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A B S T R A C T   

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 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 5MC, 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 5MC (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 PAHs 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. 5MC 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 ex-
posures before age 18 to be especially important. We found some evidence for the carcinogen 5MC and non- 
carcinogens ANT and BaC.  
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1. Introduction 

Several studies have confirmed the relation between household air 
pollution (HAP), due to burning coals and other solid fuels, and mor-
tality from respiratory diseases, including lung cancer. (Balmes, 2019; 
Gordon et al., 2014; Guan et al., 2016; IARC, 2016) 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. 
(Lan et al., 2008; Barone-Adesi et al., 2012; Wong et al., 2018) Residents 
of this area primarily work as subsistence farmers and burn solid fuels 
for cooking and heating. Using data from a population-based case-con-
trol 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 poly-
cyclic aromatic hydrocarbons (PAHs) and NO2, and that the evidence 
was strongest for exposure to 5-methylchrysene (5MC) (Vermeulen 
et al., 2019) rather than for the “known” carcinogens benzo[a]pyrene 
(BaP) and particulate matter (PM). (IARC, 2016) 

The importance of using a life course approach, studying the tem-
poral relation between air pollution exposure during gestation, child-
hood, adolescence, or (young) adulthood and subsequent chronic 
disease, has been stressed in a number of publications. (Lee et al., 2015; 
Phillips et al., 2018) There is evidence that exposures at younger ages 
may have more detrimental effects due to the still developing organ 
systems. (Belgrave et al., 2018; Bui et al., 2018; Liu and Kalhan, 2021) 
Case-control studies can be used to study life course questions, 
(Maheswaran et al., 2002) but control selection can be a challenge and 
birth cohort studies are therefore often preferred. 

Our earlier investigation of exposure–response relations for constit-
uents 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 ranking of mixture components. (Lazarevic et al., 
2020) In addition, non-linear effects may be of interest from an etio-
logical or risk assessment perspective (Vermeulen et al., 2014; Vlaan-
deren et al., 2010). 

“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. 

2. Methods 

2.1. Population 

2.1.1. Full cohort and lifetime smoky-coal user sub-cohort 
The design and study population of this cohort have been previously 

described. (Barone-Adesi et al., 2012; Lan et al., 2002) 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 bitumi-
nous (“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, (Wong et al., 
2018) where the definition was based on self-reported coal type instead 
of self-reported coal source. However, self-reported coal type by par-
ticipants 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 ob-
tained from all participants or their proxies if they could not understand 
the written consent form. 

2.1.2. 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 
Center for Disease Control according to the International Classification 
of Diseases, 9th revision (ICD-9), including for lung cancer (162). 

A total of 4640 lung cancer deaths were identified. 

2.1.3. Exposure assessment 
Exposure assessment was performed similarly to the procedure used 

for our earlier case-control study (Vermeulen et al., 2019) and was 
described in detail for this cohort by Bassig et al. (Bassig et al., 2020) In 
short, self-reported information on fuel and stove use, including infor-
mation 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. (Downward 
et al., 2016; Downward et al., 2014; Hu et al., 2014) 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 appen-
dix), as well as the known air pollutants NO2, SO2, 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 histor-
ical 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. 

2.1.4. 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. 
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2.2. Statistical analysis 

2.2.1. Cluster analysis & derivation of cluster prototypes 
In our main survival analyses, we used the so-called “counting pro-

cess” formulation (Andersen and Gill, 1982) 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. 

Exposures were transformed using power transformations to reduce 
skewness and improve symmetry of the distributions (Box and Cox, 
1964). 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 (Rousseeuw, 1987). 
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. 

2.2.2. Survival analysis to assess cluster prototype effects using data from 
the full cohort 

We used Cox regression from the survival package (Therneau, 2022) 
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). 

2.2.3. 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. (Barone-Adesi et al., 2012) 
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 child-
hood 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. 

2.2.4. Multi-pollutant models 
Multi-pollutant modelling for the full set of 43 household air- 

pollutants was performed by fitting a (horseshoe) penalized condi-
tional logistic regression model as implemented in the brms package 
(Bürkner, 2017) in R to data from the nested case-control sample(s). As 
in our previous paper, we followed recommendations for further mod-
ifications of the horseshoe prior and hyperparameter settings that were 
suggested by Piironen and Vehtari (Piironen and Vehtari, 2017). (Piir-
onen and Vehtari, 2017) 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 regulari-
zation 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 (Car-
penter et al., 2017) to 0.99 to avoid divergent transitions. 

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. 

2.2.5. 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 psline function from the survival 
package (Therneau, 2022) in R and included only anthanthrene (ANT), 
benzo(a)chrysene (BaC), benzo(a)pyrene (BaP), and/or 5–methyl 
chrysene (5MC). The degrees of freedom for each spline function was 
selected based on Akaike’s Information Criterion (AIC). (Akaike, 1974). 

3. Results 

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). 

Table 1 
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 usersa 

Mostly smokeless coal or other 
solid fuel users 

Number of subjects 29,032 13,051 
Person years of follow-up 

(years) 
766,887 377,622 

Age at entry, mean ± SD 38.3 ± 10.5 39.4 ± 10.8 
Age at end of follow-up, 

mean ± SD 
65.0 ± 10.7 68.5 ± 10.3 

Number of lung cancer 
deaths 

4,531 109 

Age at lung cancer death, 
mean ± SD 

59.7 ± 10.1 64.0 ± 9.6 

Females, n (%) 14,339 (49.4) 6,209 (47.6) 
Ever smoking, n (%) 14,162 (48.8) 6,650 (51.0) 
Education, n (%)   
no formal education 18,483 (63.6) 8,881 (68.0) 
primary school 8,846 (30.5) 3,521 (27.0) 
middle school or higher 1,703 (5.9) 649 (5.0)  

a Lifetime use status in this paper was based on self-reported coal source. 
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3.1. Replication of previous findings 

A bi-pollutant model that included the two strongest risk factors 
(NO2 and 5MC) identified in previous analyses of data from a (retro-
spective) case-control study in the same general area (Vermeulen et al., 
2019) confirmed the much higher lung cancer mortality rates associated 
with exposure to 5MC (HR [95%CI] = 2.5 [2.4, 2.6]), but not for NO2 
(HR [95%CI] = 0.8 [0.7, 0.8]). The increase in lung cancer rates asso-
ciated with 5MC exposure was much reduced when assessed in lifetime 
smoky coal users only (HR [95%CI] = 1.3 [1.2, 1.3]). 

3.2. 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 distri-
butions for most of the PAHs tended to be bimodal in both cases and 
controls, but with relatively more low exposed controls and higher 
exposed cases. Exposure distributions for PM, BC, and NO2 appeared 
more unimodal and not very different for cases and controls, while 
estimated exposures to SO2 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 NO2 also clustered together, while three pollutants (SO2, 
NkF, and DlP) 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 SO2, PM, BC, and NO2, and two clusters 
consisting of DlP and NkF and ANT respectively. 

3.3. 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 SO2 or pollutants from the cluster con-
taining PM, BC, and NO2 were associated with relatively lower lung 
cancer mortality. 

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

3.4. Timing of exposure 

Based on estimated exposure to pollutants from the large PAH clus-
ter, 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. 

3.5. 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 BaC respectively (Fig. 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 (Fig. 1B). A 
graphical comparison of exposure effect estimates with those from our 
earlier analyses of the retrospective case-control sample is provided 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 Table 2 

Hazard ratios for lung cancer mortality for cluster pro-
totypes, 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 dif-
ferences in smoking habits and educational status. Hazard 
ratios were estimated for a one standard deviation change 
in the estimated prototype exposure.  

Clustera HR [95%CI] 

SO2 0.49 [0.46, 0.52] 
PM, BC, NO2 0.94 [0.87, 1.01] 
NkF 1.20 [1.17, 1.23] 
DlP 1.30 [1.24, 1.36] 
37 PAHs 2.40 [2.20, 2.62]  

a 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. 

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.  

Clustera HR [95%CI] 

SO2, PM, BC, NO2 0.80 [0.74, 0.86] 
DlP 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. 

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 patterna HR [95%CI] 

Cumulative exposure from birth to age 18 above risk set average 4.12 [3.76, 4.52] 
Cumulative exposure after age 18 above risk set average 1.29 [1.19, 1.40]  

Above risk set average before age 18 only 
4.14 [3.68, 4.66] 

Above risk set average after age 18 only 1.30 [1.10, 1.54] 
Above risk set 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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to the risk observed for early life exposures. 

3.6. 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 Fig. 2 are for models that include either 
BaP or 5MC, because the strong collinearity between their spline func-
tions 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. 

4. Discussion 

Using data from a large cohort study, we confirmed our earlier 
finding of a strong exposure–response relation with lung cancer for 5MC, 
but not for NO2. 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 5MC 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 
models (IARC, 2010), and it may therefore be only a proxy for another 
PAH exposure associated with coal burning. Experimental support for 
the mutagenicity, carcinogencitiy, and importance of methylated PAHs 
(including 5MC) in the etiology of lung cancer from smoky coal in 
Xuanwei is reviewed in Vermeulen et al.. (Vermeulen et al., 2019). 

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 able to identify several smaller PAH clusters. Also, 
whereas NO2 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, especially for correlated exposures, because effect esti-
mates for a single pollutant are conditional on effect estimates for all 
other pollutants and effects tend to be estimated rather imprecisely. For 
correlated exposures, estimated HRs<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 combina-
tion, 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 

Fig. 1. 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). Pollutants were ordered by estimated odds ratios for the full cohort 
sample in both panels. Note: 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 data 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. 
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exposure models (figure S5). 
Average estimated exposure levels in this study were generally in the 

same range as those estimated for the case-control study (Vermeulen 
et al., 2019). 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 PAHs, 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. (Belgrave 
et al., 2018; Bui et al., 2018; Liu and Kalhan, 2021) Children may be 
more susceptible to the carcinogens in coal emissions because of 
increased air intake proportional to lung size (Armstrong et al., 2002) 
and less efficient carcinogen detoxification. (Bearer, 1995) 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 exposur-
e–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 in-
dividuals for the same pollutant, but also between different pollutants 
for the same individual, which could have affected the results of our 
multi-pollutant models. (Szpiro and Paciorek, 2013; Evangelopoulos 
et al., 2021) 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 con-
ditional 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 sub-
population, resulting in attenuated exposure–response relations. How-
ever, 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. 

The diagnosis of lung cancer in this region has traditionally been 
based on chest X-rays and overall clinical picture, after exclusion of 
tuberculosis and evidence of other infections. In a minority of cases, a 
diagnosis was based on cytology or histological examination of tissue. In 
the first and second follow-ups of the cohort (in 1992 and 1996), 17.6% 

Fig. 2. 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). Note: 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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of lung cancer diagnoses were cytologically or histologically confirmed. 
To provide indirect evidence of the validity of a lung cancer diagnosis in 
the cohort, we compared time from diagnosis to death among cases with 
and without confirmed diagnoses and found that they were very similar 
and not statistically significantly different (i.e., 1.21 ± 0.09 years vs. 
1.48 ± 0.08 years, respectively). (Lan et al., 2002) In addition, 94.0% of 
cases died within 3 years of diagnosis. Date of diagnosis was not avail-
able from subjects during the third follow-up in 2011, but during the 
2000′s in this region all hospitals seeing lung cancer cases were using CT 
to enhance the diagnosis of lung cancer, so the probability of disease 
misclassification was further reduced. 

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, (Edwards et al., 2004) 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. 
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