1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Int. Author manuscript; available in PMC 2025 January 06.

-, HHS Public Access
«

Published in final edited form as:
Environ Int. 2023 March ; 173: 107870. doi:10.1016/j.envint.2023.107870.

Methylated polycyclic aromatic hydrocarbons from household
coal use across the life course and risk of lung cancer in a large
cohort of 42,420 subjects in Xuanwei, China

Liutzen Portengen?!, George Downward?, Bryan A. Bassig? T, Batel Blechter2, Wei Hu2,
Jason Y. Y. Wong?, Bofu Ning3, Mohammad L. RahmanZ?, Bu-Tian Ji2, Jihua Li4, Kaiyun
Yang®, H. Dean Hosgood®, Debra T. Silverman?, Nathaniel Rothman?, Yunchao Huang’"",
Roel Vermeulenl”, Qing Lan?"

linstitute for Risk Assessment Sciences, Utrecht University, Utrecht, Utrecht, The Netherlands.

2Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD, USA.
SXuanwei Center for Disease Control and Prevention, Xuanwei, Qujing, Yunnan, China.
4Quijing Center for Diseases Control and Prevention, Sanjiangdadao, Qujing, Yunnan, China.

SThird Affiliated Hospital of Kunming Medical University (Yunnan Tumor Hospital), Kunming,
China.

5Department of Epidemiology and Population Health, Albert Einstein College of Medicine, New
York, NY, USA.

’Department of Epidemiology, Shanghai Cancer Institute, Shanghai Jiaotong University,
Shanghai, China.

Abstract

Background—We previously showed that exposure to 5-methylchrysene (5MC) and other
methylated polycyclic aromatic hydrocarbons (PAHS) best explains lung cancer risks in a case-
control study among non-smoking women using smoky coal in China. Time-related factors (e.g.,
age at exposure) and non-linear relations were not explored.

Objective—We investigated the relation between coal-derived air pollutants and lung cancer
mortality using data from a large retrospective cohort.

Methods—Participants were smoky (bituminous) or smokeless (anthracite) coal users from
a cohort of 42,420 subjects from four communes in XuanWei. Follow-up was from 1976 to
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2011, during which 4,827 deaths from lung-cancer occurred. Exposures were predicted for 43
different pollutants. Exposure clusters were identified using hierarchical clustering. Cox regression
was used to estimate exposure-response relations for SMC, while effect modification by age at
exposure was investigated for cluster prototypes. A Bayesian penalized multi-pollutant model was
fitted on a nested case-control sample, with more restricted models fitted to investigate non-linear
exposure-response relations.

Results—We confirmed the strong exposure-response relation for SMC (Hazard Ratio [95%
Confidence Interval] = 2.5 [2.4, 2.6] per standard-deviation (SD)). We identified four pollutant
clusters, with all but two PAHs in a single cluster. Exposure to PAHSs in the large cluster was
associated with a higher lung cancer mortality rate (HR [95%CI] = 2.4 [2.2, 2.6] per SD), while
exposure accrued before 18 years of age appeared more important than adulthood exposures.
Results from the multi-pollutant model identified anthanthrene (ANT) and benzo(a)chrysene
(BaC) as risk factors. 5SMC remained strongly associated with lung cancer in models that included
ANT and BaC and also benzo(a)pyrene (BaP).

Conclusion—We confirmed the link between PAH exposures and lung cancer in smoky coal
users and found exposures before age 18 to be especially important. We found some evidence for
the carcinogen 5SMC and non-carcinogens ANT and BaC.

Introduction

Several studies have confirmed the relation between household air pollution (HAP), due
to burning coals and other solid fuels, and mortality from respiratory diseases, including
lung cancer.1~* Use of bituminous (“smoky”) coal has been linked to the excess risk of
lung cancer that was observed earlier in non-smoking women living in rural Xuanwei,
China.>~7 Residents of this area primarily work as subsistence farmers and burn solid fuels
for cooking and heating. Using data from a population-based case-control study of lung
cancer among never-smoking women in Xuanwei and neighbouring Fuyuan, we showed
previously that lung cancer incidence was strongly associated with cumulative exposure
to methylated polycyclic aromatic hydrocarbons (PAHs) and NO», and that the evidence
was strongest for exposure to 5-methylchrysene (5MC) 8 rather than for the “known”
carcinogens benzo[a]pyrene (BaP) and particulate matter (PM). 4

The importance of using a life course approach, studying the temporal relation between
air pollution exposure during gestation, childhood, adolescence, or (young) adulthood and
subsequent chronic disease, has been stressed in a number of publications.®10 There is
evidence that exposures at younger ages may have more detrimental effects due to the
still developing organ systems.11-13 Case-control studies can be used to study life course
questions, 14 but control selection can be a challenge and birth cohort studies are therefore
often preferred.

Our earlier investigation of exposure-response relations for constituents of household air
pollution and lung cancer, relied on models that focused on the linear effects of cumulative
exposure on the log-odds of lung cancer, although we reported results also from an
analysis where exposures had been categorized. This assumption of a linear response can
be restrictive when the true exposure response is not linear, and may result in incorrect

Environ Int. Author manuscript; available in PMC 2025 January 06.

Page 2



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Portengen et al.

Methods

Population

Page 3

ranking of mixture components.® In addition, non-linear effects may be of interest from an
etiological or risk assessment perspectivel6.17

“To follow-up on our previous case-control study that found a strong relation between
exposure to coal-derived methylated PAHs and lung cancer incidence, we investigated the
relation between the same set of household air pollutants and lung cancer mortality using
data from a large cohort study of men and women living in Xuanwei, China. We additionally
evaluated the importance of time-related factors (age at exposure) and potential non-linear
exposure-response relations.

Full cohort and lifetime smoky-coal user sub-cohort—The design and study
population of this cohort have been previously described.®18 Briefly, subjects were sampled
from a rural population in Xuanwei, China, who were still primarily using coal for

indoor heating and cooking. The study area comprised of three communes where residents
mainly used a bituminous (“smoky”) coal from a single coal seam and one commune
where residents mainly used an anthracite (“smokeless™) coal. A summary of subject
characteristics by commune is provided in the appendix (table S1). The retrospective part
of the cohort was assembled in 1992 and was based on a review of administrative records
to identify all subjects born between 1917 and 1951 who lived in the study area as of

1 January 1976. A graphical illustration of the timeline of the study is provided in the
appendix (figure S1). The full cohort included 42,420 subjects, but after excluding subjects
with missing or unreliable information on vital status (n=277) or coal use (n=60), 42,083
subjects remained for further analyses. Of these, 29,032 reported using coal only from
deposits that were regarded as smoky coal deposits (i.e., lifetime smoky coal users). Note
that this definition of a lifetime smoky coal user is slightly different from that used in other
papers on this population,’ where the definition was based on self-reported coal type instead
of self-reported coal source. However, self-reported coal type by participants from our
exposure survey study did not always match the physico-chemical properties of the actual
coal used (assessed using chemical analyses), and we therefore based our definition on the
physico-chemical properties of coals from the seam where subjects reportedly sourced their
coal. The remaining 13,051 subjects mainly used smokeless coal or other solid fuels (wood,
plants etc.).

The study was approved by the Institutional Review Board of the Chinese Academy of
Preventive Medicine. Informed consent was obtained from all participants or their proxies if
they could not understand the written consent form.

Case ascertainment

The date and cause of death for participants in the cohort over the follow-up period

(1 January 1976 to 31 December 2011) were obtained from hospital records and death
certificates. A death certificate is required for official documentation in hospitals, public
security bureaus, and public health bureaus in Xuanwei. Cause of death was coded by the
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Center for Disease Control according to the International Classification of Diseases, 9th
revision (ICD-9), including for lung cancer (162). We conducted a validation study with
regards to the diagnosis of lung cancer for the first follow-up in 1992. The average time from
diagnosis to death proved similar for subjects with and without a histopathological diagnosis
of lung cancer.18A total of 4640 lung cancer deaths were identified.

Exposure assessment

Exposure assessment was performed similarly to the procedure used for our earlier case-
control study® and was described in detail for this cohort by Bassig et al. 1° In short,
self-reported information on fuel and stove use, including information on the mine from
which coal was sourced, was available for each year from birth to end of follow-up or death
from lung cancer. If subjects (or surrogate respondents) reported that they used coal from

a local mine, the deposit layer was assigned the most likely deposit based on results from

a Bayesian predictive model. The type of fuel and type of stove(s) that were used were the
main determinants in determinant-based exposure models that were derived using household
air pollutant measurements and determinant data collected during an exposure survey that
was conducted in this population.29-22 These exposure models were used to predict exposure
levels for 39 different PAHs (a full list with the abbreviations used in this paper is provided
in the appendix), as well as the known air pollutants NO,, SO,, particulate matter (PM), and
black carbon (BC). Validity of model estimates with regards to long-term annual exposure
was not evaluated due to the lack of historical measurements, but marginal R2s for the
exposure models were generally fair (in the range of 0.23-0.74). More detailed information
regarding the exposure assessment and a table showing marginal R2s for each exposure
(table S2) are provided in the appendix.

Nested case-control sample—To facilitate high-dimensional cluster analyses of
household air pollutant exposure data and to allow fitting of Bayesian penalized (horseshoe)
regression models (that rely on computationally demanding Markov Chain Monte Carlo
(MCMC) algorithms), a nested case-control sample was drawn from the full cohort. For each
lung cancer case we drew 10 control subjects from participants that were alive at the age of
death of the lung cancer case, matching on sex and year of birth. Subjects could be selected
as controls for more than one case, and cases were considered to be “at risk” when still alive,
meaning that they could be selected as controls for other cases.

Statistical analysis

Cluster analysis & derivation of cluster prototypes—In our main survival analyses,
we used the so-called “counting process” formulation?? to account for yearly changes

in exposure, which means that the analytical dataset contained multiple records for each
individual (one for each age). This makes it more difficult to avoid double counting,

while still summarizing the available exposure information in a comprehensive way. We
therefore used data from the control subjects in our nested case-control samples to inform a
hierarchical cluster analysis aimed at identifying clusters of exposures in the full cohort and
the subset of lifetime smoky coal users respectively.
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Exposures were transformed using power transformations to reduce skewness and improve
symmetry of the distributions?4. We used standard Euclidean distances and the complete
linkage method to determine the cluster sequence and selected the number of clusters to
extract based on the silhouette score.25 Based on the results from this analysis, we derived
a cluster prototype scoring rule by extracting the first component score coefficients from

a principal component analysis (PCA) model applied to the cluster-specific exposure data.
Prototype scores were mean-centered and scaled based on data from the control subjects.
Cluster scores in the full and lifetime smoky coal cohorts were calculated using the scoring
and scaling rules derived from the nested case-control sample.

Survival analysis to assess cluster prototype effects using data from the full
cohort—We used Cox regression from the survival package?® in R with age as the time
scale, accounting for left truncation and yearly changes in (time-varying) exposure by using
multiple records for each individual. Baseline rates were stratified by sex and year of birth
and the models accounted for confounding by differences in smoking habits and educational
status (as a proxy for socio-economic status).

Importance of timing of exposure—We previously found that women who began
cooking with smoky coal <18 years of age had a higher risk of lung cancer compared to
women who started cooking at an older age.® To assess the impact of the timing of pollutant
exposure we calculated cumulative exposure for the main PAH cluster prototype separately
for the first 18 years and all later ages. We then evaluated, for each subject in each of the
risk-sets used in the Cox analysis, whether they had been exposed either above or below

(or equal to) the average cumulative exposure in that risk-set. Each risk-set is made up of a
single lung cancer case and all sex- and birthyear-matched subjects in the cohort that were
alive at the age that the case died as controls. Cumulative exposure was calculated separately
before or after age 18 years until each risk-set’s age. This metric was then used to estimate
hazard ratios (HR) for being highly exposed on average before or after age 18 years. This
metric was chosen to avoid comparing effect estimates for cumulative exposures accrued
over very different exposure durations (i.e. 18 years for childhood exposure, but on average
37 years, range 9-72 years, for adult exposures) and to avoid interpretational problems that
arise when subtracting values from a power-transformed variable.

Multi-pollutant models—Multi-pollutant modelling for the full set of 43 household air-
pollutants was performed by fitting a (horseshoe) penalized conditional logistic regression
model as implemented in the brms package?” in R to data from the nested case-control
sample(s). As in our previous paper, we followed recommendations for further modifications
of the horseshoe prior and hyperparameter settings that were suggested by Piironen and
Vehtari (2017).28 The hyperparameter for the scale of the global shrinkage parameter was
selected assuming that all the confounders, but no more than 10% of the exposures, were
associated with lung cancer, while the degrees of freedom(df) for this parameter were left

at the default value of 1. The scale parameter for the slab (i.e., the regularization prior for
coefficient values of effective variables) was set to 2.5, the df for the slab to 4, and the df for
the local shrinkage parameters to 1. We increased the adapt_delta parameter of the no-u-turn
sampler?9 to 0.99 to avoid divergent transitions.
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Household air-pollutant exposure levels were scaled before fitting the model, as is usual

for penalized regression models, using scaling factors (empirical standard deviations) that
were derived from the empirical exposure distributions in controls from each of the nested
case-control samples (i.e., for the full cohort and for the lifetime smoky coal users). Scaling
factors were used to re-scale effect estimates from models that were fitted on data with
different scaling factors to make them comparable.

Non-linear exposure response relations—We fitted multi-pollutant Cox regression
models that included a more restricted set of air pollutants, to data from the full cohort

to assess the potential for non-linear exposure-response relations. These models used
penalized splines as implemented in the ps/ine function from the survival package?® in R and
included only anthanthrene (ANT), benzo(a)chrysene (BaC), benzo(a)pyrene (BaP), and/or
5-methylchrysene (5MC). The degrees of freedom for each spline function was selected
based on Akaike’s Information Criterion (AIC).30

A summary of subject characteristics is provided in table 1. Almost all the male subjects
(92%), but very few female subjects (<2%), smoked, making it impossible to investigate
interaction between air pollutant exposure and smoking or effect modification by sex.
Lifetime smoky coal users tended to be younger at entry into the cohort, were more often
female and tended to be more educated than smokeless coal users or subjects that burnt
mostly other fuels. There were fewer cases of lung cancer among the smokeless coal and
other fuel users than among the lifetime smoky coal users and they tended to occur at a later
age. A graph showing the much higher estimated age-specific lung cancer mortality rates for
lifetime smoky coal users than for smokeless coal or other solid fuel users is provided in the
appendix (figure S2).

A heatmap showing the correlation between individual pollutant exposures in controls
from the nested case-control sample, both in the full cohort and the lifetime smoky coal
subpopulation, is provided in the appendix (figure S3).

Replication of previous findings

A bi-pollutant model that included the two strongest risk factors (NO, and 5MC) identified
in previous analyses of data from a (retrospective) case-control study in the same general
area 8 confirmed the much higher lung cancer mortality rates associated with exposure

to SMC (HR [95%CI] = 2.5 [2.4, 2.6]), but not for NO, (HR [95%CI] = 0.8 [0.7, 0.8]).
The increase in lung cancer rates associated with 5SMC exposure was much reduced when
assessed in lifetime smoky coal users only (HR [95%CI] = 1.3 [1.2, 1.3]).

Exposure distributions and cluster analysis

We used household air pollutant data from the nested case-control sample to compare
exposure distributions between cases and controls, with histograms provided in the appendix
(figure S4). Exposure distributions for most of the PAHSs tended to be bimodal in both

cases and controls, but with relatively more low exposed controls and higher exposed cases.
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Exposure distributions for PM, BC, and NO, appeared more unimodal and not very different
for cases and controls, while estimated exposures to SO, tended to be higher in controls than
in cases.

In hierarchical cluster analysis using data from controls in the nested case-control sample

of the full cohort, all but two of the 39 PAHs were assigned to a single cluster, reflecting

the strong correlations between estimated PAH exposure levels in this population (appendix
figure S3). PM, BC, and NO>, also clustered together, while three pollutants (SO,, NkF, and
DIP) were each assigned their own (single-exposure) cluster. The optimal cluster solution
for lifetime smoky coal subjects was very similar, with all but three PAHs assigned to a
single large cluster, a second cluster that contained SO,, PM, BC, and NO,, and two clusters
consisting of DIP and NkF and ANT respectively.

Cluster prototype effects

Results from Cox regression analyses using the cluster prototypes on the full cohort and
lifetime smoky coal users are provided in tables 2 and 3. The strongest positive associations
between pollutant exposure and lung cancer mortality rates were for exposures in the large
PAH cluster, both in the full population (HR [95%CI] = 2.4 [2.2, 2.6] per SD) and in lifetime
smoky coal users (HR [95%CI] = 1.4 [1.3, 1.5] per SD). In contrast, higher exposures

to SO or pollutants from the cluster containing PM, BC, and NO, were associated with
relatively lower lung cancer mortality.

All exposures in the large PAH cluster showed strong positive associations with lung cancer
mortality in single exposure models (figure S5).

Timing of exposure

Based on estimated exposure to pollutants from the large PAH cluster, and using the full
cohort data, there were 577 cases out of a total of 4,640 (12.4%) that were highly exposed
(i.e., higher than average in their sex and age matched controls) only before age 18 years,
173 (3.7%) that were highly exposed only after age 18 years, and 3,303 (71.2%) that were
highly exposed during both periods. For control subjects these proportions were 11.8%,
8.8%, and 41.7%, respectively. Estimated HRs of lung cancer mortality for different patterns
of exposure are provided in table 4. The estimated HR of lung cancer mortality for being
exposed above the average exposure level both before and after age 18 years is almost
identical to that implied by the HRs for being highly exposed either before or after age 18
years.

Penalized multi-pollutant models

Using a penalized regression modeling framework, ANT and BaC were identified as the
strongest risk factors for LC in the nested case-control sample with estimated odds ratios
[95%CI] of 3.9 [2.0, 9.2] and 6.7 [0.8, 129] for ANT and BacC respectively (figure 1A).
Estimated exposure effects were broadly comparable between the model based on data from
the full population and that based on data from smoky coal users only, although slightly less
pronounced in the latter (figure 1B). A graphical comparison of exposure effect estimates
with those from our earlier analyses of the retrospective case-control sample is provided
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in the appendix (figure S6). Results using estimated cumulative exposures after lagging
exposure for 10 years were similar to those for unlagged exposures and are not further
discussed (appendix figure S7a). Results from the horseshoe regression model fitted to
cumulative exposures below age 18 only are also provided in the appendix (figure S7b),
but do not point out any specific pollutant risk factor contributing in particular to the risk
observed for early life exposures.

Non-linear multi-pollutant models

Because the penalized model is likely to struggle with the strong correlations arising from
the bimodal distributions for many exposures in this study, we aimed to explore the potential
risks associated with exposure to a selected subset of PAH exposures in more detail also

in the full cohort data, using multi-pollutant models that allow for non-linear, but smooth,
exposure-response relations. For this purpose, we selected ANT and BaC as the strongest
risk factors emanating from the penalized multi-pollutant model, BaP based on its known
carcinogenicity and because it is often used for risk assessment purposes, and 5MC because
it was suggested as a strong risk factor for lung cancer in our earlier case-control study

in this population. The full set of results is provided in the appendix (figure S8); results

in figure 2 are for models that include either BaP or 5SMC, because the strong collinearity
between their spline functions resulted in strongly diverging exposure-response relations
when both were included. All selected PAHs showed a similar, strong positive, exposure-
response relation with LC mortality in single-pollutant models, while the exposure-response
relation for BaP in a multi-pollutant model that also included ANT and BaC appeared
mostly flat, it was clearly positive and strong for 5MC in the comparable model.

Discussion

Using data from a large cohort study, we confirmed our earlier finding of a strong exposure-
response relation with lung cancer for 5SMC, but not for NO,. We found that exposure

to PAHs associated with indoor burning of smoky coal was a strong and significant risk
factor for lung cancer mortality. In penalized multi-pollutant models, ANT, rather than
5MC, appeared to be the PAH that was most strongly related to lung cancer, but 5SMC still
showed a convincing exposure-response relation in regression models where it was included
along with ANT and a more restricted set of exposures. We also showed that household

air pollutant exposure during childhood was more strongly associated with lung cancer
mortality than exposure at later ages.

ANT was identified as the strongest risk factor in both multi-pollutant and non-linear
exposure-response models, but there is only limited evidence for its carcinogenicity from
experimental animal models3?, and it may therefore be only a proxy for another PAH
exposure associated with coal burning.

Robust identification of single exposure effects proved extremely challenging in the
presence of strong between-exposure correlations, even when using state-of-the-art
modelling techniques. The fact that we were able to identify only a single, very large,
cluster of PAH exposures clearly reflects the strong multi-collinearity among exposures in
the present study, which was stronger than in our earlier case-control study where we were
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able to identify several smaller PAH clusters. Also, whereas NO, did not cluster with any
other exposure in the case-control study, it did cluster with PM and BC in the present study.

Interpretation of the results from multi-pollutant models can be challenging, because effect
estimates for a single pollutant are conditional on effect estimates for all other pollutants.
For correlated exposures, estimated HRs less than 1 for some components do not necessarily
imply that the exposure has a protective effect, but could also indicate that, in a situation
where all exposures occur in combination, risks are lower than might be suggested by

linear extrapolation of individual exposure effects. All exposures in the large PAH cluster
showed strong positive associations with lung cancer mortality in single exposure models
(not shown).

Average estimated exposure levels in this study were generally in the same range as those
estimated for the case-control study8. One important factor is likely the more limited
geographical sampling performed in this study, with subjects using smoky coal from a single
coal seam only, resulting in a more pronounced bimodal exposure distribution for many
PAHSs, including 5MC.

The fact that exposure during early life was found to be more strongly related to lung cancer
risk than exposure at lower ages fits with other studies that showed the developing lung

to be more susceptible to the carcinogenic effects of many traffic-related air pollutants.11~

13 Children may be more susceptible to the carcinogens in coal emissions because of
increased air intake proportional to lung size32 and less efficient carcinogen detoxification.33
Importantly, given that childhood is a period of rapid growth and development, it is

possible that unrepaired somatically acquired genomic abnormalities in stem cells may carry
forward into more daughter cells during adulthood. We were unable to focus on a narrower
time-window because reported coal use tended to be stable across most of the childhood,
resulting in strong correlations between estimated exposures at different ages. However,
most previous research on the effects of early life exposures was limited to studying effects
in children or young adults, while the results from our study suggest that significant effects
may be found also at much later ages.

Single-pollutant spline-based models showed monotonically increasing exposure-response
relations, but this was no longer the case when different, correlated, exposures were included
in the same model. In bi-pollutant or higher-order-pollutant models exposure-response
curves for BaC and BaP (but not ANT or 5MC) became more variable, even showing

a negative dose-response relation for some combinations. Overall, although we found no
evidence of strong non-linear exposure-response relations, estimated effects did seem to
plateau at high exposures.

We had a large cohort and detailed exposure assessment, with results from earlier studies
suggesting that the study was relatively well-powered. However, and as explained earlier,
the strong correlations between exposures and the limited geographical sampling meant that
power to identify individual exposures was more limited. The use of determinant-based
models for exposure assessment may have resulted in shared and complex measurement
errors, both between different individuals for the same pollutant, but also between different
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pollutants for the same individual, which may well have affected the results of our multi-
pollutant models.34:35 Our penalized regression models were fitted to data from a nested
case-control sample from the full study data for computational reasons, but results from
non-penalized models were almost identical when fitted using either Cox regression on the
full cohort data or conditional logistic regression on the nested case-control data, confirming
the validity of this approach. Estimated effects were reduced in the lifetime smoky coal
subpopulation, even after accounting for differences in overall exposure variation. This is
likely to be (at least) partly due to a less favourable signal-to-noise ratio in this more

highly exposed subpopulation, resulting in attenuated exposure-response relations. However,
we cannot fully exclude the possibility that this may also reflect residual confounding by
systematic differences between the different communes that used either smoky or smokeless
coals.

Further studies should aim to include subjects that use a wide variety of coals with different
chemical composition to allow identification of individual risk factors with more precision.
Although cooking and heating practices are rapidly changing in China,3® a large part of

the world is still using solid fuels for cooking and heating. The observation that early

life exposures were found to confer most of the risk indicates the urgency for mitigation
strategies at a young age. This study adds to the evidence that early life exposures may
contribute significantly to air pollution related lung cancer risks later in life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Odds ratios for death from lung cancer for individual household air pollutants estimated
using penalized (horseshoe) conditional logistic regression in nested case-control samples of
data from the full cohort (A) and lifetime smoky coal users only (B). Cases and controls
were matched on sex, age, and year of birth and the models accounted for confounding by
differences in smoking habits and educational status Scaling factors used to scale exposures
before fitting the penalized models were derived using dkata from the control population

for each of the two populations separately (as scaling affects the penalization), but effect
estimates from the model fitted to the lifetime smoky coal user population were re-scaled to
match those from the full cohort sample. Pollutants were ordered by estimated odds ratios

for the full cohort sample in both panels.
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Figure2.
Non-linear dose-response relations estimated from two different multi-pollutant models that

included either anthanthrene (ANT), benzo(a)chrysene (BaC), and benzo(a)pyrene (BaP)
(upper panels) or ANT, BaC, and 5-methylchrysene (5MC) (lower panels). Hazard ratios

for lung cancer mortality were estimated using cox regression on data from the full cohort,
with non-linear exposure-response relations estimated using penalized splines. Baseline rates
were stratified by sex and year of birth and the models accounted for confounding by
differences in smoking habits and educational status.
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Subject characteristics for lifetime smoky coal users and subjects using mostly smokeless coal or other solid

fuels in a large population-based cohort from Xuanwei, China.

Lifetime smoky coal users? ~ Mostly smokeless coal or other solid fuel users

Number of subjects
Person years of follow-up (years)
Age at entry, mean £ SD
Age at end of follow-up, mean + SD
Number of lung cancer deaths
Age at lung cancer death, mean + SD
Females, n (%)
Ever smoking, n (%)
Education, n (%)

no formal education

primary school

top school or higher

29,032
766,887
383+105
65.0 +10.7
4531
59.7 +10.1
14,339 (49.4)
14,162 (48.8)

18,483 (63.6)
8,846 (30.5)
1,703 (5.9)

13,051
377,622
39.4+10.8
68.5+10.3
109
64.0 £9.6
6,209 (47.6)
6,650 (51.0)

8,881 (68.0)
3,521 (27.0)
649 (5.0)

a.. . o
Lifetime use status in this paper was based on self-reported coal source
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Table 2.

Hazard ratios for lung cancer mortality for cluster prototypes, estimated using cox regression on data from the
full cohort. Baseline rates were stratified by sex and year of birth and the models accounted for confounding
by differences in smoking habits and educational status. Hazard ratios were estimated for a one standard
deviation change in the estimated prototype exposure.

Cluster@ HR [95%Cl]

s02 0.49 [0.46, 0.52]
PM, BC, NO2  0.94[0.87, 1.01]
NKF 1.20[1.17, 1.23]
DIP 1.30 [1.24, 1.36]
37 PAHs 2.40 [2.20, 2.62]

a I . . . .
Cluster prototype definitions and scaling factors were derived from household air pollutant exposure in controls from nested case-control samples
of the full cohort. respectively.
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Table 3.

Hazard ratios for lung cancer mortality for cluster prototypes, estimated using cox regression on data from
lifetime smoky coal users only. Baseline rates were stratified by sex and year of birth and the models
accounted for confounding by differences in smoking habits and educational status. Hazard ratios were
estimated for a one standard deviation change in the estimated prototype exposure

Clugter@ HR [95%Cl]

S0O2, PM, BC, NO2  0.80[0.74, 0.86]

DIP 1.12[1.06, 1.19]
NKF, ANT 1.21[1.17, 1.25]
36 PAHs 1.37[1.28, 1.48]

a . . . . .
Cluster prototype definitions and scaling factors were derived from household air pollutant exposure in controls from nested case-control samples
of lifetime smoky coal users.
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Table 4.

Hazard ratios for lung cancer mortality for high versus low cumulative exposure, assessed either before or
after the age of 18, for household air pollutants that are part of the large PAH cluster. Hazard ratios were
estimated using cox regression on data from the full cohort. Baseline rates were stratified by sex and year of
birth and the models accounted for confounding by differences in smoking habits and educational status.

Exposure pattern@ HR [95%Cl]

Above average before age 18 4.12 [3.76, 4.52]
Above average after age 18 1.29[1.19, 1.40]
Above average before age 18 only 4.14 [3.68, 4.66]
Above average after age 18 only 1.30[1.10, 1.54]

Above average both before and after age 18  5.32 [4.87, 5.80]

a . ! . . . .
Exposure status (either above or below average) was defined with respect to the mean cumulative exposure for controls in each risk-set.
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