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Abstract

Coal types vary around the world because of geochemical differences in their source deposits;
however, the influence of coal emissions from different deposits on human health remains
unexplored. To address this issue, we conducted the first study of the relationship between

coal use from various deposits and lung cancer risk in Xuanwei and Fuyuan, counties in

China where lung cancer rates are among the highest in the world among female never-
smokers due to use of bituminous (“smoky™) coal for heating and cooking. We conducted a
population-based case—control study of 1031 lung cancer cases and 493 controls among never-
smoking women in Xuanwei and Fuyuan. Logistic regression models were used to estimate
associations between coal use from various deposits across the lifecourse and lung cancer risk.
There was substantial heterogeneity in risks by coal deposit (p = 7. 8E — 05). Compared to non-
smoky coal users, risks by smoky coal deposit ranged from OR = 7.49 (95% CI:3.43 — 16.38) to
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OR = 33.40 (95% CI:13.07 — 85.34). Further, women born into homes that used smoky coal and
subsequently changed to non-smoky coal had a higher risk (OR = 10.83 (95% CI:4.61 — 25.46))
than women born into homes that used non-smoky coal and changed to smoky coal

(OR =4.74(95% CI: 2.03 — 11. 04, paserence = 0. 04)). Our study demonstrates that various sources
of coal have considerably different impact on lung cancer in this population and suggests that
early-life exposure to carcinogenic emissions may exert substantial influence on health risks later
in life. These factors should be considered when evaluating the health risks posed by exposure to
coal combustion emissions.
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lung cancer; geologic coal deposit; bituminous “smoky” coal; geographic variation; indoor air

pollution

Introduction

Nearly half of the world’s population is exposed to household air pollution from the
combustion of solid fuels such as coal for heating and cooking.! Indoor coal combustion
emissions have been designated as Group 1 carcinogens by a working group of the
International Agency for Research on Cancer (IARC).2-4 The carcinogenic effect of coal
combustion emissions exhibits global geographic variation, with some of the highest rates
of lung cancer found in the rural county of Xuanwei located in southwestern China.?
Residents of neighboring Fuyuan county have comparably high lung cancer rates.8 Previous
studies suggest that this health burden is largely attributed to household combustion of a
particularly toxic form of bituminous (“smoky”) coal that is locally mined.”~10 Women from
Xuanwei and Fuyuan are predominantly nonsmokers but have exceptionally high exposure
to residential smoky coal emissions because of their traditional agrarian lifestyle in which
they spend considerable amounts of time indoors preparing food.1112 Their exposure is
further exacerbated by cooking with unvented fire pits, which allows smoky coal emissions
to permeate the home.

In a previously conducted population-based case—control study, we found variation in lung
cancer risk by broad administrative region in Xuanwei,11-13-15 with residents of Laibin
township having among the highest risks. However, variation in lung cancer risk by specific
geologic source deposit of household coal was not assessed at the time due to lack of
information on their exact location.

Previous studies have suggested that the health consequences of coal use differ according to
the geochemical subtype.16:17 Subtypes of coal from different regions may have undergone
unique mineralization conditions that may have led to the enrichment of potentially toxic
trace elements.16-18 Smoky coal found across Xuanwei may possess unigue geochemical
properties and origins compared to coal from other regions of the world, which might
account for their high carcinogenicity.18 The distinctiveness of geologic deposits across
Xuanwei may reflect differences in coalification or depositional environment.1> However,
no study to our knowledge has investigated whether lung cancer risks differ by specific
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geologic source deposits of household coal. Additionally, the influence of different types of
coal used in the home during childhood versus adulthood on lung cancer risk has yet to be
investigated.

To study the etiology of lung cancer in this population and ultimately identify the
characteristics of coal that account for the extraordinary risk, we conducted a population-
based case—control study of lung cancer among female never-smokers. We investigated the
influence of using coal from different geologic source deposits across the lifecourse on lung
cancer risk.

Study design, case ascertainment, and control selection

We conducted a case—control study of lung cancer risk among female never-smokers from
Xuanwei and Fuyuan, China between 2006 and 2013. Given the rural and semi-mountainous
nature of the area, there is no cancer registry in this region. Therefore, we enrolled cases that
were admitted to six hospitals that diagnosed the vast majority of reported lung cancer cases
in Xuanwei and Fuyuan. Eligible incident lung cancer cases (International Classification of
Disease 9th revision (ICD-9) code: 162) were newly-diagnosed female never-smokers, aged
18-79 years old at the time of diagnosis, currently living in Xuanwei or Fuyuan, had lived

in these counties for at least 1 year, and who had no history of previous cancer diagnoses.
Cases were initially identified based on clinical presentation and a chest X-ray and CT

scan with a presumptive diagnosis of lung cancer. Subjects then provided multiple sputum
samples for cytologic analysis and testing for tuberculosis (TB). A subgroup of cases had
more extensive diagnostic testing. For cases without a confirmed diagnosis of lung cancer
made by histology or cytology, clinical evidence, radiologic findings (i.e., chest X-ray, CT
scan), and lack of evidence for TB, pneumonia, or other conditions were used as the basis
for the initial diagnosis of lung cancer.

A radiologist, cytologist, and pathologist at Peking Union Hospital in Beijing reviewed
medical records, chest X-rays, CT scans, cytology slides, and tumor tissue slides. For cases
with a diagnosis based on histological analysis of tumor tissue, 81% were adenocarcinoma.
Cases that were not confirmed based on diagnostic biological samples were followed-up
for vital status and cause of death for at least 3 years after enrollment into the study and
classified as “high probability” lung cancer cases if they did not have another diagnosis
explaining their initial presentation or cause of death. A total of 1060 eligible confirmed
and “high probability” lung cancer cases were considered. The participation rate for cases
was 84.4%. We excluded 29 cases who were predicted to use coal deposits 11, 15, 21, 23,
25, 26, 29, 30, and 31 (Fig. 1, Supporting Information Table 1) because of sparse numbers
and the inability to be combined with adjacent deposits due to geochemical distinctiveness,
which left 1031 cases for the analyses. Among these cases, 689 (66.8%) were confirmed
and 342 (33.2%) were “high probability” cases. Cases were interviewed using a detailed
questionnaire to collect information on residential history, fuel use, and established or
suspected risk factors for lung cancer. Additionally, cases were asked to provide sputum
samples, a tumor sample if available, and additional biological samples including peripheral
blood.
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A total of 498 population-based controls who were never-smokers, did not have a previous
lung cancer diagnosis, were currently living in Xuanwei or Fuyuan, had lived in these
counties for at least 1 year, and did not have a history of cancer were enrolled in our study.
The sample size was selected based on the very strong associations between smoky coal
use and lung cancer risk in this region that were found in our previous studies.”-13 The
participation rate for population-based controls was 89.0%. Control sampling was based on
four geographic levels from largest to smallest, as follows: (1) commune, (2) administrative
villages (“dadui™), (3) natural villages/settlements, and (4) individuals. The population-
based controls from each commune were frequency-matched to cases by age based on

the population density of adult women in each commune. First, from the population
density of each commune, we randomly selected administrative villages, followed by
randomly selecting up to three natural villages/settlements. Subsequently, the field team

of interviewers visited each natural village, selected three potential participants fitting the
eligibility criteria, and randomly recruited one of them. Among the eligible population-based
controls, we excluded 5 women who were predicted to use coal deposits 11, 15, 23, 25, 26,
31, 21, 29, and 30, which left 493 population-based controls for the analyses.

The study protocol was approved by the institutional review boards of the National Cancer
Institute (NCI) and China National Environmental Monitoring Center. All participants
provided written informed consent.

Coal deposits

Analyses

Information on coal deposit location and geological subtype was provided by local
geologists and subsequently geocoded against the location of participants’ villages using
ArcGIS. The geographic location of each coal deposit is depicted in Figure 1. The coal
deposits were classified as smoky coal (i.e., coking coal, 1/3 coking coal, meager lean coal,
gas fat coal) and smokeless coal based on the degree of coalification and caking property
characteristics as defined by the State Standard of China Coal Classification.1® Coal deposit
use was imputed for each year of the participant’s life as described in the Appendix.

Combined coal deposit exposure groups/categories were created based on geographic
proximity, coal subcategorization, and the number of women who used coal from each
deposit (Fig. 1, Supporting Information Table 1): A) Deposits 1, 2, 4, 7, 8 (coking coal from
northern Xuanwei); B) Deposit 9 (Laibin coking coal); C) Deposit 10 (coking coal from
southern Xuanwei); D) Deposits 12, 13, 14, 38 (gas fat); E) Deposits 16, 17, 19 (coking
coal from Fuyuan); F) Deposit 24 (Laibin meager lean); G) Deposit 20, 27 (ever smoky
coal users who lived in smokeless coal producing regions); H) unknown and other/outside of
Xuanwei and Fuyuan; 1) wood and dung users from smoky coal deposit areas; and J) never
smoky coal users from smokeless coal regions who used wood, dung, or smokeless coal
deposits (reference). For separate analyses, we also combined all smoky coal deposits into a
single group/category.
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Lifetime tonnage of smoky coal use was dichotomized based on the median levels of the
population-based controls (low: <125, high: =125). Combination variables were created
between dichotomous tonnage and each smoky coal deposit group.

Differences in continuous and categorical variables between cases and controls were
assessed using Wilcoxon rank sum tests and 2 or Fisher’s Exact tests, respectively.
Unconditional multivariable logistic regression models were used to estimate the odds
ratios (OR) and 95% confidence intervals (Cl) of incident lung cancer in relation to coal
deposit group, adjusted for continuous age (years) and pre-marriage food sufficiency (not
enough, enough, more than enough). Given the economic instability in China from 1953
to 1976 during the initial Five-Year Plans, Great Leap Forward, and Cultural Revolution,
pre-marriage food sufficiency was deemed a priorithe most appropriate proxy for SES.

We analyzed the coal deposit group most frequently used across the lifecourse and at the
participant’s birth home as the main exposures in separate models. The participants’ county
of residence (a frequency-matching factor) was inherently reflected by the predicted coal
deposits. Variation in risk estimates by coal deposit groups/categories was assessed using
x2 tests.20 Contrasts of deposit groups/categories were performed by changing the reference
group of the indicator variable in the logistic regression models.

We conducted additional analyses of lung cancer risk in relation to: A) dichotomous lifetime
tonnage; B) a combination variable between dichotomous lifetime tonnage and coal deposit
group most frequently used across the lifecourse and at the birth home; C) the most
frequently used coal deposit group with a 5- and 10-year exposure lag; and D) permanent
change from smoky coal used in the birth home to non-smoky coal fuels, or from non-smoky
coal fuels used in the birth home to smoky coal. Further sensitivity analyses were conducted
by: A) restricting to confirmed lung cancer cases and B) excluding those with a family
history of lung cancer.

We considered and evaluated other potential confounders/covariates for inclusion in the
analyses. History of respiratory disease was not included because it was considered a
mediator on the causal pathway between coal use and lung cancer development.2122 Family
history of lung cancer was not included because it was highly correlated with coal deposit
use from shared family environment. Secondhand smoke exposure was not included due

to lack of statistical variability. Cumulative time spent indoors, ever used a stove with a
chimney, menopausal status, and age at which the women began cooking were not included
in the final models because they were either not associated with lung cancer or their
inclusion did not appreciably change the findings.

All analyses were conducted using SAS v9.3 (SAS Institute Inc., Cary, NC, USA). p-Values
<0.05 were considered statistically significant.
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Results

Coal deposit use and study population characteristics

The distribution of case and control characteristics is shown in Table 1, while the
distribution of coal deposits is shown in Supporting Information Table 1. The average

age of both cases and controls was 54.7 years (Table 1). Most cases were from Xuanwei
(61.4%) and had ever used smoky coal (94.4%). Cases used a substantially greater amount
of smoky coal compared to controls (178 vs. 148 tons). Additionally, cases reported a higher
proportion of having more than enough food before marriage (11.3% vs. 6.1%) compared

to controls. Cases also had a greater proportion of first-degree relatives with lung cancer
(19.9% vs. 6.5%) and history of respiratory disease (10.1% vs. 4.1%) compared to controls.

Associations between coal deposit use and lung cancer risk

Overall, the use of smoky coal deposits across the lifecourse was associated

with substantially increased risks of developing lung cancer compared to never

use (Table 2). Further, there was evidence that the risk estimates differed by

deposit groups from which the coal was sourced (p = 7.8E — 05). Women who

most frequently used smoky coal from Deposits 9 and 24 in Laibin township of

Xuanwei county had the highest risks [OR = 33.40 (95% CI: 13.07 — 85.34, p = 2.3E — 13)

and OR = 20.86 (95% CI: 7.16 — 60.78, p = 2.6E — 08), respectively]. The highest risks in
Fuyuan county were found for Deposits 12, 13, 14, and 38 combined and

Deposits 16, 17, and 19 combined [OR = 16.32 (95% CI: 6.26 — 42.54, p = 1.1E — 08) and

OR = 14.27 (95% CI: 7.07 — 28.78, p = 1.2E — 13), respectively]. In contrast, women who used
smoky coal from Deposit 10 in southern Xuanwei had a considerably lower risk

(OR =7.49 (95% CI: 3.43 — 16.38, p = 4.6E — 07) compared to the elevated risk associated with
use of smoky coal from Laibin township (pyeence = 3.6E — 04).

We found similar overall trends for lung cancer risk for coal deposit group

used at the birth home (Table 2), with similar evidence for variation in risks

by the deposits in which the coal was sourced (x2 p = 1.4E — 04). In their

birth home, women who used smoky coal deposits from Laibin township of

Xuanwei (Deposit 9: (OR = 24.15 (95% CI: 10.45 — 55.81, p = 9.5E — 14) and Deposit

24: (OR = 24.08 (95% CI: 7.08 — 81.89, p = 3.5E — 07)) and Fuyuan (Deposits 12, 13,

14, 38: (OR = 34.08 (95% CI: 11.14 — 104.26, p = 6.2E — 10) and Deposits 16, 17, 19:

(OR = 17.81 (95% CI: 8.74 — 36.29, p = 2.2E — 15)] were found to have the highest risks.
Use of smoky coal from Deposit 10 in southern Xuanwei had a lower risk

(OR =8.56 (95% CI: 3.82 - 19.17, p = 1.8E — 07) compared to smoky coal from Deposit 9 in
Laibin (pygeece = 5.5E — 04). Similar patterns were found when analyzing a 5- and 10-year
exposure lag (Supporting Information Table 2), when analyzing only confirmed cases of
lung cancer (data not shown), and when excluding those with a family history of lung cancer
(data not shown).
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Relationship between cumulative tons of smoky coal used, coal deposit, and lung cancer

risk

Women who used =125 cumulative tons of smoky coal across their lifetime had a 1.42
(95% CI: 1.07 — 1.89, p = 1.6E — 02) times increased risk of lung cancer compared to those
who used <125 tons. Further, the risks were consistently greater for women having used
higher vs. lower amounts of smoky coal tons for each deposit group (Table 3). These trends
were similar in analyses of coal deposits used in the birth home (Table 3).

Change in coal/fuel exposure in birth home vs. later in life and lung cancer risk

Women born into homes where smoky coal was used as the predominant fuel type who
permanently changed to other fuel types (i.e., smokeless coal, wood, dung, gas or electricity)
had a lung cancer risk of OR = 10.83 (95% CI:4.61 — 25.46, p = 4.6E — 08) (Table 4). In
contrast, women born into homes that used smokeless coal, wood, dung, gas or electricity as
the predominant fuel type who permanently changed to smoky coal had a relatively lower
lung cancer risk (OR = 4.74 (95% CI: 2.03 — 11.04, p = 3.2E — 04) (Pyserence = 0.04) (Table 4).
Cumulative smoky coal tonnage exposure for cases in each group were comparable (median
= 128.0 tons for cases who changed from smoky coal at birth to other fuels vs. median =
143.5 tons for cases who changed from other fuels at birth to smoky coal).

Discussion

To our knowledge, this is the first study to investigate the variation in lung cancer risk by
geologic coal deposit. We found that the use of smoky coal deposits across the lifecourse in
Xuanwei and Fuyuan, China was associated with increased risks of lung cancer compared
to never use of smoky coal, with evidence of variation by the source deposit that supplied
coal to each household. The use of smoky coal from two deposits in Laibin township of
Xuanwei were among the most hazardous. Moreover, we found that certain deposits from
neighboring Fuyuan county were also associated with elevated risks comparable to those
found in high-risk Laibin. Additionally, there was evidence for exposure-response trends
between lifetime cumulative smoky coal use and lung cancer risk.

In contrast to other studies, we were able to evaluate household use of coal from various
deposits during childhood. We found that women who were exposed to smoky coal at birth
and then lived in homes that burned other fuels such as smokeless coal, wood, or dung

had higher risks compared to women who were born into homes that used non-smoky

coal sources of fuel who later lived in homes that used smoky coal. These findings add
further etiologic insight to the literature on the pathogenesis of lung cancer in humans,23
highlighting the importance of early life exposure to carcinogens and cancer risk in
adulthood.23:24

Coal combustion emissions are complex mixtures of multiple components that could play
arole in lung carcinogenesis. The hazardous components of these emissions include
polycyclic aromatic hydrocarbons (PAHSs) and related species including alkylated PAHSs, fine
and ultrafine particulate matter (PM, 5, PM1), carbon monoxide (CO), silica/quartz, sulfur
oxides (SOx), and nitrogen oxides (NOx).9:11:14.15.18.25-28 The precise constituent(s) of the
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smoky coal deposits that drive the strikingly high lung cancer risks and geographic variation
in Xuanwei and Fuyuan are under investigation. Understanding the carcinogenic mechanism
of smoky coal emissions is a key goal of the current study and we have conducted a detailed
exposure study that will be used to model exposure to a wide range of potential carcinogens
and estimate risk,11.13-15.29

Carcinogenic components of coal emissions can induce genomic damage in progenitor cells
in early life during periods of rapid development, which can then propagate in subsequent
generations of daughter cells into adulthood. Should multiple genomic perturbations occur
in proto-oncogenes or tumor suppressors as people age, cancer development may be initiated
and promoted.23-30 Aside from genomic damage, components of coal emissions may

cause other adverse biological effects including immune/inflammatory response,3! adduct
formation with proteins which can impair their molecular function,32 and accelerated DNA
methylation aging.33

The adverse health effects of coal combustion may be enhanced by early life exposure
compared to exposures occurring later in life. Traffic-related air pollution contains certain
common toxic constituents as coal emissions. A longitudinal twin study that measured
telomere length in prenatal placenta and buccal cells in young adulthood found inverse
associations between traffic-related air pollution and telomere length.34 Interestingly, the
authors found that residential traffic exposure at the birth address was significantly and
inversely associated with telomere length ranking between birth and adulthood; however,
residential traffic exposure in adulthood was not associated with telomere length.34 Further,
the authors found associations between residential traffic exposure at birth and accelerated
telomere shortening in the first two decades of life.34 There have been several longitudinal
studies of the influence of traffic-related air pollution on lung function in early development
versus later in life.3536 For example, a study of 2307 children from the Oslo Birth Cohort
found that increased early life and lifetime exposure to PM1g and NO, were associated
with reduced expiratory flow measurements, with exposure in the first year of life having
slightly stronger effects.3” Additionally, there have been efforts to characterize the influence
of traffic-related air pollution across the lifecourse on cancer development. For instance, the
Western New York Exposures and Breast Cancer (WEB) study assessed the associations
between pre- and postmenopausal breast cancer risk and exposure to traffic emissions at
menarche, first birth, and 10 and 20 years before interview using a case—control study
design. The investigators found a significant exposure-response trend for exposure at
menarche, but not at later stages of life.38

We conducted additional analyses to assess the influence of certain factors on our findings.
When performing analyses with a 5- and 10-year exposure lag, similar patterns were found
compared to the main analyses, which indicated that recent exposure was not influential.
Furthermore, similar findings were observed when analyzing only confirmed cases, which
discounted the influence of outcome misclassification among the “high probability” cases.
Inclusion of “high probability” cases alongside confirmed cases mitigated potential bias
from excluding cases who did not have resources or were unwilling or otherwise unable to
undergo additional diagnostic procedures.
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Our study had notable strengths. First, we had high participation rates and likely captured
most incident lung cancer cases in Xuanwei and Fuyuan. Second, we used geospatial models
to predict coal deposit use for participants across their lifecourse. Previous geochemical
analyses of coal composition found that a considerable proportion of residents (~10%)

in Xuanwei misreported the type of coal that was used.1® As such, prediction of coal
deposit use based on residential location and other household factors may provide greater
accuracy than self-report in this rural population. Third, the study population was composed
of Chinese women who never smoked, which precludes confounding by active smoking,
Ethnic group/ethnicity, and sex. Fourth, differential misclassification of the exposure was
improbable, given that deposit use was predicted from residential and coal mine location,
which were unlikely to be reported differently between cases and controls.

There were several potential limitations of our study. Due to sparse data for certain
comparisons, some of the estimates may be imprecise. However, the findings for smoky

coal deposits in this region were consistent with those that were mapped to particular
administrative regions in an earlier population-based case—control study conducted in the
1980s13 and with results from a previous retrospective cohort study that broadly collapsed
coal into only two types (i.e., smoky and smokeless).” This finding also provides support
that several potentially important biases from the inherent design of a case—control study did
not substantially impact our results. Further, the sparse data from specific deposits required
combining several deposits; therefore, finer spatial variation in risks was not possible.
Additionally, deposit subtype classifications were based on relatively broad criteria. While
sufficient for identifying variation in risks and constitutional makeup, these criteria made
finer scale examination of coal strata infeasible. However, this finer degree of examination
by geological source and strata may not be relevant to epidemiological studies, as multiple
strata exist within each deposit, and coal mines collect whichever coal is available regardless
of individual strata.

In summary, this was the first study to our knowledge to assess the variation in lung cancer
risk by geologic source deposit of household coal. The substantially elevated risks of lung
cancer from use of smoky coal in Xuanwei and Fuyuan differed according to geologic
source deposit, with those in Laibin township being among the most detrimental. Further,
smoky coal deposits in Fuyuan were associated with elevated risks comparable to those of
Laibin, which are historically among the highest in China, suggesting that there may be
additional high-risk areas of China that have yet to be identified. Additionally, childhood
exposure to smoky coal may be important in influencing lung cancer risk later in life.
Taken together, our findings suggest that the health consequences attributed to early-life
and frequent exposure to certain types of combustion emissions may vary in magnitude
according the geologic source deposit of coal, and that these factors should be considered
when evaluating the health risk posed by exposure to coal combustion. Our study lays the
foundation for future investigations of coal combustion constituents that attempt to identify
and characterize the specific components that drive geographic variation in health risks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Int J Cancer. Author manuscript; available in PMC 2023 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wong et al. Page 10

Acknowledgements

None of the authors declare any actual or potential competing financial interests. This work was supported with
intramural funding from the National Cancer Institute. We thank Jackie King, Peter Hui, Nathan Appel, and Leslie
Carroll for their support. We dedicate this work to the memory of Robert Chapman and Xingzhou He, outstanding
mentors and pioneers in the study of the lung cancer excess in this part of the world.

APPENDIX

Assignment of coal deposit was based primarily on imputation that was performed using a
Bayesian approach. Briefly, a multinomial choice model was created for each village in the
dataset that included all mines within a 30 km radius of the village center and separately for
subjects reporting either using smoky, smokeless, or mixed coal sources. Prior probabilities
for each mine were derived in a way that resulted in 50% lower odds of selection for each
additional 10 km increase in distance from the village center, and in five-fold higher odds
of selection for mines that produced the coal type that was reported for subjects reporting
either smoky or smokeless (not mixed) coal use. The rationale for these choices was to allow
a higher probability of selection for mines that were closer to the village where a participant
lived and that produced the same coal as the subject reported using, while still allowing for
potential reporting errors.

Selection probabilities for each deposit were calculated by summing up selection
probabilities for individual mines that were mining that deposit, and the five most likely
deposits were retained for use in prediction of exposure parameters and sensitivity analysis.
The current analyses used the most likely predicted deposit for each participant that reported
using coal as the primary fuel source.

Imputation was based on the multinomial choice model, and separate models were fitted for
each village and separately for participants who reported use of smoky, smokeless, or mixed
coal sources. A dataset containing information on self-reported mine use was assembled

for each village and coal use stratum, by combining information from the present case—
control study, an older case—control study,! a cohort study,” and an exposure assessment
study11:14.15 that were conducted in the same region.

To reduce the dimensionality of the models, the number of mines under consideration for
each village was limited to those mines that were within a 30 km radius of the village

center, which was the upper 90% quantile of observed distances in our dataset. This included
mines that were not chosen by any of the participants for which the coal source was known
(i.e., for which the observed counts were 0). The number of mines under consideration for
each village ranged from 35 to 864, with a median of 578. The dataset included a total of
13,112 observed mine choices, and the number of observed choices for subjects that needed
imputation ranged from 0 to 738, with a median of 13.

The following presentation largely follows that in Agresti and Hitchcock.3° With N
subjects which have a known coal source and M potential mines to choose from, we
assume that the observed choices m = (my, m,, ..., m,,) follow a multinomial distribution
with =m, = N and parameters (multinomial probabilities) = = (z, x,, ..., 7). A maximum-
likelihood based analysis would result in estimates for = equal to the observed proportions
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(m/N,my/N,...,m,/N), and would result in zero probabilities for all choices that were not
actually observed, even though the number of observed choices (i.e., N) may be quite low
compared to the number of mines to choose from (i.e., M) as we have here. The Bayesian
analysis that we performed instead allows us to weigh this likelihood-based information with
any other prior information on mine choice probabilities that might be available.

In a Bayesian analysis, the conjugate prior for the multinomial likelihood is the Dirichlet
distribution with hyperparameter «, and « > 0. Let K = Za. Then the Dirichlet has

E(r) = a/K, and the posterior mean E(z; | m, m,, ..., m,) = (m;+ a)/(M + K). By allowing
the o,’s to be different for different mines we can allow different a-priori probabilities of
selection, and by chancing the absolute value of the «,’s (and thus K) we can affect the
relative weights of the prior and observed probabilities (mine choices) in producing the
posterior probability of selection for each mine.

We chose the «, to favor correspondence between the self-reported coal type and the coal
type produced by any imputed mines, by fitting separate model for subjects that report using
either smoky, smokeless, or mixed coals, and by setting o, for those mines that produce

the self-reported type of coal to be 5 times that for the other mines (or equal for the

stratum of subjects reporting mixed coal use). We further allowed the mine-specific a priori
probabilities to depend on the distance of the mine to the village center, with mines that
were further away having lower selection probabilities. Preliminary analyses of the available
data suggested that the probability of selection approximately halved for each additional 10
km in distance, so we modified the «,’s accordingly. Finally, we followed the suggestion by
Perks (1947) and let K = Zo; = 1.

Models were fitted in JAGS 3.4.0 using the rjags package in R for processing of the results.

Abbreviations:

Cl 95% confidence intervals

FY Fuyuan

IARC The International Agency for Research on Cancer
ICD-9 International Classification of Disease 9th revision
OR odds ratios

SES socioeconomic status

B tuberculosis

XW Xuanwei
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What’s new?

Indoor coal combustion emissions have been designated as Group 1 carcinogens.
However, the influence of emissions from coal originating from different geological
deposits remains unexplored. Lung cancer rates in the rural counties of Xuanwei and
Fuyuan in China are among the highest in the world due to indoor combustion of
bituminous (“‘smoky’) coal. Using detailed lifecourse data on household fuel sources, the
authors conducted the first study to show that lung cancer risk varies by the geological
deposit of household coal. Notably, childhood exposure to smoky coal may have an
important impact on lung cancer risk later in life.
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Figurel.
Map of Geological Coal Deposits in Xuanwei and Fuyuan Counties of Yunnan, China.

Coal deposits are designated by numbers. The distinctiveness of geologic deposits across
Xuanwei and Fuyuan, which reflect differences in coalification or depositional environment,
are indicated by the subcategorization of smoky coal into coking coal, 1/3 coking coal,

gas fat coal and meager lean coal. This subcategorization was based on the degree of
coalification and caking property characteristics as defined by the State Standard of China
Coal Classification. *Historically a smokeless coal area that is recently transitioning to
smoky coal, wood, and dung.
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