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1.0 Executive Summary

Miners can be exposed to high levels of diesel exhaust emissions from powered equipment. There is
evidence that these exposures increase risk of chronic respiratory disease, but the exposure-response is
not known with certainty. The lack of solid evidence is due largely to the absence of longitudinal studies
with quantitative estimates of long-term exposure to diesel exhaust. To fill this gap, we examined
Chronic Obstructive Pulmonary Disease (COPD) mortality and diesel exhaust exposure in an existing
cohort study, the Diesel Exhaust in Miners Study (DEMS). DEMS is a large retrospective mortality study
with an extensive exposure assessment, jointly conducted by NIOSH and NCl in the mid 1990s.

To evaluate the exposure-response relationship, we applied a standard survival model approach to
estimate hazard ratios for COPD mortality and cumulative exposure (ug/m3-years) to respirable
elemental carbon (REC), the metric for diesel exhaust exposure. Hazard ratios compare mortality rates
between groups with higher and lower exposure and can be adjusted for age and other confounders in
Cox models. To avoid underestimating risk in any occupational study of a long-term exposure and
chronic disease, we need to consider the possible selection of less healthy workers out of the workforce.
In this study, we found that the probability of leaving work was affected by past underground exposure.
Therefore, we also applied a non-standard approach, the parametric g-formula, to avoid bias due to this
healthy worker survivor effect.

Median REC exposure was 92.1 and 0.94 ug/m3 in the cohort of 8,307 male ever-underground and
4,008 only-surface subgroups, respectively. Based on 148 COPD cases, the hazard ratios for COPD
mortality increased as categories of cumulative REC exposure increased, though the confidence intervals
were wide. Paradoxically, when separated by work location, results suggested that the risk of COPD
associated with diesel exhaust was higher among the surface-only workers, who have far lower
exposures than those working underground. Among surface workers, those in the middle exposure
category had a significantly elevated hazard ratio of 2.24 (95% Cl: 1.08-4.61) relative to those in the
lowest category. Among the ever-underground, that ratio was 1.29, and not significant. This
counterintuitive result may be due to healthy worker survivor bias whereby less healthy underground
miners are more likely to leave work or transfer to the surface. Using the g-formula to address this bias,
we were able to detect clearer evidence of an effect for underground workers: lifetime cumulative risk
of COPD mortality would have been reduced from the observed 8.9% to 6.1% (a 30% reduction) under a
hypothetical intervention where all underground workers were always unexposed to diesel exhaust.

In summary, we were able to detect an effect of diesel exposure on COPD mortality among both the
surface only and ever-underground miners. This was possible only by correctly accounting for healthy
worker selection underground. Our confidence in the results, however, was only modest due to the
relatively small number of COPD deaths that had occurred in this cohort up to 1997, when follow-up
ended. Recently, vital status follow-up of the DEMS cohort was extended to 2015 by our colleagues at
NCI, and the number of COPD deaths has now doubled. We recommend that these additional cases be
included in future work; this would boost statistical power so that any results that support reductions in
MSHA exposure limits or enforcement policies could be promoted with the confidence that the best
science allows.



2.0 Problem Statement and Objective:

Diesel exhaust is a major component of traffic-related air pollution, and one of the more common
occupational exposures that may contribute to the burden of COPD.! Diesel exhaust is a complex
mixture of particulate matter, including elemental carbon and polycyclic aromatic hydrocarbons, as well
as acid aerosols, volatile organic compounds, hydrocarbons and gases. Most of our knowledge about the
potential health effects of long term exposure come either from toxicology studies®3or from
occupational studies of transportation workers and miners with regular exposure to diesel exhaust
emitted by diesel-fueled compression-ignition engines.>*® Diesel exhaust exposure is especially high
among underground miners who are routinely exposed due to diesel powered equipment used to
extract ore from rock in enclosed spaces. Yet there are few studies examining chronic lung diseases such
as COPD with quantitative exposure estimates in these industries.*

In the present study, we take advantage of a retrospective quantitative exposure assessment to
examine the impact of diesel exhaust exposure on COPD risk among non-metal miners in the Diesel
Exhaust in Miners Study (DEMS).”® Our study had two primary scientific objectives. First, we examined
time to COPD mortality as a function of cumulative exposure to diesel exhaust. We hypothesized that
the COPD mortality rate would be increased among workers with higher exposures. However, based on
a previous analysis in this cohort where past exposure to diesel exhaust accelerated the time to leaving
work®, we also hypothesized that the observed risk of COPD mortality may be attenuated due to the
healthy worker survivor effect (HWSE), a form a selection bias where healthier workers tend to

accumulate the most exposures. 1%

Since COPD is often accompanied by symptoms of shortness of breath; affected workers are likely to
become unable to work. If those who leave work are at greater risk of COPD mortality than those who
remain employed and continue to be exposed, leaving work is a time-varying confounder affected by
prior exposure and g-methods are needed to address this downward bias.!* Hence, for our second
objective, we address this potential bias by applying the longitudinal parametric g-formula? to estimate
the cumulative risk of COPD mortality under hypothetical interventions on diesel exposure.

3.0 Research Approach:

Study Population: DEMS was conducted jointly by the National Institute of Occupational Safety and
Health (NIOSH) and the National Cancer Institute (NCI). The study was initially designed to study lung
cancer in eight non-metal U.S. mines (limestone, potash, salt, or trona). These facilities were chosen as

study sites because they had extensive exposure to emissions from underground diesel engines and only
low-level exposures to known lung carcinogens, radon, asbestos, and silica.

The original DEMS cohort of 12,315 workers, included one COPD death among women and no cases
among those known to be non-white. To control for the confounding effects of race and sex on diesel
exhaust exposure and COPD mortality in the presence of only one COPD case among women and non-
white persons, this analysis was restricted to the sub-cohort of 11,667 males of white or unknown race.
All workers employed at the mines for at least one year after the introduction of diesel equipment were
eligible; this included workers with jobs on the surface of the mines as well as underground. Follow-up



began at the time of dieselization, ranging from 1947 to 1967 across the eight mines, or the date of hire,
whichever came later, and continued through 1997. Workers who started and remained on the surface
for their entire work history were classified as “surface-only” (n=7,935). Workers who worked
underground at any point during their work history (but not necessarily in its entirety) were classified as
“ever-underground” (n=3,732).

Outcome: Vital status of each subject was ascertained through December 31, 1997, by linkage with the
National Death Index and Social Security Administration mortality files. Cause of death information was
obtained from NDI Plus, or prior to 1979, from death certificates coded by a certified nosologist.
Although we might have increased the number of cases by broadening the outcome definition to include
all non-malignant respiratory disease (NMRD), we followed Greenland et al and opted for the maximal
specificity of COPD. We defined COPD mortality as any death for which chronic bronchitis, emphysema,
asthma, or bronchiectasis was listed as the underlying cause or one of the first two contributing causes
on the death certificate, following the recommendation from the TORCH clinical trial for COPD.® We
identified COPD mortality using codes from the International Classification of Diseases (ICD) Sixth and
Seventh Revision (241-242, 501-503, 526-527); Eighth Revision (490-494, 518-519; or Ninth Revision
(490-496, excluding 495) depending on the date of death. Participants who could not be matched to
NDI-plus or Social Security Administration (N=111) were considered alive until their last observed date
of employment.

Exposure: Quantitative estimates of historical exposure to respirable elemental carbon (REC) were
developed separately for workers at the surface and underground at the eight DEMS sites, and used as a
surrogate for diesel exhaust exposure in this study. Exposure assessment in DEMS has been described in
detail elsewhere.'** In brief, estimates of REC for underground workers were derived for each job in
each facility from personal air samples collected in exposure assessment surveys conducted by NIOSH
and NCI between 1998 and 2001. Few historical REC measurements were available prior to 1998,
therefore 1998-2001 REC exposures were back-extrapolated based on mine-specific empirical model
using historical carbon monoxide (CO) concentrations and information on exposure determinants,
including horsepower of diesel equipment in the mines, exhaust ventilation in cubic feet per minute, job
tasks, and diesel equipment characteristics. The model assumes that changes in these determinants
would have had the same impact on carbon monoxide and REC levels.

Estimates of REC exposure levels for surface workers were derived based on proximity to diesel
equipment, size and frequency of use. The 1998-2001 REC measurements for surface jobs were used to
calculate average annual REC exposures to one of three job groups per facility and were treated as
unchanged during the period of study. Facility-job specific estimates of annual average REC exposure
were then assigned to subjects based on their work histories. Cumulative exposure was assumed to be
the more biologically relevant REC metric for assessing risk of COPD mortality. Time-varying estimates of
cumulative exposure to REC (ug/m3-years) were calculated for each year, from first exposure to diesel
to the end of follow-up. Because COPD develops gradually and survival can extend for decades, we
assessed exposure with no lag, as well as with 10- and 15-year lags to allow for a variable latency period
between diesel exhaust exposure and COPD mortality.



Covariates and Effect Modifiers: Baseline sex, age, race (white, non-white, or unknown), year of birth,

and year of hire for each subject, as well as mine geographic location, were obtained from work records.
Average annual intensity of exposure to respirable dust exposure, job location (surface or underground),
and employment status were treated as time varying confounders. Job location (ever-underground or
surface-only) was examined as a potential effect modifier.

Miners were also exposed to respirable dust at levels an order of magnitude higher than in ambient air
pollution, which has been associated with cardiopulmonary mortality in the general population.?® The
DEMS exposure surveys collected a limited number of area measurement of mine respirable dust at
each mine (total n=209),%> so personal measurements from 1976-1997 (n=442) from the U.S. Mine
Safety and Health Administration were used to assess respirable dust. Quantitative levels of exposure to
respirable dust were estimated by job groups, facility and decade. Time-varying estimates of average
intensity exposure to respirable dust (mg/m3-years) were calculated for each worker.

Statistical Analysis: We estimated hazard ratios for COPD mortality and cumulative REC exposure using

Cox proportional hazards models with attained age as the time scale. We treated cumulative REC
exposure as a categorical variable. Exposure category cut-offs were based on the tertiles of the exposure
distribution of the cases. The cut-offs for each lagged exposure were then averaged to be consistent
across the different lags, making it more straightforward to compare results. To assess potential effect
measure modification by job location (surface-only versus ever-underground), separate models were
run for each group. Because the subjects were classified as ever-underground or surface-only, there is
some surface person-time in the ever-underground models.

All analyses were stratified within the Cox models by the state of employment, Missouri, New Mexico,
Ohio, Wyoming, which was equivalent to mine type, limestone, potash, salt, and trona, respectively. All
models were adjusted for hire year and birth year as well as several time-varying covariates, including
average intensity of exposure to respirable dust and location of longest duration (surface or
underground). We verified the proportional hazard assumption of each Cox model with Schoenfeld
residuals. Tests for trend in each Cox model were performed for REC exposure based on the median of
each cumulative REC category. Cox models were performed in Stata version 15, 2017 (Stata Corp LCC,
College Station, TX, USA).

To address survivor bias, we also applied the parametric g-formula - one of a broader group of g-
methods first introduced by Robins to control for time-varying confounding affected by prior exposure,
the hallmark of the healthy worker survivor effect.'”*® We applied the longitudinal parametric g-formula
to assess the cumulative risk of COPD mortality until age 80, 85, and 94 (the age of death of the oldest
case), under a simulated natural course, i.e. exposures that were actually observed. We then simulated
the cumulative risk at each specific age under the hypothetical scenario of always unexposed to diesel
exposure and compared each scenario to the corresponding cumulative risk under the natural course.
We fit parametric models for the outcome (COPD mortality), competing events (non-COPD mortality),
each time-varying covariate (employment status, job location, and respirable dust exposure) and REC
exposures, conditional on prior exposure and covariate histories as well as baseline covariates (age,
calendar year, years employed prior to the start of follow up, and state). Average annual daily REC and



respirable dust exposures in the previous year were used to predict annual REC exposure, whereas the
outcome and censoring models also included terms for cumulative exposure to REC and respirable dust
up to the prior year. We used cubic splines for REC and respirable dust exposure variables when they
were included as predictors in any model.

Based on the observed distributions of the baseline covariates, we then generated a Monte-Carlo
sample of 100,000, sampled with replacement. In this pseudo-sample we simulated exposure and
covariate values at each age using the parameters of the models described above for the exposure and
covariates. Under no intervention, the simulation uses predicted values for exposure and time-varying
covariates to predict the risk. Simulated values of the outcome and covariates under no intervention
were compared to observed values to assess the validity of the models.

Counterfactual risk was estimated under the natural course (no intervention) and under the intervention
(always unexposed to REC (Opg/m?3)), cumulated up to the three age cut offs. For the intervention, all
exposure values at all time points were set to Opg/m?3, as opposed to using model predicted values. The
values for all covariates at the subsequent time points, including probabilities of death due to competing
risks and to COPD, were then predicted using the new exposure assignment.

Cumulative incidence of COPD, the probability that a person died from COPD by age t, was calculated for
the natural course and the always unexposed intervention scenario using an estimator for the sub-
distribution of COPD in the presence of competing risks®, with age as the time scale. Counterfactual risk
if always unexposed was estimated and compared to the risk under the natural course on both ratio and
difference scales. 95% confidence intervals (Cl) were estimated by repeating the entire above process in
1000 bootstrap samples.

4.0 Research Findings and Accomplishments:

In the original full cohort of 12,315 workers, exposure to diesel exhaust varied by race, sex, worker
location, and vital status. Among the analytical cohort of 11,667 male workers of white or unknown
race, a total of 148 deaths attributable to COPD were identified (See Table 1). Miners who had ever
worked underground made up the majority of the cohort. The median average intensity REC was two
orders of magnitude higher for ever-underground than surface-only workers, however, surface-only
workers were more likely to die from COPD as well as from all causes combined. While surface-only
workers tended to have been born earlier and work longer, there were minimal differences in age at
hire and year of death between the two groups.



Table 1. Demographic and exposure characteristics of male workers employed in the Diesel
Exhaust in Miners Study (DEMS) cohort between 1947 and 1997

All Workers ¢ Ever-underground Workers¢  Surface-only Workers
(N=11,667) (N =7.935) (IN=3.732)
N % N % N %
Race — N (%)
White 5,332 54.3% 3,935 49.6% 1,397 37.4%
Unknown 6,335 45.7% 4,000 50.4% 2,335 62.6%
Vital Status— N (%)

Dead 2,183 18.7% 1,382 17.4% 801 21.5%
COPD* 148 1.3% 88 1.1% 60 1.6%
Other NMRD*® 24 0.2% 16 0.2% 8 0.29
Al'NMRD 170 1.5% 103 1.3% 67 1.8%

Living 9,382 80.4% 6476 81.6% 2,906 77.8%

Unknown 102 0.9% 7 1.0% 25 0.7%

Median IQR Median IQR Median 1Q1
Average Intensity respirable dust (mg/m°)
Median (IQR) 12 (0.64-2.20) 1.7 (1.06-2.22 0.61 (045-0.81
Final Cu mthh'e respirable dust (mg/m*-
years) Median (IQR) 106 (4.42-22.0) 14.0 (5.87-28.1) 7.18  (2.36-120
Average Intensity REC (ug/m?)
Median (IQR) 336 (1.74-1272) 92.1 (27.4-158.6) 094 (0.86-1.91
Final Cumulative REC (ug/m?- years)
Median (IQR) 2695 (26.4-1023.6) 6319 (254.0-1713.1) 139  (4.75-301
Duration of Employment (years)
Median (IQR) 10.8 (3.78-21.5) 10.0 (3.57-20.6) 1282 (4.28-23¢
Birth Year
Median (IQR) 1946  (1931-1954) 1946 (1933-1954) 1943 (1927-1953
Death Year

Cox Proportional Hazards Models: In pooled models, HRs for COPD and cumulative exposure to REC
were elevated in the middle and highest tertiles only for models where REC was lagged by 15 years, and

confidence intervals were wide (See Table 2). In stratified models there was more evidence of an
exposure-lag-response relationship for each location than there was in the pooled models. Among ever-
underground workers, COPD mortality was elevated in both the middle (>225 - 805 ug/m3) and highest
tertiles (>805-10,217 pg/m?3) of cumulative REC across all lag periods. The highest HRs were observed
among surface workers; hazard ratios were two-fold for the middle tertiles (>8-22 ug/m3-years) in the
unlagged (2.24: 1.08-4.61) and 10-year lagged models (2.03: 1.01-4.09). In the 15-year lagged model,
workers exposed above 22 pg/m3-year were 2.06 (0.81-5.28) times more likely to die of COPD than
those in the lowest category of exposure (0-8 pg/m3-years), respectively.



Table 2: Hazard ratios (HR) and 95% confidence intervals for chronic obstructive pulmonary
disease (COPD) mortality by cumulative exposure to respirable elemental carbon (REC) among
all workers and stratified by worker location estimated in Cox models in the Diesel Exhaust and
Miners (DEMS) cohort.

All Workers (N = 11,667)

N No Lag P-value N 10-year Lag P-value N 15-year Lag P-value
Cases (N =148 Cases) for c (N = 148 Cases) for c (N = 148 Cases) for
Trend ases Trend ases Trend
Cumulative REC
(ng/m?®- years)
0-22 43 1.00 0.71 40 1.00 0.41 49 1.00 0.73
>22-405 49  0.67(0.40-1.14) 49 0.66 (0.39 - 1.12) 45  1.13(0.67 —1.90)

> 405 - 10,218 55 070(037-134) 1.20 (0.62 - 2.32)

41 0.92 (0.48 - 1.76) 36
Ever-Underground Workers (N = 7,935)

N No Lag 10-year Lag N 15-year Lag

Cases (N =88 Cases) (N =88 Cases) Cases (N =88 Cases)

Cumulative REC
(ug/m?- years)

0-225 23 1.00 0.94 27 1.00 059 34 1.00 039
>225- 805 30 1.29(0.69—2.40) 31 159(0.86—2.95) 30 1.65(0.90—3.03)
> 805 - 10,217 35 1.12 (0.59 - 2.09) 30 142 (0.73 - 2.74) 24 1.55 (0.78 — 3.06)

Surface-Only Workers (N = 3,732)

N No Lag 10-year Lag N 15-year Lag
Cases (N =60 Cases) (N =60 Cases) Cases (N =60 Cases)
Cumulative REC
(ug/me- years)
0-8 12 1.00 0.74 17 1.00 0.29 25 1.00 0.13
>8-22 26 2.24(1.08-4.61) 24 2.03(1.01-4.09) 18 1.33(0.65-2.68)
>22-293 22 1.16(0.46 — 2.96) 19  1.88(0.72-4.90) 17 206(081-5.28)

Longitudinal Parametric G-Formula: The g-formula analysis was additionally restricted to the 7,935
ever-underground workers and 88 COPD cases because the method was unstable in the surface-only
group. As part of the validation of the method, the simulated values among ever-underground workers
followed the same trend as the observed data, though slightly over-estimating the cumulative incidence
across the age range. The cumulative risk of COPD up to three different age cut offs, under two different
exposure scenarios, indicate that if all workers had always been unexposed, the risk of COPD mortality
would have been reduced by a third; however, all confidence intervals include the null. Regardless of
age, the risk ratio was stable at a 32% to 34% reduction in cumulative risk of COPD mortality (See Table
3). The risk difference was noticeably higher at older ages. Additional analyses among the surface-only
workers were conducted. The point estimates were reasonable and closer to the null than those for the
ever-underground workers, however, approximately 1 in 5 bootstraps failed to converge (likely due to
the small number of cases in the surface-only subset). Therefore, the variance could not be estimated

and we were unable to produce confidence intervals for the surface-only subset, due to the limited
number of COPD cases.




Table 3: Cumulative incidence of chronic obstructive pulmonary disease (COPD) mortality up
to alternative age cut offs and corresponding risk ratio and risk difference, with 95% confidence
intervals, for an intervention on respirable elemental carbon among the ever-underground
workers in the Diesel Exhaust and Miners (DEMS) cohort.

Exposure Scenario COPD_ Mortality Risk Ratio Risk Ratio _ Risk Risk Difference
Risk, % 95% CI Difference, % 95% ClI
Age 80
Natural course 4.8 1.00 - 0 -
REC =0 ug/m?® 3.2 0.66 0.32,1.30 -1.8 -4.4,1.2
Age 85
Natural course 6.3 1.00 - 0 -
REC =0 pg/m® 4.3 0.67 0.32,1.31 -2.3 -5.7,1.8
Age 94
Natural course 8.9 1.00 - 0 -
REC =0 ug/m?® 6.1 0.68 0.33,1.34 -3.1 -8.1,2.5

Internal Notes for Table X: Restricted to White (and or Hispanic), Males, Ever Underground.
Interventions for non-lagged Diesel (spline 3 knots) on COPD mortality, adjusting for fixed
variables: state of mine, years of hire prior to follow up (cont), and time-varying variables: year
(cat 1955, 1965, 1975, 1985), employment status (binary), location (binary: underground vs not),
non-lagged dust (spline 3 knots), cumulative dust (spline 3 knots) and cumulative diesel (spline 3
knots). Age scale. Age cut 95 — oldest COPD case was 94. Cl from 1000 boot straps: 2.5%-ile
and 97.5%-ile. Sadie Costello, SAS macro, January 31, 2019
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6.0 Conclusions and Impact Assessment:

In this occupational cohort study of miners, there was evidence that increased exposure to diesel
exhaust is associated with increased risk of COPD mortality, both among ever-underground and surface-
only workers. Results from the Cox models suggested that the risk of COPD associated with diesel
+exhaust exposure was stronger among the surface-only workers, who have far lower exposures than
underground. One possible explanation for this somewhat counterintuitive result is that the HWSE is
stronger underground than on the surface; underground workers in poorer health may tend to accrue
less exposure by transferring to surface jobs or leaving the workforce entirely. Therefore, the ever-
underground worker population may be composed of particularly healthy workers who can tolerate high
dust and diesel exposures, together with workers who transferred to surface jobs or left the workforce
earlier. This would result in a downward bias, which may explain the lower hazard ratios identified
among ever-underground workers. Although the results from the Cox model are not directly comparable
to the g-formula results, the parametric g-formula results suggest that COPD mortality among ever-
underground workers would have been reduced by 33% if they had always been unexposed to REC.
Taken together, these findings suggest that diesel exhaust exposure may be associated with excess
COPD mortality among the underground workers.



Stronger hazard ratios for REC were detected when the exposure was lagged for 10 or 15 years. A
delayed effect of diesel exhaust exposure is supported by our understanding of the development of
COPD which is characterized by progressive lung deterioration which leads to mortality over many years.
However, the exact biologically relevant latency period is not known and our modeling approach
assumes the latency period is approximately the same across persons which may lead to bias or
narrower confidence intervals.

These results should be interpreted with caution, as the width of the confidence intervals reflects the
relatively small number of cases for exposure-response analysis in each location subgroup (surface vs
underground).



7.0 Recommendations for future work:

Our results suggest that long term exposure to diesel exhaust increases the risk of COPD in non-metal

miners, in both surface and underground miners, though our statistical power was limited. The vital

status follow-up of the DEMS cohort was recently extended by 18 years, from 1997 to 2015. This

extension has doubled the number of COPD cases available for analysis. We recommend that the

analysis of diesel exhaust and dust in relation to COPD mortality be repeated in the updated DEMS data.
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