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ABSTRACT

Objectives: Soon after declaring its first national energy emergency in January 2025, the US government
committed to increasing coal production and use. Coal operations (e.g., mining, processing, burning, waste
management) not only contribute to climate change but also have environmental and public health consequences
that may influence cancer risk and outcomes. The aim of this systematic review is to synthesize published evi-
dence on cancer risk and outcomes associated with exposure to coal operations in the US.

Study design: Systematic review.

Methods: We searched PubMed, Embase, Scopus, and CINAHL for quantitative studies published in English be-
tween January 1980 and April 2025 evaluating any type of exposure to coal operations and cancer outcomes in
the US. Grey literature, non-epidemiological studies, and studies that used cancer cases as controls were
excluded. Risk of bias was assessed using ROBINS-E.

Results: The search identified 3065 unique articles, 45 of which were included. All 18 studies that evaluated
residential exposures and cancer mortality found statistically significant associations. Similarly, all occupational
studies published after 2003 found statistically significant associations with increased cancer mortality.
Competing risks, healthy worker bias, and ecological fallacy were the most common limitations of studies
included in the review. Findings from 19 studies evaluating either residential or occupational exposure to coal
operations and cancer incidence were mixed, and no significant association was found with residential exposure
in the single study of cancer-related hospitalizations. Surveillance and research infrastructure supported by the
US federal government was used in 82% of studies evaluating the association between coal operations and
cancer.

Conclusions: Occupational and residential exposure to coal operations are associated with worse cancer mortality,
underscoring the importance of public health surveillance and research efforts to inform local decision-making
on initiating and/or expanding coal operations in the US.

1. Introduction

disproportionately high incidence and mortality rates in regions poised
for expanding coal activities.” The simultaneous rollback of environ-

In January 2025, the US declared its first national energy emergency,
and soon after announced plans to scale up coal production and usage. >
As one of the world's largest energy consumers, the prospect of increased
coal reliance raises concerns about higher greenhouse gas emissions
globally,® and potential health impacts on local populations working at
and/or living near coal mining, processing, burning, and waste man-
agement sites. Importantly, the power to expand coal operations in the
US rests with the very communities most likely to bear the health con-
sequences of coal expansion because permits for coal operations are
granted by US state or county authorities.

Cancer is the second leading cause of death in the US,* with

mental protections and incentives for coal expansion risks amplifying
exposure to carcinogens and other pollutants in surrounding commu-
nities.® While the carcinogenicity of single pollutants released by coal
operations, including cadmium and chromium released during coal
combustion and concentrated in coal waste,””® and some coal-related
occupational activities,”'? is well-established, people living or work-
ing near coal operations are exposed to complex mixtures of pollutants,
which may have compounding detrimental health consequences
throughout the cancer control continuum. Increased exposure to pol-
lutants can also cause economic burden on communities resulting from
premature mortality, increased healthcare costs, and degradation of
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natural resources that support local livelihoods and wellbeing.'*

Two previous reviews examined research on the association between
exposure to coal mining and cancer incidence and mortality. One only
examined occupational exposures,'? and the other, which encompassed
both occupational and residential exposures, did not include studies
published after 2012.'"° Moreover, neither examined exposures
throughout coal's life cycle (e.g., mining, processing, burning, waste
management) or outcomes across the cancer control continuum (e.g.,
prevention, diagnosis, treatment, survivorship, end-of-life care). This
systematic review aims to characterize the associations between any
type of exposure to any coal operation and any cancer outcome in the
US. Such an assessment is urgently needed to inform local
decision-making regarding expansion of coal operations.

2. Methods
2.1. Search strategy and selection criteria

In this systematic review, conducted in accordance with Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (Supplemental Table 1), studies were identified using “Can-
cer” or “Neoplasm” and “Coal” as the search terms in PubMed (full
search strategy was ("Neoplasms"[Mesh] OR cancer* OR carcinoma* OR
malignan* OR neoplasm*) AND ("Coal"[Mesh] OR "Coal Mining"[Mesh]
OR coal OR “coal mining" OR "coal-fired" OR "coal combustion")),
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Embase, CINAHL, and Scopus electronic databases. Risk of bias was
assessed using ROBINS-E.'* Two investigators (LMN and RS) indepen-
dently screened articles, extracted data, assessed study quality, then
resolved differences and summarized findings. Study authors were
contacted for clarification as needed.

Quantitative studies published in English between January 1980 and
April 2025 were included. Grey literature, non-epidemiologic studies,
studies that did not focus on coal operations and cancer outcomes, ' '®
used individuals diagnosed with cancer as controls,'*?° or focused on
populations outside the US were excluded. Coal operations were defined
as mining, processing, burning (i.e., coal-fired power plants), and coal
waste management.

2.2. Data analysis

Abstracted study characteristics included study design, funding
source, data source, geographic setting, study population characteristics
(sample size, age, gender, race/ethnicity), exposure ascertainment
method, comparison group, covariates, cancer outcomes, effect mea-
sures, and statistical significance (p < 0.05).

3. Results

Of the 3065 unique articles identified, 159 were further evaluated
following abstract review, 33 of which met the inclusion criteria. Twelve

Identification of studies via databases

Identification of studies
via other methods

Records identified from:
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EMBASE = 1,552
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additional studies were identified from articles’ reference lists, with a
total of 45 included studies (Fig. 1). Most studies (53e3%) were pub-
lished after 2012 (Table 1). All studies were observational with cross-
sectional (55e6%), case-control (26e7%), or cohort (17e8%) designs.
Only two types of exposure to coal operations were evaluated, occupa-
tional (31e1%) and residential (68e9%). Outcomes evaluated included
cancer incidence (422%), cancer-related hospitalizations (22%), and
cancer mortality (62e2%). The most common cancer types evaluated
were cancers of the respiratory tract (55e6%), followed by all cancer
sites combined (3506%).

Most studies (82e2%) relied on research and/or health services
infrastructure supported by the US federal government for ascertaining
exposure to coal operations, such as county-level coal production data
from the Energy Information Administration (EIA) or occupational co-
horts established by the National Institute of Occupational Safety and
Health (NIOSH), cancer outcomes, such as death records from the
Centers for Disease Control and Prevention (CDC) National Center for
Health Statistics (NCHS), or potential confounders, such as smoking
prevalence from the CDC Behavioral Risk Factor Surveillance System
(BRFSS). The federal government was also the most mentioned source of
funding (40e0%), followed by industry (8¢9%).

There was great heterogeneity in exposure metrics, outcome defini-
tions, and effect measures, and all studies were susceptible to some
degree of bias, precluding quantitative synthesis of study results. Sub-
group and qualitative synthesis were considered but not pursued due to
substantial heterogeneity. For example, exposure metrics included
county-level coal production, modeled air pollution from coal combus-
tion, and implementation of coal-related regulation. Heterogeneity in
effect measures included visual evaluation of confidence intervals, cor-
relation and regression coefficients, standardized incidence or mortality
ratios (SIR, SMR), odds ratios (OR), risk ratios (RR), hazard ratios (HR),
or prevalence ratios (PR).

Risk of bias across studies is summarized in Supplemental Table 2.
Biases would primarily move estimates towards the null. Importantly,
none of the studies included in the review applied available methods to
account for competing risks, a common issue in evaluating health out-
comes such as cancer, which is often asymptomatic and has long latency
periods, potentially underestimating reported associations. Studies
using vital records and/or administrative data, such as coal mining listed
as occupation in death certificates or participation in government-
sponsored coal mining and health programs, such as the Coal
Workers’ Health Surveillance Program (CWHSP) or the Department of
Labor (DOL) Federal Black Lung Program (FBLP), were prone to under-
ascertainment of exposure, which can underestimate associations.
Studies that used area-level (i.e., ecological fallacy) or self-reported (i.e.,
recall bias, survivor bias) measures of exposure and/or outcome can
either over- or under-estimate associations.

To facilitate comparison across studies and interpretation of results,
two types of exposure to coal operations— occupational and resi-
dential—were used for synthesizing study findings.

3.1. Occupational exposure to coal operations

Of the fourteen studies that examined occupational exposure to coal
operations, 13 focused on mining and one focused on coal-fired power
plants (Fig. 2). All studies were subject to competing hazards and
healthy worker bias, and studies that compared different levels of
exposure within the same cohort were also subject to the healthy worker
effect (Supplemental Table 2). Most studies (9) were case-control, and
eight studies leveraged information collected by NIOSH (Supplemental
Table 3).

All four studies that evaluated cancer incidence used a case-control
design. Studies that dichotomized self-reported occupational exposure
to coal into never/ever found statistically significant associations with
higher odds of acute myeloid leukemia,?’ and lung cancer diagnoses.??
In contrast, studies that evaluated the association between different
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Table 1
Studies characteristics.
Studies Characteristics N (%)
Publication year
1983 - 1992 5(11.1%)
1993 - 2002 5(11.1%)
2003 - 2012 11 (24.4%)
>2013 24 (53.3%)

Geographical Setting
Single State
Regional
National

Data Source”

Federal Government
State Government

19 (42.2%)
6 (13.3%)
21 (46.7%)

37 (82.2%)
12 (26.7%)

Other 17 (37.8%)
Funding®

Federal Government 18 (40.0%)

Industry 4 (8.9%)

Other 10 (22.2%)

Study Design
Cross-sectional
Case-control
Cohort
Quality Rating
3: Case-control or retrospective cohort studies
4: Cross-sectional study

25 (55.6%)
12 (26.7%)
8 (17.8%)

20 (44.4%)
25 (55.6%)

Exposure Type
Residential 30 (68.2%)
Occupational 14 (31.8%)
Coal Operations”
Mining 34 (75.6%)
Power Plant 10 (22.2%)
Waste 3 (6.7%)

Components of Cancer Continuum®
Cancer Incidence
Cancer Mortality

19 (42.2%)
28 (62.2%)

Hospitalization 1 (2.2%)
Cancer Site”

All 16 (35.6%)

Respiratory” 25 (55.6%)

Gastric 6 (13.3%)

Lymphomas 5(11.1%)

Leukemia 4 (8.9%)
Cancer Outcome Identification®

CDC® 23 (51.1%)

Death Certificate
Cancer Registry

13 (28.9%)
11 (24.4%)

Self-reported 4 (8.9%)
Exposure Identification
Occupational
NIOSH* 8 (17.8%)
Self-reported 5(11.1%)
Residential
Energy Information Administration 10 (22.2%)
Environmental Protection Agency 7 (15.6%)
Satellite Image 3 (6.7%)

Other 7 (15.6%)
Comparison Group

Lower or no coal residential exposure

Lower or no occupational exposure

20 (44.4%)
10 (22.2%)

US population 7 (15.6%)
Other 8 (17.8%)
Age’
0-16 1 (2.2%)
17-30 22 (48.9%)
30-64 25 (55.6%)
>65 25 (55.6%)
Not specified 20 (44.4%)
Gender
Men only 9 (20.0%)
Women only 1(2.2%)
Men and Women 30 (66.7%)
Not specified 5(11.1%)
Race and Ethnicity
Black only 1 (2.2%)
White only 9 (20.0%)

(continued on next page)
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Table 1 (continued)

Studies Characteristics

N (%)

>90% White
Other combination of races & ethnicities
Not specified

Sample Size

14 (31.1%)
5(11.1%)
16 (35.6%)

Individuals
<500 7 (15.6%)
500-999 5(11.1%)
1000-9999 9 (20.0%)
10,000-99,999 6 (13.3%)
>100,000 5(11.1%)
Counties
<100 6 (13.3%)
100-499 4 (8.9%)
>500 3 (6.7%)
Notes.
@ Categories are not mutually exclusive, and studies were included in multiple
categories.

b Includes lung and bronchus.

¢ Includes data sources derived from the National Center for Health Statistics
(e.g., CDC WONDER, SEER mortality file, the Mortality and Population Data
System).

4 Includes occupational exposure data from the National Goal Workers' Au-
topsy, the National Coal Study, and the National Coal Workers Health Surveil-
lance Program.

levels of occupational exposure, such as number of years of employment,
found no association with multiple myeloma diagnosis,?* or malignant
lung biopsy.**
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Among the ten studies that evaluated cancer mortality, five applied a
case-control design. Two studies used death certificates to identify cases
and derived exposure information posthumously using either next-of-
kin interviews,”” or coal mining listed as usual occupation in death
certificates,”® and reported no association. The other three studies
applied a nested case-control design within the same four NIOSH
occupational cohort populations,” *° and found longer occupational
exposure to underground coal mining (self-reported at baseline) was
associated with increased mortality from leukemia,?” but not lung or
gastric cancers.”’»?

Among the four cohort studies that evaluated the association be-
tween occupational exposure to coal mining and cancer mortality, three
used the NIOSH National Coal Study cohort.>? 2 The first study had 10
years of follow-up, excluded participants aged >65 years, compared
different levels of cumulative exposure to coal mining (self-reported at
baseline) within the cohort and found no association between higher
levels of exposure and lung cancer mortality.>? The two subsequent
studies had longer follow-up times (24 and 37 years, respectively), and
found lung cancer mortality was significantly higher among the cohort
population compared to the general population in the US (Fig. 3).%%%
Consistent with these findings, the last cohort study found occupational
exposure to coal mining, ascertained through participation in either the
NIOSH CWHSP or the FBLP, was significantly associated with higher
lung cancer mortality compared to the general population.>* The only
cross-sectional study found occupational exposure to coal mining
(ascertained through FBPL listed as the primary payer in Medicare
claims) was associated with significantly higher lung and prostate can-
cer deaths, compared to Medicare enrollees without FBPL listed.>*

Exposure Outcome
Coal ) ) Cancer-related
Type Operation Incidence Mortality Hospitalization
Occupational Mine A AAAAA
( € A
Residential fine AAAAA AAAAAAAAAAAL
Mine AA
o Ak dea No Association
Inat : A Direct Association
it 4 4 v Inverse Association

Fig. 2. Summary of studies included in the review, by type of exposure and outcome evaluated and reported association.
Notes: All studies reporting statistically significant direct associations (defined as p < 0.05), with higher levels of coal exposure statistically significantly associated

with higher cancer incidence or mortality.

Charleston-Beckley

Appalachian

National Coal Workers’ Autopsy Study?

National Coal Study

Federal Black Lung Program

National Coal Workers Health Surveillance Program

10years Gilman, 1985
5 years
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N | Attfield, 2008
10 years | | Graber, 2014
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{Almberg, 2023
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Fig. 3. Occupational cohort used in studies included in the review by number of years of follow-up and reported association.

Notes: Studies published more recently benefited from longer follow-up periods in occupational cohorts.? No follow up period for the National Coal Workers' Autopsy
Study, line indicates when study was established (1969). All studies reporting statistically significant associations (defined as p < 0.05) found a positive direction of
effect, with higher levels of coal exposure associated with higher cancer incidence or mortality.
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3.2. Residential exposure to coal operations

Of the 31 studies that evaluated the association between residential
exposures to coal operations and cancer outcomes, 21 focused on min-
ing, 9 focused on coal-fired power plants, and one focused on coal waste
(Fig. 2). Notably, comparison groups often also resided near coal oper-
ations (Fig. 4), likely resulting in exposure misclassification and un-
derestimation of the associations (Supplemental Table 2). Most studies
(28) used area-level measures of exposure, ten of which used EIA data
(Supplemental Table 4).

Of the 19 studies that evaluated residential exposure to coal mining,
only one examined healthcare use and reported no association between
county-level coal production and odds of lung cancer listed as the pri-
mary diagnosis in short-term hospitalizations.*”

Nine studies evaluated the association between residential exposure
to coal mining and cancer incidence, with mixed results. Three studies
relied on self-reported cancer diagnosis, which is subject to survivor
bias. One study identified a statistically significant association with in-
dividual diagnosis of any cancer,’® another didn't,”” and the most recent
study found an association with cancer death in the household within 5
years, but not with individual self-reported cancer diagnosis.38

All other six studies used state cancer registry data, three of which
were conducted in Kentucky. Studies found coal production coincided
with clusters of high lung cancer incidence,”” and somewhat with
clusters of rare pediatric brain cancers,’® but not with higher odds of
lung cancer diagnosis across the state.”’ Similarly, a cluster of small
intestinal neuroendocrine tumors coincided with historical coal mining
in Utah,*? and residing in a county with coal mining and burning

A Exposed Number of studies
|
i
.
" 2
C.Included

Mountaintop mining
Coal mines
Power plants

,
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operations was significantly associated with higher incidence of multi-
ple myeloma and leukemia in Texas.*®> The last study evaluated both
incidence and mortality, and found populations residing in counties
with recent coal mining had significantly higher overall, lung, and
colorectal cancer incidence rates, as well as significantly higher colo-
rectal, but lower prostate cancer mortality rates, compared to pop-
ulations residing in never-mined counties in Illinois.**

Consistent with these findings, all other studies evaluating residen-
tial exposure to coal operations and cancer mortality found statistically
significant associations. Most studies (11) focused on coal mining and
found county-level coal production was associated with higher overall
cancer mortality throughout the US,*>*® as well as regionally, where
exposure to mountain-top coal mining in Appalachia was significantly
associated with higher 0verall,47’5 ! lung,47’49’52’54 breast,54 as well as
leukemia, colorectal, anus, and liver cancer mortality.48 Finally, Hen-
dryx et al. found higher respiratory cancer mortality after mountaintop
coal mining was introduced in Appalachia in response to implementa-
tion of the Clean Air Act, which incentivized a shift towards mining
low-sulfur coal reserves in the region.”®

Ten studies evaluated the association between exposure to pollutants
from coal-fired power plants and cancer outcomes. While findings on
cancer incidence were mixed, findings from studies that focused on
cancer mortality were consistent. For example, among the four studies
that leveraged cancer registry data to evaluate cancer incidence, two
studies found higher annual dioxin emissions were statistically signifi-
cant associated with non-Hodgkin lymphoma (NHL) and hepatocellular
carcinoma diagnoses,”®°” whereas smaller studies found no association
between residential proximity to coal-fired power plants and NHL,”®

B. Unexposed

Number of studies
| ||

-y

D. Not Included
Coal ash ponds
Coal railroads

Fig. 4. Geographic distribution of exposed and unexposed populations and types of coal operations in studies included in this review

Notes: A. Geographic distribution of locations used to define “exposed” populations using study-specific criteria. B. Geographic distribution of locations used to
define the comparison groups (i.e., unexposed), defined as individuals outside the study-specific exposure thresholds. C. Types of coal operations evaluated across
studies included in the review. D. Types of coal operations not assessed by studies included in this review.
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lung,”® or self-reported breast cancer diagnosis.®’

In agreement with evidence from studies evaluating residential
exposure to coal mining, higher exposure to air pollution from burning
coal was also significantly associated with higher state-level respiratory,
esophageal, colorectal, bladder, Hodgkin's lymphoma, cervical, endo-
metrial, and breast cancer mortality,61 and with individual-level overall
and lung cancer mortality in two national cohort studies.®>°° Finally, Li
et al. reported a 60% reduction in lung cancer attributable fraction
associated with reductions in pollution resulting from the North Car-
olina Clean Smokestack Act.®*

Exposure to coal waste management sites was also consistently
associated with cancer mortality. Consuming fish caught in a coal strip
pond was the most common exposure in a brain cancer incidence and
mortality cluster in Missouri,’> and in West Virginia,
population-weighted proximity to coal impoundment dams was signif-
icantly associated with higher overall, respiratory, and breast cancer
mortality,”! and proximity to injection sites was significantly associated
with mortality from other cancers.>*

4. Discussion

This systematic review of 45 studies provided insights into the as-
sociations between exposure to coal operations and cancer outcomes in
communities likely to be impacted by federal government directives to
expand coal activities in the US in 2025. Despite great heterogeneity in
methodological approaches, which precluded quantitative synthesis of
study results, most studies found statistically significant associations
between residential and occupational exposure to coal operations and
cancer outcomes, especially cancer mortality. The consistency of these
findings highlights the importance of understanding the detrimental
health consequences of coal activities to inform local permitting
decision-making in these communities.

All studies evaluating residential exposure to coal operations found a
statistically significant association with higher cancer mortal-
ity, 3844550204 while studies evaluating an association with cancer
incidence reported mixed results.>%>%%6-42:4459 Ecological fallacy was a
concern among all studies using area-level measures of exposure and/or
outcome. Nonetheless, area-level measures of exposure to geographi-
cally defined environmental factors (e.g., proximity to coal operations)
are a reasonable proxy for individual exposure gradients. In contrast,
area-level measures of individual behavior (e.g., prevalence of smoking)
cannot reliably approximate individual-level factors. Therefore, residual
confounding by smoking remains a concern where area-level measures
were used. Finally, most studies evaluating cancer mortality shared data
sources (i.e., surveillance systems supported by the federal government)
that were unlikely to introduce bias given consistent population-based
data collection over time. Sustained federal investment in research
infrastructure and surveillance systems will remain critical for moni-
toring and mitigating the health effects of coal operations on local
communities.

Similarly, all recent studies that evaluated occupational exposure to
coal mining found a statistically significant association with higher
cancer mortality compared to the general population.’®3!3%3% I
contrast, earlier studies compared different levels of exposure within the
same cohort.”” ?>2 However, this strategy is susceptible to healthy
worker survivor effect, a type of bias known to mask dose-response re-
lationships.°® Therefore, the results of more recent studies, which
benefitted from longer follow-up periods, are not only more consistent,
but also more reliable. These consistent findings of associations between
occupational exposure to coal operations and worse cancer mortality
underscore the importance of weighing the potential economic benefits
of job creation from coal expansion against the health costs to local
communities.

Randomizing individuals to coal exposure is both infeasible and
unethical. Consequently, all studies were observational and imple-
mented different strategies to address the inherent difficulties and
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sources of bias. The consistency across studies’ findings despite these
methodological limitations suggests the association between occupa-
tional and residential exposure to coal operations and cancer mortality is
robust.

Key knowledge gaps remain. For example, only one study evaluated
cancer outcomes in children,”® who may be especially vulnerable to
pollutants released by coal operations due to physiologic, metabolic, and
behavioral factors.®” Additionally, only two studies evaluated changes
in cancer outcomes following policy changes.”>®* Finally, most studies
focused on residential or occupational exposure to coal mining. How-
ever, each stage of coal's life cycle can adversely affect the economic and
health well-being of local communities.®®

Burning coal not only releases pollutants into the surrounding air,
but also concentrates metals (e.g., arsenic, cadmium, and chromium) in
the ash.”® In the US, coal waste is stored in coal ash ponds, which are
prone to leakage and can contaminate water sources.”'’® Additionally,
coal ash pond spills can have catastrophic consequences for local com-
munities.”* Coal also has the highest greenhouse emission intensity of all
energy sources.”> Given coal's contribution to both climate change and
air pollution, expansion of US coal operations has global implications.
Climate change already affects populations worldwide,”® including in
the US,”” where impacts of climate-driven disasters on cancer care and
outcomes are already measurable.”®’? Climate-driven extreme weather
events can also increase exposure to carcinogens in local communities.®°
For example, with increasing rainfall intensity and exacerbation of
extreme weather events,’! the frequency of coal ash ponds spills could
increase — underscoring the critical need for evidence-based protective
policies and practices.

No studies evaluated cancer outcomes associated with coal trans-
portation,®? coal ash used as structural fill,”® or occupational exposures
during coal ash cleanup efforts.®® Finally, no study evaluated the asso-
ciation between exposure to coal and efficacy or cost of cancer treatment
and/or survivorship care. These are important topics for future research.

Historically, federal government-supported research — both intra-
mural and extramural - provided the scientific evidence for policies and
regulations that improved occupational health and safety in coal
mines,®* ®® and protected the US population from industry pollution (e.
g., the Clean Air Act).®”%® However, recent policy shifts, such as
declaration of the energy emergency,” regulatory rollbacks,>*’ cuts to
federally funded research,”® and dismantling of occupational health
programs,”’ are likely to simultaneously incentivize an increase in coal
activities and limit the ability of public health professionals, policy-
makers, and local decision-makers to monitor, understand, and act on
coal-related occupational and residential hazards.

This systematic review drew from peer-reviewed publications across
multiple databases and included studies with a wide range of exposures
and outcomes. Additionally, we searched reference lists of included ar-
ticles to identify additional published studies that may have been missed
in electronic searches. Despite these efforts, we may have missed some
relevant studies. Finally, it was not possible to quantitatively synthesize
the studies due to heterogeneity in study measures.

Exposure to coal operations is consistently associated with worse
cancer mortality, underscoring the need for continued support for sur-
veillance, research, regulatory action, and occupational health programs
to mitigate detrimental health consequences of potentially increasing
coal activities in the US.

69
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