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Abstract

Background: Diesel exhaust and respirable dust exposures in the mining industry have not been
studied in depth with respect to non-malignant respiratory disease including chronic obstructive
pulmonary disease (COPD), with most available evidence coming from other settings.

Obijectives: To assess the relationship between occupational diesel exhaust and respirable dust
exposures and COPD mortality, while addressing issues of survivor bias in exposed miners.

Methods: The study population consisted of 11,817 male workers from the Diesel Exhaust in
Miners Study 11, followed from 1947 to 2015, with 279 observed COPD deaths. We fit Cox
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proportional hazards models for the relationship between respirable elemental carbon (REC) and
respirable dust (RD) exposure and COPD mortality. To address healthy worker survivor bias,

we leveraged the parametric g-formula to assess effects of hypothetical interventions on both
exposures.

Results: Cox models yielded elevated estimates for the associations between average intensity
of REC and RD and COPD mortality, with hazard ratios (HR) corresponding to an interquartile
range width increase in exposure of 1.46 (95% confidence interval (Cl): 1.12, 1.91) and 1.20 (95%
Cl: 0.96, 1.49), respectively for each exposure. HRs for cumulative exposures were negative for
both REC and RD. Based on results from the parametric g-formula, the risk ratio (RR) for COPD
mortality comparing risk under an intervention eliminating REC to the observed risk was 0.85
(95% CI: 0.55, 1.06), equivalent to an attributable risk of 15%. The corresponding RR comparing
risk under an intervention eliminating RD to the observed risk was 0.93 (95% CI: 0.56, 1.31).

Conclusions: Our findings, based on data from a cohort of nonmetal miners, are suggestive of
an increased risk of COPD mortality associated with REC and RD, as well as evidence of survivor
bias in this population leading to negative associations between cumulative exposures and COPD
mortality in traditional regression analysis.

Keywords
diesel exhaust; respiratory dust; COPD mortality; survivor bias

1. Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a collective term for several progressive
chronic lung diseases characterized by airway obstruction, including chronic bronchitis and
emphysema. COPD remains one of the leading causes of mortality in the US (Murphy et
al., 2021), with an estimated five billion dollars in annual health care cost expenditures
associated with it (Syamlal et al., 2020). Occupational exposures are among the leading
causes of COPD after tobacco smoke (Balmes et al., 2003), with approximately 20% of
cases attributable to workplace exposures to vapors, gases, dusts and fumes (Blanc et

al., 2009; Lytras et al., 2018). Mitigation of respirable occupational exposures to improve
worker safety and health are needed to limit the burden of COPD.

Diesel exhaust is one occupational exposure linked to increased risk of COPD, with previous
evidence from studies in the construction and transportation industries, as well as from
motor vehicle operations (Hart et al., 2012b, 2009, 2006; Hnizdo et al., 2002; Weinmann et
al., 2008). Mining is an occupational setting with high diesel exhaust exposure as well as
additional exposure to respirable dust. Diesel exhaust exposures in miners have been linked
to lung cancer and ischemic heart disease mortality (Attfield et al., 2012; Costello et al.,
2018; Neophytou et al., 2016; Silverman et al., 2012), but evidence for an exposure-response
between diesel exhaust and COPD in this industry is limited. Occupational dust exposure
has also been linked to risk of COPD (Balmes et al., 2003; Blanc et al., 2009); however,
studies from the mining industry have focused specifically on coal mine dust and silica dust
as opposed to dust from other sources.
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The natural history of COPD, which can cause chronic health issues over many years,
may also increase the potential for survivor bias in occupational settings (Picciotto et al.,
2014). This type of bias, typically referred to as the healthy worker survivor effect, occurs
when less healthy workers tend to leave work earlier and accrue less exposure over time
compared to their healthier peers, leading to downward bias towards or even past the null
for harmful exposures (Brown et al., 2017; Buckley et al., 2015). Previous findings have
provided evidence that this type of bias is operating in occupational cohort studies with
COPD as the outcome of interest (Chevrier et al., 2012; Hart et al., 2009).

We have previously reported results linking long-term diesel-exhaust exposure and COPD
mortality in data from the Diesel Exhaust in Miners Study (DEMS). However, the original
DEMS COPD analysis was limited in statistical power and had the potential for survivor
bias (Ferguson et al., 2020). A better understanding of the relationship between diesel
exhaust exposure and risk of COPD will enable us to quantify the overall burden of disease
related to occupational exposures, as well as the general impact of diesel exhaust exposures
on public health. In this study, we leverage the 18-year extended mortality follow-up in

the Diesel Exhaust in Miners Study 1l (DEMS I1) (Koutros et al., 2023; Silverman et al.,
2023), to re-examine the association between long-term diesel exhaust and respiratory dust
exposures with risk of COPD mortality. We further perform sensitivity analyses to assess
the presence of healthy worker survivor bias that may lead to downward bias of traditional
regression parameters and also examine these relationships using the parametric g-formula
which is equipped to address this bias in the form of exposure-confounder feedback.

2. Methods

2.1 Study Population

The study population has been described in detail elsewhere (Koutros et al., 2023; Silverman
et al., 2023). Briefly, DEMS Il contains extended follow-up information from the Diesel
Exhaust in Miners Study (Attfield et al., 2012; Silverman et al., 2012). The study comprised
the same 12,315 non-metal miners from 8 mining facilities located in Missouri (1 limestone
mine), New Mexico (3 potash mines), Ohio (1 salt mine), and Wyoming (3 trona mines).
Workers employed in a blue-collar job for at least one year were eligible. Follow-up began
with beginning of dieselization at each facility (varying from 1947 to 1967), after applying
the one-year employment requirement for each participant. Mortality follow-up in DEMS
was through 1997, with the extended mortality follow-up for DEMS Il continuing through
2015. The study was approved by the Human Subjects Review Board at the University of
California Berkeley.

2.2 Outcome and Covariates

Mortality and cause of death were ascertained from death records in the National Death
Index (NDI). Vital status could not be ascertained for 89 participants, who we censored at
their last observed date. COPD mortality was defined as death due to chronic bronchitis,
emphysema, or chronic airway obstruction and identified based on codes from the
International Classification of Diseases (ICD) Sixth and Seventh Revision (501-502); Eighth
Revision (490-492); or Ninth Revision (490-492, 496) depending on the date of death.

Environ Int. Author manuscript; available in PMC 2025 March 01.
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We identified 284 cases with these codes listed as the underlying cause of death. Only

five of the cases were among female participants, so analyses were restricted to n=279
cases among 11,817 male workers. As a sensitivity analysis we also considered an outcome
definition where deaths with the same ICD codes for either the underlying or one of the
first two contributing causes on the death certificate (372 cases among male miners), in
accordance to previous research on COPD mortality in this setting (Ferguson et al., 2020).
Work records included information on age, state where mines were located (Missouri, New
Mexico, Ohio, or Wyoming each corresponding to separate mine types), date of hire (which
enabled estimation of number of years as a prevalent hire), active employment status over
time, job location (surface, underground, or inactive periods) and partial information on race.
Smoking is considered the leading cause of COPD (Mannino et al., 2006), but smoking
information was only available for the subset of participants which the DEMS nested case
-control study of lung cancer (Silverman et al., 2023).

2.3 Exposure Assessment

Historical exposure to respirable elemental carbon (REC) was assessed as a surrogate for
diesel exhaust exposure. REC exposure values were estimated based on personal air samples
(n>1100) collected during the 1998-2001 DEMS industrial hygiene surveys. Few historical
REC measurements were available and the 1998-2001 REC levels were back-extrapolated
based on an empirical model to estimate underground exposures (Coble et al., 2010;

Stewart et al., 2012, 2010; Vermeulen et al., 2010b, 2010a). The model relied on historical
carbon monoxide (CO) concentrations based on historical area measurement (n>11,000) and
information on horsepower of diesel equipment used in the mines, exhaust ventilation in
cubic feet per minute, job tasks, and diesel equipment characteristics. Surface jobs were
categorized based on the proximity to diesel equipment and its size and frequency of use.
The 1998-2001 DEMS REC measurements for surface jobs were used to calculate average
REC exposures to one of three job groups per facility and were deemed unchanged during
the period of study. Respirable dust (RD) exposures were estimated based on personal
measurements (n=442) from 1976 to 1999 collected by the US Mine Safety and Health
Administration (MSHA) and other government and company sources (Stewart et al., 2010).
Quantitative levels of exposure to RD were estimated by job groups, facility, and decade.
Facility-specific job estimates of annual average REC exposure, as well as facility/job group
and decade-specific estimates of RD exposure, were assigned to the study subjects based on
their work histories. Additional information on the number and timing of samples utilized in
the exposure assessment for both REC and RD can be found in Supplemental Table 1.

For the analyses in the current study, time-varying estimates of cumulative exposure to

REC (pg/m3-years) and RD (mg/m3-years) were calculated for each worker by accumulating
annual average exposures for the duration of exposure, while time-varying estimates of
average intensity of REC and RD were calculated as the cumulative exposure divided by
duration of exposure. Complete work history and, by extension, exposure information for
both REC and RD were only available from beginning of follow-up through 1997-1999
depending on facility. Exposures were therefore not known for participants that remained
employed at participating facilities after these dates, which accounted for approximately
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25% of male cohort participants, while 11% of participants were actively employed un
underground jobs.

2.4 Statistical Analysis

We assessed the relationship between REC and RD exposures and COPD mortality

in a survival framework. We fit Cox proportional hazards models for COPD mortality

and cumulative and average intensity REC and RD exposures. We mutually adjusted

for two exposures of REC and RD to account for potential common causes driving
exposure concentrations relating to job type/task and location. However, to reduce issues
of collinearity particularly between cumulative exposures to REC and RD, two sets of
models were fit: (a) with cumulative REC exposure and average intensity RD exposure
included in the same model and separately, (b) with cumulative RD exposure and average
intensity REC exposure included together. We also fit separate models for each of the four
different metrics without any mutual adjustment as sensitivity analysis. We also considered
the same models in subsets of participants limited by duration of employment, in order to
assess for evidence of healthy worker survivor bias, as well as models for the relationship
between duration of exposure and the outcome. In all models, attained age was the time
scale of interest, while birth year, race/ethnicity (white, other or unknown), number of
years employed prior to dieselization, and time-varying job location were also included;
models were also stratified by state (proportional hazards assumption applies within each
state). Separate models were fit with categorical and continuous exposures. In models with
categorical exposures, variables were created using cut-offs based on the quartiles of the
exposure distribution of the cases; a Wald test for linear trend was also performed. In
addition, separate models using continuous exposures were fit using (log-)linear terms.
Lastly, sensitivity analyses with models using 20-year lagged exposures were performed for
both categorical and continuous exposure metrics. The lag period was chosen based on the
duration of follow-up after last active employment (median duration of 20 years among the
cases). Cox models were performed in Stata version 16, 2019 (Stata Corp LCC, College
Station, TX, USA).

Exposure-confounder feedback in the form of a time varying confounder (active
employment status) affected by prior exposure is the signature structure of the healthy
worker survivor effect. In order to account for this, we estimated counterfactual risks
under exposure interventions using the parametric g-formula (Robins, 1986; Taubman et
al., 2009). While the approach is preferred to traditional regression approaches (including
Cox proportional hazards models) due to its ability to account for exposure-confounder
feedback, it comes with strong assumptions of correct model specification. The estimation
process is described in detail elsewhere (Neophytou et al., 2019; Taubman et al., 2009),
while a complete description of the fitted parametric models is included in the supplemental
materials. Briefly, we fit separate pooled logistic models for the outcome, death by other
causes as a competing event, and time-varying active employment status, as well as a
multilevel logistic model for job location and linear models for annual average REC

and RD exposures. We then simulated exposure, covariate, and outcome values at each
age < 90 years in a large pseudo-sample (n=50,000) using the baseline distribution of
covariates and model parameters based on the aforementioned models. The simulation
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was repeated for various hypothetical intervention scenarios setting maximum limits for
REC and RD. The interventions for REC were determined based on the current MSHA
permissible exposure limit (PEL) of 160 pg/m? of total carbon (TC), measured as an

8-hour time-weighted average (MSHA, 2001). We also estimated counterfactual risk under
the EC recommendation published, but later withdrawn, by the American Conference of
Governmental Industrial Hygienists (ACGIH) (20 pg/m3 EC measured on the submicron
particulate matter fraction (ACGIH, 2001; NIOSH, 2003)), as well as a scenario eliminating
diesel exposures entirely. These values were converted to the respirable fraction of EC based
on information for the relationship between TC, EC and REC from the exposure assessment
studies, as previously described (Neophytou et al., 2019), with the MSHA PEL of 160 ug/m3
for TC corresponding to 106 pg/m3 REC, and the ACGIH recommended 20 pg/m3 EC
corresponding to 25 pug/m3 REC. Corresponding PELs for RD such as the MSHA PEL for
nuisance dust (10 mg/m3 for total dust) were above the majority of the observed exposures
(maximum observed annual average daily exposure for RD was 5 mg/m?3): therefore, we
estimated interventions setting theoretical maximums of 0.5 mg/m3 and 1 mg/m3. For each
intervention, at each time point, exposure values predicted to be above the hypothetical limit
at each time point were replaced with the limit, while exposure values predicted to be below
the hypothetical limit were allowed to remain as predicted. These replaced or predicted
values were used to predict covariate and outcome values for the next time point.

Cumulative incidence (or risk, defined as the probability that a person has died due to the
outcome of interest by the time #(Cole et al., 2015)) of COPD mortality was estimated for
each intervention scenario using an estimator for the cumulative incidence of the outcome
of interest in the presence of competing risks (Lau et al., 2009), with age as the time

scale. Death from causes other than COPD was treated as the competing event in this case.
Stability estimates were based on 1,000 bootstrap samples. All g-formula analyses were
carried out in SAS (SAS version 9.4; SAS Institute Inc., Cary, NC) based on the gformula
SAS macro available at http://www.hsph.harvard.edu/causal/software/.

3. Results

Analysis for this study was based on the male workers of the DEMS 1l cohort with baseline
and other characteristics summarized in Table 1. Mean age at beginning of follow-up was
30.4 years (standard deviation (sd) =9.5), while the mean age at death was 68.0 (sd=14.6).
Mean age at death due to COPD was 73.1 years (sd=10.5). Participants were followed for a
mean of 36.2 years (sd=11.4), and the majority were white.

Average annual, time-varying cumulative exposure and average intensity of exposure
distributions for REC and RD are summarized in Figure 1. The mean time-varying
cumulative exposures for REC and RD were 713.6 pg/m3-years and 13.9 mg/m3-years,
while the corresponding values for average intensity of exposure were 83.3 ug/m3 and 1.5
mg/m3 for REC and RD, respectively. Correlations between the different exposure metrics
were moderate for average and strong for cumulative exposures (Figure S2).

Results from Cox proportional hazards models are summarized in Table 2. Models with a
log-linear term for the exposure-response indicated elevated hazard ratios (HR) for average

Environ Int. Author manuscript; available in PMC 2025 March 01.
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intensity for REC, with a HR corresponding to an interquartile range width increase in
exposure of 1.46 (95% confidence interval (CI): 1.12, 1.91). Results for average intensity
REC using a categorical exposure were monotonic, with effect estimates increasing with
increasing exposure quartiles, though Cls included the null value. The p-value for a linear
trend test was 0.024. By comparison, results for average intensity of RD with categorical
exposure variables yielded a HR comparing the highest exposure quartile to the lowest of
2.55 (95% ClI: 1.44, 4.54). A test for linear trend yielded a p-value of 0.006; based on results
from a model with log-linear term for a continuous exposure, the HR corresponding to an
interquartile range width increase in average intensity of RD exposure was 1.20 (95% CI:
0.96, 1.49). Point estimates for cumulative exposures were below the null for both REC

and RD regardless of how the exposure-response was modelled, an indication of healthy
worker survivor bias (Table 2). Results from models where each metric was considered
separately are summarized in Supplemental Table 2. Briefly, average intensity of exposure
estimates were attenuated for both REC and RD without any adjustment for cumulative
exposure of the respective co-exposure, but remained indicative of positive associations with
the outcome. Estimates for cumulative exposures were also attenuated.

When considering subsets of participants limited based on duration of active employment,
point estimates for cumulative exposures were progressively higher with decreasing duration
of employment and consistent with a harmful effect for both REC and RD, though Cls
included the null with the exception of cumulative REC for those with 6 years active
employment or less (Table 3).

Results from sensitivity analysis using a broader definition of the outcome relying on
additional contributing causes of death had a similar pattern (Supplemental Table 3), as

did results using a 20-year lagged exposure, although these effect estimates tended to be
attenuated compared to the unlagged analysis (Supplemental Table 4). Associations with
duration of exposure were also negative for COPD mortality with a HR of 0.98 (95 CI1:0.97,
0.99), for each one-year increase in duration of exposure.

Simulations from the parametric g-formula tended to overestimate the risk of COPD
mortality (Figure S2a), though risk was overestimated when exposures were not considered
as predictors for the outcome as well (supplemental Figure S2b), indicating that
overestimation was likely due to reasons other than the modelled exposure-response.
Estimates for hypothetical interventions on both exposures using the parametric g-formula
are summarized in Table 4. The risk ratio (RR) comparing COPD mortality risk up to age
90 under a hypothetical intervention with a REC exposure limit of 25 pg/m?3, in which all
annual average exposures above this value were replaced with 25 pg/m3, to the risk under no
intervention was 0.90 (95% Cl: 0.38, 1.09) for COPD mortality by age 90. Eliminating REC
exposure altogether resulted in a RR of 0.85 (95% CI: 0.55, 1.06) compared to the observed.
Results from hypothetical interventions on RD resulted in smaller decreases in the risk of
COPD mortality: eliminating RD exposure altogether resulted in a RR of 0.93 (95% CI:
0.56, 1.31) compared to the observed. Based on these RR point estimates, the attributable
fraction of COPD deaths due to REC and RD exposures were 0.15 and 0.07 respectively.
Results using a 20-year lagged exposure indicated similar effect estimates (Supplemental
Table 5).

Environ Int. Author manuscript; available in PMC 2025 March 01.
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4. Discussion

Our findings, which leverage an extended mortality follow-up from DEMS 11, indicate that
REC and RD exposures in the mining industry are associated with elevated risk of COPD
mortality, but also that there is evidence of considerable survivor bias in evaluating COPD
mortality in this setting. Cumulative exposure estimates (as opposed to average intensity),
as well as duration of exposure were inversely associated with risk of COPD mortality
when examined in a traditional regression framework, which is indicative of healthy worker
survivor bias. Analysis based on the parametric g-formula, an estimation approach equipped
to address exposure-confounder feedback in the form of healthy worker survivor effect,
indicated that interventions to mitigate exposure may lead to decreases in COPD mortality
risk in this population, though Cls typically included the null.

Diesel generators and other diesel-powered equipment often account for the majority

of energy in mining operations, due to their properties including lower combustion
temperatures and lower cost compared to alternative power sources. Occupational diesel
exhaust exposure, however, has been shown to be associated with increased risk of adverse
outcomes, with previous findings based on the same cohort indicating that current regulatory
standards (MSHA PEL of 160 pg/m3 TC (MSHA, 2001)) may not be enough to protect
worker health with respect to lung cancer and ischemic heart disease mortality (Neophytou
etal., 2019, 2016; Silverman et al., 2023). Diesel exhaust exposures have also been linked to
increased risk of COPD with evidence to date primarily relying on other industries (Hart et
al., 2012a, 2009, 2006; Hnizdo et al., 2002; Weinmann et al., 2008). A previous study in the
DEMS cohort (follow-up through 1997) indicated some evidence of an association between
REC exposure and risk of COPD mortality though most Cls included the null with power
and survivor bias identified as a potential limitations (Ferguson et al., 2020). Our findings
leveraging the extended follow-up in DEMS |1 and roughly double the cases suggest that
occupational diesel exhaust exposure as measured by REC concentrations in the mining
industry is also associated with elevated COPD mortality, while issues of survivor bias were
further documented. Overall, our findings suggest that this outcome should be taken into
account in assessing the overall occupational risk of this exposure on burden of disease.

The DEMS 11 cohort is also exposed to respirable dust, which has been linked to increased
risk of COPD (Balmes et al., 2003). In mining settings, airborne respirable dust is the
result of extraction, transport and processing of the ore, stone or coal. RD exposure in this
case is expected to consist primarily of the mined ore in each mining facility (limestone,
potash, salt or trona). None of these substances is regulated separately, with the relevant
standard being the MSHA PEL for total dust; however, they are considered irritants that
may affect respiratory health. The total RD exposure in this setting, also consists of all
particles in the respirable fraction including REC, PAHSs and other substances common in
miming settings such as asbestos and silica. Silica is an established risk factor for COPD
(Gallagher et al., 2015; Hnizdo and Vallyathan, 2003; Neophytou et al., 2018). Stratified
analyses by mine type were not performed due to limited power, however any RD effect
would potentially be differential by mine type given the different types of ore. It should be
noted that participating mines in DEMS Il were originally chosen as non-coal and non-metal
facilities and because of relatively low concentrations of known lung carcinogens such
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as radon, ashestos, and silica (Attfield et al., 2012), The presence of both REC and RD
exposures in the DEMS |1 study population could be of particular interest, as ineffective
clearance or overload of dust particles in the lungs and airways may result in a chronic
inflammatory response contributing to lung disease progression (Ling and van Eeden, 2009)
and potentially exacerbate the toxicity of both exposures.

In our study, results for average intensity of exposure to REC and RD were more sensitive to
the modelling of the exposure response in Cox models; in models using categorical exposure
variables, associations were stronger for RD than for REC, whereas models using log-linear
terms for continuous exposure resulted in stronger associations with REC than with RD.
These results are likely explained by a more skewed distribution of REC exposure compared
to RD and deviations from a log-linear effect (Figure 1). Effect estimates for average
intensity of exposure from models that did not include cumulative metrics for the respective
co-exposure were attenuated, as the cumulative co-exposure adjustment likely also acts as a
proxy for a duration of exposure. Results from the g-formula were also more in line with

a stronger REC effect. Mutual adjustment for REC and RD was likely more rigorous in

the g-formula with flexible terms for annual average and cumulative exposures for both
REC and RD added in the parametric prediction models used in the estimation. In contrast,
modelling average intensity of one exposure in conjunction with cumulative exposure for the
other, may have failed to fully account for the possible effect of each co-exposure in the Cox
models. It should also be noted that REC is a component of the total respirable fraction of
dust exposure, and adjustment for REC will have led to an underestimation of total RD risk.

Whereas average intensity of exposure measures in our study were associated with elevated
effect estimates for both REC and RD exposures, cumulative exposures (a function of annual
average exposures and duration of exposure) were associated with lower COPD mortality
risk when examined in a traditional regression framework. Increased duration of exposure
was also associated with lower COPD mortality risk indicating that those workers that were
employed (and exposed) over a longer period were less likely to develop the outcome. This
feature is a prime indicator of healthy worker survivor bias in occupational cohort settings,
where less healthy workers, who are more likely to develop the outcome, tend to leave
work earlier and accrue less exposure than their healthier peers (Brown et al., 2017). Unlike
cumulative exposure metrics, average intensity of exposure did not suffer from this type of
bias as it is not directly proportional to the duration of exposure.

Findings for cumulative exposure in subsets of participants with limited duration of
employment were consistent with a harmful effect, which was also indicative of the presence
of healthy worker survivor bias. We previously also showed that exposure is associated
with termination of employment in this cohort (Neophytou et al., 2016), as would also

be expected in the presence of this bias mechanism. In analysis using the parametric
g-formula, an estimation approach suited to address this type of bias, the cumulative effect
of hypothetical interventions limiting REC and to a lesser extent RD exposure resulted in
lower risk of the outcome. Thus, while standard regression models produced an estimate

of a negative association between cumulative exposure and the outcome, the parametric
g-formula yielded effect estimates for the cumulative effect of exposure over time that were
consistent with Aarmful effects of exposure. The fact that these point estimates were in a
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different direction from those produced in the Cox models represents another indication of
the presence of survivor bias for COPD in this cohort. Cls for g-formula analyses tended to
include the null, though were much narrower compared to our prior study with more limited
follow-up (Ferguson et al., 2020).

Exposure to REC has previously been found to be associated with lung cancer mortality,
while both REC and RD have been reported to be associated with ischemic heart disease
mortality in this cohort in both traditional regression and g-formula based analyses (Attfield
etal., 2012; Costello et al., 2018; Neophytou et al., 2019, 2016; Silverman et al., 2012).
Results for COPD in the current study based on the g-formula indicate a weaker association
with COPD compared to these other outcomes. This could be due to a true weaker effect of
exposure, or presence of survivor bias that is not as adequately addressed here. For example,
g-formula simulations in the current study were not very accurate in predicting the observed
risk which may have led to a less effective modelling approach. Furthermore, the use of
extended follow-up meant a gap in exposure history for some participants which would
have affected our ability to address time varying confounding by employment status. Results
for cumulative exposure were negative in traditional regression models, which was not the
case in previous studies of outcomes other than COPD (Attfield et al., 2012; Costello et

al., 2018; Silverman et al., 2012). This could be because of weaker true exposure effects
suffering from similar survivor bias compared to other outcomes, or potentially stronger
survivor bias in the case of COPD compared to other outcomes with similar true effects

in magnitude. COPD cases tend to survive longer with disease symptoms compared to
other outcomes such as lung cancer, while COPD mortality tended to occur at older ages
compared to other causes of death. This could in turn maximize the potential for healthier
workers to continue accruing exposure while their less healthy peers (potentially due to
COPD symptoms) terminate employment earlier.

Our study has important strengths, including the exposure assessment for REC as a
quantitative measure for diesel exhaust exposure, and the extended duration of follow-

up allowing for assessment of relationships for an outcome like COPD mortality. Our
estimation approach also tackles issues of exposure-response, addresses survivor bias and
yields several parameters of interest including risk (cumulative incidence) which has more
direct applicability to public health compared to parameters based on the hazard or odds
(Cole et al., 2015). Limitations include lack of information on potential covariates of interest
such as smoking and any employment information outside of the participating facilities in
the cohort. Smoking data were available in the a subset of participants which comprised the
DEMS nested-case control study of lung cancer, indicating an overall prevalence of smoking
(including former smokers) of about 70% (Silverman et al., 2023, 2012). Adjustment for
smoking in the DEMS nested-case control study, however, led to stronger effect estimates
for REC on risk of lung cancer, while results on the positive association between REC and
lung cancer were consistent across different facilities with different rules about smoking
though it was allowed is most facilities (Silverman et al., 2012). Given the same directions in
terms of the causal relationships between exposure, smoking rates and COPD mortality we
would theoretically expect any confounding by smoking in this study to result in downward
bias. Misclassification of the outcome is also possible as assessment of COPD mortality
from death records is expected to lead to underestimation of the true number of cases
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(Jensen et al., 2006). In the current study the primary analysis was based on the underlying
cause of death, though as a sensitivity analysis we considered an alternative definition of the
outcome including up to three additional (contributing) causes of death, which is expected
to be more sensitive, though potentially at the expense of specificity. Results using this
definition of the outcome indicated similar patterns for potential exposure effects as the
primary analysis in Cox models. Furthermore, it is not clear from our Cox proportional
hazards analysis results if the associations between exposures and COPD mortality are a
function of exposure causing the underlying disease or potentially accelerating mortality
among those that already have the disease. If the latter was true then presumably we would
see a diminished effect or even crossing of hazards at older ages leading to downward bias.
Results from the g-formula however indicate that increased cumulative incidence continued
to be associated with exposure levels even at older ages which would indicate a relationship
between exposure and the underlying disease rather than mere acceleration of mortality
among those with COPD. Results from the g-formula though theoretically not suffering
from the same magnitude of healthy worker survivor bias, are still subject to limitations
regarding the assumption of correct model specification. The large number of parametric
models increases the possibility and potentially magnitude of bias that may arise from model
misspecification.

As stated, complete exposure data for each participant was only available from beginning

of follow-up through 1997-1999 depending on facility, with approximately 25% of the
male workers in the cohort still actively employed and potentially exposed for some
additional time after these dates. Cumulative exposures to REC and RD are therefore likely
underestimated for these participants when exposure information is unavailable: this portion
of person-time is treated as unexposed in the natural course for the parametric g-formula,
thus potentially leading to underestimation of intervention effects. With mortality follow-up
ending in 2015, results from the sensitivity analyses using lagged exposure values do not
suffer from this limitation, though they are subject to the assumption of lagged effects of
exposure. Exposure measurement error could also be a limitation, primarily in the case of
RD, as the exposure assessment for RD was based on fewer samples and was overall less
rigorous than REC, having relied on fewer total samples and a cruder grouping of job-title
based exposures. This type of measurement error is assumed to be non-differential and likely
would have resulted in bias towards the null. Lastly, although participants of this study are
considered naive to occupational REC exposure prior to dieselization at each participating
facility, the same is not true for RD exposure. Participants who were already employed at
the beginning of dieselization had prior RD exposures that are not included as part of the
exposure of interest in this study. We adjusted for number of years as a prevalent hire in

our analysis, though our population is still at least partially left-truncated with respect to RD
exposure. This could potentially lead to further bias towards the null for the potential effects
of RD (Applebaum et al., 2011).

In conclusion, findings from the current study suggest that occupational exposures to diesel
exhaust and dust are associated with increased risk of COPD mortality in a population

of miners, though results were not consistent across different estimation approaches and
exposure metrics. Our findings also indicated of the presence of considerable survivor bias
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in this cohort when exposure-COPD relationships were assessed in a traditional regression
framework.
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Highlights
Average intensity of diesel exhaust and dust exposure were associated with COPD.
Cumulative exposures were inversely related with the outcome in traditional regression.

Survivor bias was evident in the analysis of COPD in this population of exposed miners.
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Figure 1:

Average intensity RD mg}"m3

Observed exposure distributions for Respirable Elemental Carbon (REC) on the right, and
Respirable Dust (RD) on the left for annual average exposures (panel A), cumulative
exposures (panel B) and average intensity of exposure (panel C).
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Table 1:

Baseline and demographic characteristics among male participants in DEMS II, followed for mortality
between 1947-2015 (n=11,817).

Variable No (%) Mean (sd)

Race/Ethnicity,

White 4736 (40.1)

Black 106 (0.9)

Hispanic 543 (4.6)

American Indian 118 (1.0)

Asian/Pacific Islander 14 (0.1)

Other 26 (0.2)

Multiracial 1(<0.1)

Unknown 6273 (53.1)
Mine type (State)

Limestone (Missouri) 1668 (14.1)

Potash (New Mexico) 4424 (37.4)

Salt (Ohio) 518 (4.4)

Trona (Wyoming) 5207 (44.1)
Total deaths 4833 (40.9)
COPD deaths? 279 (2.4)
Age at baseline (years) 30.5(9.5)
Age at death (years) 68.0 (14.6)
Age at COPD death (years) 73.1(10.5)
Duration of employment (years)? 13.2(10.3)
Duration of follow-up (years) 36.2 (11.4)

Abbreviations: COPD, chronic obstructive pulmonary disease; DEMS I1, diesel exhaust in miners study II;

aCOPD mortality based only on the underlying cause of mortality. 372 cases were assessed based on a definition including the underlying and three
additional causes of death.

Duration of employment estimated after dieselization as this was the period where participants could have been exposure to both exposures while
actively employed.
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cumulative exposure for REC and RD exposures among male participants of the DEMS 11 study, followed for
mortality between 1947-2015.

N Cases HR (95% Cl) N Cases HR (95% Cl)
Average intensity REC (ug/m3) Cumulative RD (mg/m3-years)
Categorical variable Categorical variable
<1.80 70 1.00 (ref) <5.80 70 1.00 (ref)
>1.80 —<43.50 70 1.04 (0.70, 1.53) >5.80-<12.90 70 0.87 (0.59, 1.27)
>43.50 — <136.60 70 1.20 (0.68, 2.11) >12.90 — <25.90 70 0.77 (0.49, 1.20)
>136.60 69 1.70 (0.92, 3.16) >25.90 69 0.64 (0.39, 1.03)
Log-linear term 1.46 (1.12, 1.91)4 Log-linear term 0.96 (0.88, 1.04)4
Average Intensity RD (mg/m?3) Cumulative REC (ug/m3-years)
Categorical variable Categorical variable
<0.80 70 1.00 (ref) <24.90 70 1.00 (ref)
>0.80 - <1.50 70 1.74 (1.21, 2.51) >24.90 - <230.10 70 0.90 (0.64, 1.26)
>1.50 - <2.10 70 2.04 (1.19, 3.48) >231.10 - £937.00 70 0.92 (0.65, 1.32)
>2.10 69 2.55 (1.44, 4.54) >937.00 69 0.78 (0.58, 1.16)

Log-linear term

1.20 (0.96, 1.49)4

Log-linear term

0.91 (0.83,1.01)4

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; DEMS Il, diesel exhaust in miners study I1; HR, hazard
ratio; REC, respirable elemental carbon; RD, respirable dust

All models adjusted for birth year, race, location, number of years employed prior to dieselization and stratified by state. Age was the time-scale of
interest. Furthermore, average intensity REC and cumulative intensity RD were mutually adjusted for each other, as were average intensity RD and

cumulative REC.

a . . S .
HRs and Cls for an interquartile range width in respective exposure
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Table 3:

HRs and accompanying 95% Cls for COPD mortality associated with measures of cumulative exposure for
REC and RD exposures among male participants of the DEMS |1 study, followed for mortality between 1947-
2015, restricting by duration of employment.

Duration of Employment N (Cases) HR (95% CI)

Cumulative REC (ug/m3-years) Cumulative RD (mg/m3-years)

All participants 11,817 279 0.91 (0.83, 1.01) 0.96 (0.88, 1.04)
<15 years employment 7245 221 1.12 (0.96, 1.30) 1.13(0.94, 1.37)
<10 years employment 5793 150 1.25 (0.98, 1.58) 1.17 (0.85, 1.61)
<6 years employment 4403 107 1.79 (1.21, 2.65) 1.58 (0.89, 2.80)

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; DEMS 11, diesel exhaust in miners study I1; HR, hazard
ratio; REC, respirable elemental carbon; RD, respirable dust

All models adjusted for birth year, race, location, number of years employed prior to dieselization and stratified by state. Age was the time-scale
of interest. The model for cumulative REC were further adjusted for average intensity RD, and similarly the model for cumulative RD was further
adjusted for average intensity RD.
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Table 4:

Lifetime cumulative risk of COPD mortality under the natural course and under intervention reducing REC
and RD exposures in male workers of the DEMS |1 cohort followed for mortality between 1947 — 2015.
Results based on g-computation analysis.

Intervention Risk (%)@ Risk Ratio (95% CI)  Risk Difference (95% CI)
Natural course (ref.) 7.3 (ref) 1.00 (ref) 0.0 (ref)
REC<=106 pg/m3 7.2 0.99 (0.94, 1.06) -0.1(-0.5, 0.5)
REC<=25 jg/m3 6.6 0.90 (0.38, 1.09) -0.7 (-10.9, 0.6)
REC=0 6.2 0.85 (0.55, 1.06) -1.1(-4.3,0.4)
RD<=1 mg/m3 7.3 1.00 (0.68, 1.12) 0.0 (-4.6,0.9
RD<=0.5 mg/m3 7.2 0.99 (0.62, 1.20) -0.1(-5.4,15)
RD=0 6.7 0.93 (0.56, 1.31) -05(-5.9, 2.3)

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; DEMS I1, diesel exhaust in miners study 11; REC, respirable
elemental carbon; RD, respirable dust

aPredictions of COPD mortality risk (cumulative incidence) expressed as a proportion of the population that develops the outcome by age 90.

The natural course represents a prediction of risk under no intervention (what happened) while all other risk estimates are based on the respective
interventions on REC or RD. Analysis adjusted for age, calendar time, state, years as prevalent hire, as well as time-varying employment status and
job location. REC and RD intervention estimates are each mutually adjusted for both annual average and cumulative exposures of the respective
exposure not intervened.
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