exposure patterns

and their association with lung cancer risk; (iii) possible interactions between HAP exposure



patterns and smoking status in relation to lung cancer and (iv) the benefit of cessation of solid

fuels in urban areas of China.

2. Materials and Methods

2.1 Study populations

Details of the CKB have been described elsewhere !+ 15, Briefly, the objective of this
cohort is to explore different influential factors such as genetic factors, environmental factors,
and lifestyle factors on the occurrence and development of several chronic diseases. The CKB
study recruited participants aged from 30 to 79 years through ten geographically diverse
regions across China between 2004 and 2008, including 5 urban regions (Harbin, Qingdao,
Suzhou, Liuzhou, and Haikou) and 5 rural regions (Gansu, Henan, Sichuan, Zhejiang, and
Hunan). In each of these regions, residents without a major disability were identified and
invited to participate. Every participant answered an electronic questionnaire and undertook
baseline measurements carried out by trained workers following standardized procedures to
collect information on sociodemographic characteristics, health-related questions and physical

measurements.

2.2 Assessment of HAP sources and tobacco smoking

In the survey, participants were asked to provide information about their residences at

baseline and two previous residences where they had lived for at least 1 year. Questions were



asked to recall the years of living, cooking frequency (no cooking facility/ never/ rarely,
monthly, weekly, daily), cooking fuel (gas/ coal/ wood/ electricity/ other unspecified),
whether heat the house in winter (yes/ no), heating fuel (central heating/ gas/ coal/ wood/
electricity/ other unspecified), ownership of stove always kept under slow burning throughout
the day (always/ sometimes/ no), fuels used in stove always kept under slow burning
(smokeless coal/ smoky coal/ coal brick or coalite/ other unspecified)and environmental
tobacco smoke exposure (ETS, also called involuntary or passive smoking, was divided into
never/ occasionally/ 1-2 days per week/ 3-5 days per week/ daily). If more than one fuel type
was used at any residence, only the one used most frequently was recorded, and further details

are available from the study website: http://www.ckbiobank.org.

In accordance with the previous epidemiologic studies !¢, fuel types, along with stove
condition and ETS exposure were used as proxy indicators of HAP exposure. Participants
who cooked less than monthly were considered as noncooking. Those who claimed to expose
to ETS daily were classified as exposed to ETS while others were classified as not. Cooking
and heating fuels were divided into two types according to their degree of pollution. Solid
fuels comprised coal or wood, whilst clean fuels included electricity or gas (central heating
additionally for heating fuels) because they tended to generate much less air pollution than

solid fuels.

For tobacco smoking, questions included self-reported details related to smoking,
including frequency, amount, age started smoking, age stopped, and the key reason for

stopping. The smoking category included never smokers, former smokers, and current



smokers. Participants were classified as never smokers if they reported never or occasionally
smoking (i.e., <100 cigarettes throughout their lifetime) at baseline assessment. For smoking
status, all the participants were categorized according to pack-years of smoking which were
calculated by multiplying the number of years of smoking by the number of cigarettes smoked
per day. For never-smokers, pack-year of smoking was defined as 0. Light smokers referred to
people whose pack-years were greater than 0 and less than 30. Heavy smokers referred to
people whose pack-years were greater than or equal to 30. In the present study, HAP exposure
and smoking status were considered together to investigate the potential joint effects and
interactions on lung cancer incidence. Since ambient air pollution and HAP is constantly
exchanged !”, outdoor air pollution will influence the concentration of HAP and may
confound the association in our assessment '8, Thus, we also assessed the annual exposure of
outdoor PM 5 from 2005 to 2008 using the 4-year mean value in the analysis. The PM2 5
exposure was accessed based on satellite aerosol optical depth (AOD) data and ground
monitoring station data, and then multiple fillings were used to fill the missing data, which

had been described elsewhere '°.

2.3 Assessment of Outcome

The outcome of this study was incident lung cancer. Participants were followed up until
the date of a lung cancer diagnosis (classified by the 10th Revision of International
Classification of Diseases, ICD-10: codes C33-C34), loss to follow-up, death, or 31

December 2017, whichever came first. Lung cancer cases were ascertained via the Chinese



national health insurance claim database, established chronic disease registries, and local
death registries semi-annually, supplemented by active confirmation of cancer diagnosis by

trained staff who were blinded to baseline data.

2.4 Statistical analysis

Figure S1 shows the construction and analysis process of the cohort. Our analyses were
restricted to urban participants in CKB (rn = 226,193). We first excluded participants with
self-reported doctor-diagnosed cancer before the baseline survey (n=1,425) and those with
missing HAP data (n=579), leaving 224,189 participants in the final study. Baseline
characteristics of the study populations were presented to identify potential confounders

(Table 1).

We used the latent class analysis (LCA)?° to determine the analysis model based on HAP
patterns. Four different types of HAP exposure (main cooking fuel, main heating fuel, main
fuel used in stove always kept under slow burning, ETS exposure) were added into the latent
class model to specify different HAP patterns. We fit models ranging from two to ten classes
and then determined the best fitting models based on a set of criteria 2! : i) the Akaike
Information Criteria (AIC), Bayesian Information Criteria (BIC), and Log-likelihood were
used to select the best model, favoring the one for which the first two values were smaller and
the last one smaller in absolute value; ii) the number of participants assigned to each class,

where models with adequate sample size per class were preferred and iii) interpretability of



each class. Following model selection, participants were assigned to the subgroups in which
they had the highest probability of correct assignment. Probabilities of exposure of different
HAP exposure derived by LCA were used to characterize different latent classes. These latent
class assignments served as the independent variable for subsequent regression analyses.
Details of LCA and the process of selecting the final analysis model were provided in
supplement materials. Cox proportional-hazards regression models were used to estimate
multivariable hazard ratios (HRs) and 95% Cls of incident risks associated with lung cancer,
stratified by age-at-risk (five-year intervals), sex, and region (when appropriate), and adjusted
for body mass index (BMI, categorized as normal, overweighted, obesity), household income
(<¥20,000, ¥20,000-34,999, >¥35,000), education level (middle school or lower, high school
or higher), family history of cancer (yes, no, missing data), smoking category (never smoker,
former smoker, current smoker), pack-years of smoking (continuous), physical activity (MET-
h/d; continuous), mean value of outdoor PM; s from 2005 to 2008 (continuous) and cookstove
ventilation (all stoves had chimney or extractor, no/ not all stove), where appropriate. Fuller
details of the assessment of covariates for adjustment were provided in supplement materials.

Schoenfeld residuals were used to test the proportional hazards assumption.

We estimated the joint effects of different HAP patterns and different smoking status. The
additive interactions were also tested by 2 epidemic indexes ?: the relative excess risk
because of the interaction (RERI), along with the attributable proportion because of the

interaction (AP). The 95% CIs of the RERI and AP were generated by drawing 5000



bootstrap samples from the estimation dataset. Additive interaction would not be considered if

the 95%ClIs of the RERI and AP included 0.

To calculate the proportion of incident lung cancer that could be prevented if solid fuels
were to be eliminated from the study populations during a certain time interval, we calculated
the population attribute fraction (PAF)?* of never-smokers and ever-smokers among
participants. The 5-year PAF calculated the proportion of incident lung cancer in the

estimated population attributable to solid fuel in the cohort over a 5-year follow-up period 2.

We conducted subgroup analyses by baseline characteristics (age-at-risk, sex, BMI,
smoking status, educational level, household income, outdoor air pollution, cookstove
ventilation). We also carried out several sensitivity analyses to examine the potential impact
of residual confounding by: (i) excluding participants without complete covariates data (n =
9,777); (ii) excluding participants who were diagnosed with lung cancer within the first year
of follow-up (n = 162); (iii) stratified analysis based on the number of years living in the most
recent residence, iv) LCA conducted based on the fuel used in the past three residences
surveyed in the baseline questionnaire, and (v) excluding participants with unreliable years of
residence information (i.e. participants with a difference of more than 1 year between the sum

of years in three surveyed residences and baseline age) (n = 115).

In our statistical analysis, all P-values were two-sided, and P<0.05 was considered
statistically significant. All analyses were conducted using R software version 4.0.2. The
latent class analysis, Cox regression, and the calculation of PAF were performed using R

packages, including the poLCA, survival, and AF packages.



3. Results

Among the 224,189 urban participants, 3288 lung cancer events were observed during the
follow-up. Table 1 shows the distribution of the baseline characteristics of the participants.
The mean (SD) age was 52.8(10.9) years old and 59.6% of participants were female.
Compared to non-lung cancer participants, participants with lung cancer were older, with
lower household income, more likely to be current smokers or former smokers with longer

pack-years of smoking and to use solid heating fuels and smoky coal.

As surveyed through the baseline questionnaire, we tested the risk of lung cancer exposed
to different HAP sources separately (Figure S2). A significant association was observed
between the use of solid fuel heating and lung cancer (HR: 1.25, 95% CI: 1.08-1.46), but not
in solid fuel cooking (HR: 1.16, 95% CI: 0.98-1.37). Using smokeless coal or smoky coal in
stove always kept under slow burning did not significantly increase the risk of incident lung
cancer (HRsmokeless coal: 1.17, 95% CI: 0.96-1.42; HRsmoky coat: 1.19, 95% CI: 0.85-1.65).
Besides, we also observed an inverse association between ETS exposure and risk of lung
cancer. As described in the method section, we added four HAP sources into the LCA to
investigate the exposure pattern of HAP. Probabilities of various types of exposure derived by
LCA and fit Statistics for the LCA models were presented in Table 2 and Figure S3. Details
of the selection of models could be seen in supplementary methods. Considering several
fitting criteria, we finally selected the 3-class model. According to the maximum response

probability of LCA (Table 2), there was no difference between the subgroups of the 3-class



models on the characteristic of ETS exposure and stove always kept under slow burning.
Therefore, three different HAP patterns identified by LCA were named "clean fuel cooking &
clean fuel heating " (class 3), "solid fuel cooking & never heating " (class 2), and "clean fuel
cooking & solid fuel heating " (class 1) according to cooking and heating fuels. When
compared to the "clean fuel cooking & clean fuel heating" pattern, the "clean fuel cooking &
solid fuel heating" pattern significantly increased the risk of lung cancer (HR: 1.25, 95% CI:
1.10-1.41). However, we did not observe an association between the "solid fuel cooking &
never heating" pattern and lung cancer risk (Table 3). Stratified analyses showed that the
effects of exposure to different HAP patterns on lung cancer were generally similar across

different subgroups (Table S1).

In the sensitivity analyses, we found no significant difference in the HRs of different
HAP patterns with lung cancer before and after the exclusion of participants with incomplete
covariate data (Table S2). When excluding incident cases during the first year of follow-up,
the association was robust (Table S3). Analysis was also performed based on the strategy that
all the participants could be stratified by year of living in the most recent residence (Table
S4). For participants with year of living < 5, using "Clean fuel cooking & clean fuel heating"
patterns as reference, HR for "Solid fuel cooking & never heating" was 0.90 (95% CI: 0.55-
1.48); HR for "Clean fuel cooking & solid fuel heating" was 1.19 (95% CI: 0.85-1.67); for
participants with year of living = 5, HR for "Solid fuel cooking & never heating" was 1.22
(95% CI: 1.02-1.45); HR for "Clean fuel cooking & solid fuel heating" was 1.25 (95% CI:

1.09-1.43).



The association was not significant when the analysis was restricted to participants whose
years of living <5, while for participants who live longer than 5 years in the most recent

residence, the association was still significant.

As described in the method section, we categorized all the participants into different
smoking status according to their pack-years and calculated their risk of lung cancer (Table
S5). For heavy smokers, the risk of lung cancer was nearly 4.5 times higher than that for
nonsmokers. When combining the HAP exposure and smoking status, we used those who had
never smoked and always used clean fuels for cooking and heating as the reference group, and
observed a joint effect on lung cancer risk that presented in a dose-response manner (Fig. 1).
Heavy smokers with the "clean fuel cooking & solid fuel heating" pattern had the highest risk
of incident lung cancer (HR= 5.87, 95% CI:4.79-7.21). Furthermore, it was worth noting that
for heavy smokers, the RERI was 1.32 (95% CI: 0.29-2.47) suggested there would be 1.32
relative excess risk because of the additive interaction, accounting for 23% (6%- 36%) of the
risk of lung cancer in heavy smokers who were exposed to the "clean fuel cooking & solid

fuel heating" HAP pattern (Table 4).

To estimate the health benefit of cessation of solid fuels in this cohort, we estimated the
5-year PAF of using solid fuels (including solid fuel heating and cooking) in the cohort. Cases
resulting from solid fuel use account for 4.31% of total cases (PAF overani: 4.31%, 95% CI:
2.16%-6.47%), while 4.38% of incident lung cancer could have been reduced by stopping the

use of solid fuels among ever smokers (PAF cver smokers: 4.38%, 95%CI: 1.54%-7.23%) (Table



5), indicating that the population would benefit from stopping using solid fuels, especially for

ever smokers.

To examine the effect of the switch of fuels, we further considered the exposure to four
HAP sources (solid fuels for cooking/ heating/ stove fuels, and ETS) in the three most recent
dwellings surveyed in the baseline questionnaire. Fit statistics for the new LCA models were
shown in Figure S3. It could be derived from the fit statistics that there was no substantial
improvement for HAP exposure patterns over the 5-class model. Probabilities of different
HAP exposure by 5-class HAP patterns obtained by LCA were presented in Table S6.
Similarly, we named the 5-class pattern according to the feature of cooking and heating fuels.
Compared with the "never cooking & never heating" pattern (class 3), the "solid to clean
cooking fuel & solid to clean heating fuel" pattern (class 1) was still significantly associated
with lung cancer risk (HR = 1.22, 95%CI: 1.00 1.48) (Table S7). However, we did not
observe a significant association for participants who had the switch of solid fuel for cooking
or heating alone (i.e., "solid to clean cooking fuel & never heating" group and "never cooking
& solid to clean heating fuel" group). The observed associations did not change significantly

after the exclusion of participants lacking reliable year of residence information (Table S8).

4. Discussion

In this study, we found that the use of solid fuel for heating was associated with a higher

(~ 25%) risk of lung cancer compared with the use of clean fuel. Using the LCA, the complex



sources of HAP were classified into 3 distinct groups, namely "clean fuel cooking & clean
fuel heating", "solid fuel cooking & never heating", and "clean fuel cooking & solid fuel
heating". Compared with HAP exposure pattern with clean fuels for cooking and heating, the
"clean fuel cooking & solid fuel heating" pattern significantly increased the risk of lung
cancer, with consistent results across a range of population subgroups. When examining the
joint effects between HAP exposure patterns and smoking status, the greatest relative increase
of risk was observed among heavy smokers with a "clean fuel cooking & solid fuel heating"
exposure pattern. We also found an additive interaction between the "clean fuel cooking
&solid fuel heating" pattern and heavy smoking. These findings suggested that solid fuel
heating played an important role in the development of lung cancer. The exposure pattern of

"clean fuel cooking & solid fuel heating" could also enhance the negative effect of heavy

smoking.

In 2010, the International Agency for Research on Cancer (IARC) classified indoor
emissions from household combustion of coal and biomass as Group 1 carcinogen and Group
2A probable carcinogen respectively ?°. Findings of several studies, including some meta-
analysis 2627 and prospective studies 252 have shown an increased risk of lung cancer
among solid fuel users, which accord with our current study findings. Nevertheless, previous
studies usually focused on a single source of HAP, ignoring that the exposure components
usually included other sources, such as cooking fuels, heating fuels, stove fuels and ETS.
Increasing evidence from HAP studies ° also indicated the complexity and heterogeneity in

exposure patterns. In the present study, we investigated 4 different types of HAP exposure



sources and confirmed the associations between only solid fuel heating and lung cancer risk
through a large prospective study (HR: 1.25, 95% CI: 1.08-1.46). The HAP exposure patterns
analysis further showed the association of the "clean fuel cooking & solid fuel heating"
pattern with the risk of lung cancer (HR: 1.25, 95% CI: 1.10-1.41). These results indicated
that solid fuel heating is relevant to lung cancer. A possible contributing factor is that
participants using solid fuels for heating were more than participants exposed to other HAP
sources, which may influence the statistical power of the analysis. Another explanation is that
different exposure patterns may account for the results 6. While solid fuel cooking produces
HAP lasting for a short period, several times a day, solid fuel heating usually results in a
higher duration of HAP exposure throughout the day. Moreover, people tend to take
insulation measures to close doors and windows when heating, resulting in high
concentrations of HAP. Thus, HAP from solid fuel heating may result in a higher cumulative
inhaled contaminants dose. A meta-analysis ! of solid fuel exposure and risk of lung cancer
showed that the estimated odds ratio of exposure to solid fuel associated with lung cancer was
1.70 (95%CI: 1.50 1.94). The effect of solid fuel in our study (~25% increased risk) was
lower than that in the meta-analysis, the possible reasons may be as follows: (i) previous
studies tend to consider all sources of exposure uniformly, while our study considered
different HAP sources separately, which may lead to a lower observed effect; (ii) according to
the survey data of China Family Panel Studies (CFPS) *2, the proportion of solid fuel used in
China has been declining while that of clean fuel has been increasing, which may contribute

to improvements of indoor air quality, leading to the underestimate of the effect in our study.



Previous studies * found a positive association between lung cancer and ETS. However, we
observed an inverse association in the present study. A previous study ** based on CKB found
a significant inverse association between airflow obstruction and passive smoking. Besides,
the Global Adult Tobacco Survey (GATS)* conducted in 2018 found that nearly half of the
population was exposed to ETS, while 35% of the participants in the present study reported
exposure to ETS, indicating that exposure to ETS in China may be hard to define. Thus, we
supposed the present association to be affected by some residual confounding or the current
ETS exposure assessments may not be accurate. Besides, a 2~5-fold increased risk was found
among smokers considering the risk between active smoking and lung cancer, which was in
accordance with the effect observed among Asian population in previous studies *¢, and was
lower than that in European and American populations (9.4-23.2 fold increased risk),
suggesting racial differences in smoke-related lung cancer risk *’, and we expect further

discussion of these differences in subsequent studies.

To the best of our knowledge, our study is the first to assess the joint effects and possible
additive interactions between HAP exposure patterns and smoking status in China. Results
observed that the joint effects presented in a dose-response manner and revealed the "clean
fuel cooking & solid fuel heating" exposure pattern and active smoking synergistically

increased the risk of lung cancer. This was in accordance with previous studies 3%

claiming
that solid fuel users had an increased risk of lung cancer, especially among cigarette smokers.

The observed results are plausible, given that both combustions of tobacco and solid fuel



share similar carcinogenic constituents *°, which may increase the risk of incident lung cancer
) y

to a greater extent.

The main strengths of this study lay in the scale and diversity of our participants,
covering over 220,000 adults across five geographically diverse urban areas of China.
Moreover, we simultaneously examined four latent sources of HAP exposure (cooking fuel,
heating fuel, fuels used in stoves kept under slow burning, and ETS exposure) using the LCA
which was based on the posterior probability thus helping avoid the subjectivity of
classification !, and for the first time, explored the interactions between HAP exposure
patterns and smoking status. This study also examined the longitudinal relationship between
solid fuel using and lung cancer considering self-reported fuel types used in the three most
recent residences, which involved participants who were using clean fuel in the baseline
residence but had used solid fuel in one or more earlier residence(s). Additionally, it is worth
mentioning that our study also provided quantitative data about the health benefit of cessation
of solid fuels for never-smokers and ever-smokers among participants. These results have
public health implications, supporting the benefit of improving indoor air quality for the entire
population, and urging for the promotion of clean fuels. Meanwhile, heavy smokers should

pay more attention to HAP exposure. Further studies will be needed to confirm our findings.

Our study also has several limitations. First, solid fuel use was self-reported although this

30,42 which might cause recall bias. Second, we

referred to many other previous studies
lacked detailed information on secondary types of fuel use and the ventilation of the whole

house, as well as the effectiveness of ventilation devices, which might cause the



misclassification of different HAP exposure. Besides, the fuel type may have shifted during
the follow-up period; however, we don't have data on changes in fuel use during the follow-
up. Thus, the current results should be considered with caution. Third, although we carefully
adjusted for several covariates related to demographics status, socioeconomic status, and
outdoor air pollution status, residual confounding by unmeasured (e.g., occupational

exposure) or unknown factors remains possible.

In summary, our findings demonstrated that household solid fuel use, especially solid fuel
heating was associated with an increased risk of incident lung cancer in urban China. There
was an additive interaction between heavy smoking and the "clean fuel cooking & solid fuel
heating" exposure pattern. These findings reinforced the urgency to control indoor air quality
by improving access to clean fuels and reducing the use of solid fuels in urban China,

especially for smokers.
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Figure captions

Figure 1. Joint effects of HAP patterns and smoking status.

Definition of abbreviations: HAP, household air pollution; HR, hazards ratio; CI,
confidence interval;

Subgroups were defined by pack-years as never smokers referred to people whose
pack-year =0; light smokers (O<pack-years <30); heavy smokers (pack-years >30).
The hazard ratios for lung cancer according to the joint effect of air pollution patterns
and pack years of smoking were estimated using Cox proportional hazard models with
adjustment for age at risk, sex, region(stratified), BMI, household income, education
level, family history of cancer, smoking category, pack-years of smoking, physical

activity, outdoor PM; 5, cookstove ventilation.



Table 1. Population characteristics included in the study

Lung cancer(n=3,288)

Non-lung cancer(rn=220,901)

Overall(n=224,189)

Characteristics
Sex, %
Male
Female
Age(years), mean (SD)
Age, %
<60 years
=60 years
BMI (kg/m2), mean (SD)
BMLI, %
Normal (<25 kg/m?)
Overweight (25 to 29.9 kg/m?)
Obesity (=30 kg/m?)
Education level, %
High school or higher

Middle school or lower
Household income, %
<¥20,000
¥20,000-34,999
=¥35,000
Family history of cancer, %
Yes
No
Missing
Smoking category, %
Never
Former
Current
Pack years of smoking, mean (SD)
Physical activity (MET-h per day)?,
median (IQR)
Cooking fuel, %
Never (<Monthly)
Clean fuel
Solid fuel
Heating fuel, %
Never
Clean fuel
Solid fuel
Stove always kept under slow
burning, %
Never/Sometimes

Smokeless coal/Coalite

56.7(n=1,863)
43.3(n=1,425)
61.2(9.5)

40.9(n=1,346)
59.1(n=1,942)
23.9(3.5)

62.3(n=2,047)
33.1(n=1,088)
4.7(n=153)

25.8(n=847)
74.2(n=2,441)

50.5(n=1,661)
29.7(n=975)
19.8(n=652)

21.5(n=708)
73.8(n=2,427)
4.7(n=153)

46.0(n=1,514)
12.4(n=408)
41.5(n=1,366)
18.5(22.9)

11.2(11.83)

29.5(n=970)
63.6(n=2,090)
6.9(n=228)

39.7(n=1,304)
42.4(n=1,395)
17.9(n=589)

95.4(n=3,136)
3.5(n=115)

40.1(n=88,651)
59.9(n=132,250)
52.7(10.8)

72.5(n=160,142)
27.5(n=60,759)
24.3(3.4)

59.9(n=132,255)
34.7(n=76,681)
5.4(n=11,965)

36.0(n=79,578)
64.0(n=141,323)

42.7(n=94,316)
31.9(n=70,406)
25.4(n=56,179)

19.0(n=41,863)
76.7(n=169,414)
4.4(n=9,624)

70.4(n=155,453)
6.5(n=14,332)
23.1(n=51,116)
7.2(14.8)

15.0(17.71)

23.8(n=52,589)
69.4(n=153,248)
6.8(n=15,064)

47.9(n=105,914)
39.2(n=86,669)
12.8(n=28,318)

96.9(n=214,012)
2.5(n=5,469)

40.4(n=90,514)
59.6(n=133,675)
52.8(10.9)

72.0(n=161,488)
28.0(n=62,701)
24.3(3.4)

60.0(n=134,302)
34.7(n=77,769)
5.4(n=12,118)

35.9(n=80,425)
64.1(n=143,764)

42.8(n=95,977)
31.8(n=71,381)
25.3(n=56,831)

19.0(n=42,571)
76.7(n=171,841)
4.4(n=9,777)

70.0(n=156,967)
6.6(n=14,740)
23.4(n=52,482)
7.4(15.1)

15.0(17.61)

23.9(n=53,559)
69.3(n=155,338)
6.8(n=15,292)

47.8(n=107,218)
39.3(n=88,064)
12.9(n=28,907)

96.9(n=217,148)
2.5(n=5,584)



Smoky coal
Cookstove ventilation, %
Yes
No/ Not all stoves
Environmental tobacco smoke exposure
No
Yes
PMa,s
Low pollution

High pollution

1.1(n=37)

74.7(n=2,455)
25.3(n=833)

67.2(n=2,208)
32.8(n=1,080)

47.4(n=1,560)
52.6(n=1,728)

0.6(n=1,420)

74.6(n=164,732)
25.4(n=56,169)

64.8(n=143,098)
35.2(n=77,303)

49.9(n=110,133)
50.1(n=110,768)

0.6(n=1,457)

74.6(n=167,187)
25.4(n=57,002)

64.8(n=145,306)
35.2(n=78,883)

49.8(n=111,693)
50.2(n=112,496)

Definition of abbreviations: BMI, body mass index; SD, standard deviation; IQR, interquartile range; PM.s, fine particulate

matter with diameter <2.5 pm.

* MET-h per day=metabolic equivalent of task h per day. 1 MET-h is defined as 1 kcal/kg per h



Table 2. Probabilities of HAP exposure by different patterns derived by LCA

Item Latent class 1 Latent class 2  Latent class 3

Prevalence 0.1291 0.0659 0.8050
Cooking fuel Never (<Monthly) 0.2135 0.2409 0.2431
Clean fuel 0.7394 0.3386 0.7569

Solid fuel 0.0470 0.4204 1.26E-46
Heating fuel Never 0.0048 0.9440 0.4686
Clean fuel 0.0145 0.0500 0.5313

Solid fuel 0.9807 0.0060 2.28E-05
Stove fuel Never/Sometimes 0.8167 0.9579 0.9982
Smokeless coal/Coalite 0.1336 0.0420 0.0018

Smoky coal 0.0497 0.0001 1.60E-123
Environmental tobacco smoke exposure  No 0.6515 0.6271 0.6518
Yes 0.3485 0.3729 0.3482

Definition of abbreviations: LCA: Latent class analysis.



Table 3. Risk of lung cancer according to different HAP patterns

No. cases/ Model 1° Model 2°
HAP exposure profiles
person years HR (95%CI) P value HR (95%CI) P value
Clean fuel cooking & clean fuel heating 2493/1938732 Ref. Ref.
Solid fuel cooking & never heating 206/158111 1.19(1.02-1.39) 0.026 1.16(0.99-1.37) 0.072
Clean fuel cooking & solid fuel heating 589/310110 1.47(1.30-1.66)  5.66E-10 1.25(1.10-1.41)  4.69E-04

Definition of abbreviations: HAP, household air pollution; HR, hazards ratio; CI, confidence interval;
* Adjusted for age at risk, sex, region(stratified)
® Adjusted for age at risk, sex, region(stratified), BMI, household income, education level, family history of cancer, smoking category, pack-years of smoking, physical activity, outdoor

PM. s, cookstove ventilation



Table 4. RERI and AP for additive interaction between smoking status and HAP exposure profiles *

Smoking status ¢

Heavy smokers

HAP exposure profiles Light smokers
RERI *(95%CI)  AP" (95%CI) RERI? (95%CI) AP’ (95%CI)
Solid fuel cooking& never heating 0.39(-0.46-1.32)  0.16(-0.26-0.39) 0.83(-0.52-2.37)  0.16(-0.13-0.35)

Clean fuel cooking & solid fuel heating ~ 0.13(-0.38-0.67)  0.06(-0.19-0.24) 1.32(0.29-2.47) 0.23(0.06-0.36)

Definition of abbreviations: HAP, household air pollution; RERI, relative excess risk due to interaction; AP, attributable proportion due to interaction; CI, confidence

interval;

* Adjusted for age at risk, sex, region(stratified), BMI, household income, education level, family history of cancer, smoking category, pack-years of smoking, physical

activity, outdoor PM. s, cookstove ventilation

®To estimate RERT and AP, the lowest pollution exposure profile(clean fuel cooking & clean fuel heating) and the lowest pack-year group(pack year=0) were the reference

categories.

¢ Defined by pack-years of smoking: light(0O<pack-years <30); heavy(pack-years =30)



Table 5. S5-year PAF between people with different smoking status

Smoking status ° Attribute cases(95%CI) Total cases PAF%(95%CI) P value *
Never smoker(n=157,043) 21(4-37) 501 4.12(0.79-7.44) 0.015
Ever Smoker(n=67,146) 27(10-45) 626 4.38(1.54-7.23) 0.003

Overall(n=224,189) 49(24-73) 1127 4.31(2.16-6.47) 8.85E-05

Definition of abbreviations: PAF, population attributable fraction; CI, confidence interval;

* Adjusted for age at risk, sex, region(stratified), BMI, household income, education level, family history of cancer, smoking category, pack-years of smoking,

physical activity, outdoor PMz s, cookstove ventilation

®Defined by pack-years of smoking: never smokers (pack-year =0); ever smokers (pack-years >0)



