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Exposure to silica has been linked to excess risk of lung cancer and nonmalignant respiratory disease mortality. In
this study we estimated risk for both these outcomes in relation to occupational silica exposure as well as the reduction
in risk that would result from hypothetical interventions on exposure in a cohort of exposed workers. Analyses were car-
ried out using data from an all-male study population consisting of 2,342 California diatomaceous earth workers regu-
larly exposed to crystalline silica and followed between 1942 and 2011. We estimated subdistribution risk for each
event under the natural course and interventions of interest using the parametric g-formula to adjust for healthy-worker
survivor bias. The risk ratio for lung cancer mortality, comparing an intervention in which a theoretical maximum expo-
sure limit was set at 0.05 mg/m3 (the current US regulatory limit) with the observed exposure concentrations, was 0.86
(95% confidence interval: 0.63, 1.22). The corresponding risk ratio for nonmalignant respiratory disease mortality was
0.69 (95%confidence interval: 0.52, 0.93). Our findings suggest that risks fromboth outcomeswould have been consid-
erably lower if historical silica exposures in this cohort had not exceeded current regulatory limits.

competing risks; g-formula; healthy-worker effect; silica

Abbreviations: MSHA, Mine Safety and Health Administration; PEL, permissible exposure limit.

Exposure to crystalline silica has been linked to excess mortal-
ity risk, primarily from nonmalignant respiratory disease but also
more recently from lung cancer (1–7). The International Agency
for Research onCancer classified silica as a confirmed (Category 1)
human carcinogen in 1996 (8). Silica exposure occurs in multi-
ple industries, including mining, shipbuilding, construction,
and manufacturing, with millions of workers believed to
be exposed in the United States and worldwide (9, 10). In the
United States, theOccupational Health and SafetyAdministration
was established in 1971, and the first permissible exposure limits
(PELs) for silica exposures were adopted in the same year. A final
rule was issued in 2016, designed to reduce lung cancer, silicosis,
other nonmalignant respiratory disease and kidney disease in
workers and setting a PEL for respirable crystalline silica of 0.05
mg/m3 averaged over an 8-hour shift (11).

The Mine Safety and Health Administration (MSHA) is the
agency responsible for promulgating and enforcing safety and

health standards for the mining industry in the United States. It
requires metal and nonmetal mines to comply with exposure
limits for airborne contaminants not otherwise regulated, based
on the threshold limit values proposed by the American College
of Government and Industrial Hygienists in 1973 (with a some-
what different policy for coal mines). The threshold limit values
proposed by the American College of Government and Indus-
trial Hygienists include a value for silica “designed to limit sil-
ica exposures to 0.10 mg/m3

” and effectively half that value
(0.05 mg/m3) for crystalline silica in the form of cristobalite
and tridymite (12).MSHA has since issued a statement acknowl-
edging that the standards are outdated and expressing the need to
for a new rule to reduceminers’ exposure to respirable crystalline
silica based on the Occupational Health and Safety Administra-
tion’s updated assessment (13). Although these limits are not
enforceable as regulatory standards, the National Institute for
Occupational Safety andHealth first recommended an exposure
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limit of 0.05 mg/m3 averaged over an 8-hour shift in 1974 (14),
and the American College of Government and Industrial Hygie-
nists now recommends an even lower exposure limit of 0.025
mg/m3 (15).

Regulatory standards for workplace hazards that aim to reduce
risk associated with exposures often depend on evidence from
epidemiologic studies. Estimating absolute risk over time from
observational studies can be challenging given that occupational
studies may suffer from healthy-worker survivor bias taking the
form of time-varying confounding affected by prior exposure
(16), which cannot be addressed using traditional regres-
sion approaches and is generally expected to result in down-
ward bias (17). This motivates the use of methods equipped to
address this type of bias, collectively known as “g-methods”
(18), such as the g-formula (19).

Another concern is the issue of competing risks, which can
complicate the estimation of risk of mortality from one cause of
interest when an exposure is associated with multiple causes of
death, as is the case for crystalline silica. In the absence of inde-
pendence of the competing events, failure to account for the
change in risk of a competing event may lead to biased esti-
mates of risk for the event of interest (20). The parametric
g-formula can be used to generate effect estimates based on
subdistribution functions of risk, which are often used to deal
with competing events (20, 21).

In the present analysis, we used this method to assess the
cumulative risk of lung cancer and nonmalignant respiratory
disease mortality, both strongly associated with silica expo-
sures, under hypothetical interventions on crystalline silica ex-
posures, including interventions in compliance with MSHA
regulations in a cohort study of California diatomaceous earth
workers (3). We assessed counterfactual risk under hypotheti-
cal interventions while addressing time-varying confounding
affected by prior exposure, and we estimated subdistribution
functions of risk accounting for changes in counterfactual risk
of competing causes of death.

METHODS

Study population

Analyses were carried out using data from a cohort of diato-
maceous earth workers in California; the cohort is described in
greater detail elsewhere (3). Briefly, the study population con-
sisted of 2,342 male workers from 2 diatomaceous earth plants
in Lompoc, California. Inclusion criteria were cumulative
employment for at least 1 year at either plant and having
worked for at least 1 day between January 1, 1942, and Decem-
ber 31, 1987. Work histories and silica exposure assessments
were available from the beginning of plant operations (1902
for one plant and 1946 for the other) through 1994. Mortality
follow-up was based on data from the National Death Index,
state driver’s license bureaus, and commercial credit bureaus
(4) and was available from January 1, 1942, to December 31,
2011, for a maximum follow-up time of 70 years. Complete
mortality follow-up was not available for 183 participants.
These subjects were considered alive until their last observed
date of employment and censored afterward. Demographic
information on the cohort included work history (hire year,
duration of employment at study sites, and dates of specific

jobs held) and ethnicity. Information on smoking status (ever/
never) was also available for 50% of the cohort (n = 1,171).

Exposure assessment

Quantitative dust exposure estimates were determined primar-
ily from industrial air monitoring measurements made between
1962 and 1988, with company-archived data providing some
additional information for the period of 1948–1962 (22). Job-
specific respirable crystalline silica (mostly in the form of cris-
tobalite in this cohort) and respirable dust exposure estimates
were generated based on available measurements. Exposures
before 1948 were based on extrapolated job-specific exposures
that accounted for interventions to reduce dust exposures and
other changes over time (1). The estimates for crystalline silica
were derived from the percent of silica contained in a given
diatomaceous earth product and the exposure time to that
product for a given job. Detailed work history was available
through 1994, by which time 88% of the cohort had terminated
employment at the participating plants. Job-specific exposure
concentrations were combined with job duration and summed
for cumulative exposures to silica and dust (milligrams per cubic
meter–years) (1, 22).

Asbestos exposures were also derived, because 2 small opera-
tions involving chrysotile asbestos occurred over the study period.
Estimates were based on monitoring data and records of quan-
tities of asbestos in mixed products from 1930 onward, while
data was extrapolated to determine exposures for earlier years
(1, 23).

Statistical analyses

We applied the parametric g-formula to assess cumulative risk
of lung cancer and nonmalignant respiratory disease mortality
under hypothetical interventions on crystalline silica exposures.
The process for the parametric g-formula and all models con-
sidered is described in greater detail inWebAppendix 1 (available
at https://academic.oup.com/aje), along with a directed acyclic
graph depicting the hypothesized relationships in this study
(Web Figure 1). Briefly, we fitted parametric models for each of
the following: the outcome (lung cancer and nonmalignant respi-
ratory disease mortality in separate analyses), competing events
(mortality from all causes other than the event of interest in each
of the analyses), loss to follow-up, exposure (silica) and other
time-varying covariates (total respirable dust, asbestos (all lagged
by 15 years)), and employment status. Eachmodel was fitted con-
ditional on prior exposure and covariate histories including base-
line covariates: age fitted as a cubic spline, calendar year as a
multicategory variable with 1 level per decade, an indicator vari-
able for Hispanic ethnicity, smoking status (ever/never/missing),
and, as continuous terms, cumulative exposures accrued prior
to beginning of follow-up. Silica and respirable dust exposures
were predicted in a 2-step process: first, logistic models were
used to predict a binary indicator for whether exposures were
greater than 0; for the instances where exposures were predicted
to be greater than 0, actual exposure values were predicted
based on linear models for the log-transformed exposures.
Approximately 15% of actively employed person-time was
exposed to asbestos, with a wide range of exposures among the
exposed, resulting in unstable prediction models for quantitative
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exposures to asbestos, particularly in some of the bootstrap sam-
ples. Thus, our estimation process relied on binary indicators of
any asbestos exposure in each year, predicted using logistic regres-
sion models. In models for the outcome and censoring events, ex-
posures to silica and respirable dust were fitted as separate cubic
spline terms for exposure in the prior year and cumulative expo-
sure up to the year before.

We then generated a large Monte Carlo pseudosample (n =
50,000), based on the observed distributions of the baseline covar-
iates. In this pseudosample we simulated exposure and covariate
values at each age (up to age 90 years) using the parameters of the
models for the exposure and covariates. Under no intervention,
the simulation uses values for the exposure and time-varying co-
variates that are predicted from the model and then predicts the
risk under the observed (natural) course of events. For all other in-
terventions, the exposure values were changed from the predicted
values according to the specific intervention.We considered 2 in-
terventions, one setting a hypothetical maximum exposure limit
on average daily crystalline silica exposures equivalent to the cur-
rent MSHA effective PEL for cristobalite of 0.05 mg/m3 at each
time for the duration of follow-up, and one setting crystalline sil-
ica exposures to zero. (Themore conservative PEL corresponding
to cristobalite was chosen, because the majority of crystalline
silica exposure in this cohort was in the form of cristobalite;
we did not have information on proportion of silica form (i.e.,
cristobalite vs quartz) on the level of individually assigned ex-
posures.) For the intervention setting a hypothetical exposure
limit of 0.05 mg/m3, all predicted silica exposure values above
0.05 mg/m3 were replaced with 0.05 mg/m3 and otherwise re-
mained unchanged. We compared both interventions with no
intervention (i.e., the observed natural course (what actually
happened)).

Risk, with age as the time scale (defined as the probability of
death by the event of interest by age t (24)), was calculated for
each intervention using an estimator for the subdistribution of
the event of interest, in the presence of competing risks (20, 25).
Subdistribution cumulative incidence functions can be seen as
parts of a composite outcome that is the complement of sur-
vival. In the absence of competing events (as in the case of all
cause-mortality), risk ( )R t can be seen as a complement func-
tion of survival ( )S t , so that ( ) = − ( )R t S t1 and reaches 1 as
follow-up time approaches infinity ( (∞) = )R 1 . In the presence
of competing risks (as with multiple causes of death) we
assume that the complement of survival is now a composite
outcome (e.g., ( ) + ( ) = − ( )R t R t S t11 2 and (∞) <R 11 and

(∞) <R 12 ); here we estimate ( )R t1 for 2 mortality causes of
interest, in separate analyses, while accounting for mortality
from all causes other than each cause of interest ( ( ))R t2 . Thus,
using these functions we can estimate absolute population-
average risk of a particular cause of death as the analogue of the
proportion of cases with the cause of interest in a hypothetical
closed cohort with no loss to follow-up, where death from mul-
tiple causes is possible. We repeated the entire above process in
200 bootstrap samples. The standard deviation of the estimates
from the bootstrap samples was used as an estimate of the stan-
dard error for the estimates of risk differences and the log of the
risk ratios (26), which were then used to generate 95% confi-
dence intervals. For additional details on the general application
of the parametric g-formula, refer to Taubman et al. (27) or
Cole et al. (28).

We also performed a sensitivity analysis with multiple imputa-
tion for missing smoking status using the “MI” procedure in SAS
(SAS Institute, Inc., Cary, North Carolina) and application of the
parametric g-formula in each of the imputed data sets. Values for
smoking were imputed in 50 data sets using logistic regression,
with the aforementioned baseline variables, cumulative expo-
sure to silica, respirable dust and asbestos, death by the event of
interest or competing event, and loss to follow-up, as covariates
included in the imputation. Other sensitivity analyses included
exclusion of deaths from infectious lung diseases (pneumonia,
influenza, and acute respiratory infections) from the definition
of nonmalignant respiratory disease as an outcome of interest.
All analyses were carried out in SAS, version 9.4 (SAS Insti-
tute, Inc.).

RESULTS

Demographic and baseline characteristics of the study popu-
lation are presented in Table 1. The observed numbers of death
from the causes of interest were 113 for lung cancer and 165 for
nonmalignant respiratory disease (127 excluding all infectious
lung diseases). Mean age at lung cancer death was 66.6 (stan-
dard deviation, 10.2) years and at nonmalignant respiratory
death, 70.7 (11.8) years. Mean annual average daily exposure
to crystalline silica during actively employed person-time in
this cohort was 0.16 (standard deviation, 0.21) mg/m3 while the
mean cumulative exposure at end of follow-up was 2.16 (stan-
dard deviation, 3.51) mg/m3-years. Figure 1 summarizes the dis-
tribution of annual average daily exposures for this study, with
indicators for the median and the current PEL, which corre-
sponded to the 38th percentile of the observed average daily
exposures during actively employed person-time.

Observed risk curves for both events of interest, contrasted
with the simulated natural course (no intervention), suggested
that our models predict the observed data well (Web Figure 2).
The median predicted annual average daily silica exposure dur-
ing active person-time under the simulated natural course was
0.09 mg/m3, with an interquartile range, of 0.02–0.20, com-
pared with the a median of 0.12 mg/m3 (interquartile range,
0.01–0.20) in the observed data. Table 2 presents estimates of
risk of lung cancer and nonmalignant respiratory disease mor-
tality under hypothetical interventions on crystalline silica ex-
posures, along with risk ratio and risk difference compared with
the natural course. The risk ratio for lung cancer mortality risk
under an intervention setting a hypothetical exposure limit of
0.05 mg/m3 compared with the observed risk was 0.86 (95%
confidence interval: 0.63, 1.22). The corresponding risk ratio
for nonmalignant respiratory disease under the same interven-
tion was 0.69 (95% confidence interval: 0.52, 0.93). Interven-
tions setting exposure to zero resulted in risk ratios of 0.82
(95% confidence interval: 0.53, 1.26) for lung cancer and 0.63
(95% confidence interval: 0.43, 0.91) for nonmalignant respira-
tory disease mortality. Based on these estimates, the attributable
fraction (estimated as the ratio of the risk difference between
the risk under an intervention of always unexposed and the risk
in the exposure (here the observed risk) over the risk in the
exposed) of mortality due to the observed silica exposures in
this population was estimated at 18% for lung cancer mortality
and 37% for nonmalignant respiratory disease mortality. (The
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attributable fraction reported can also be estimated as (risk ratio
−1)/risk ratio (29), where the risk ratio in the formula is the
inverse of the risk ratio comparing the intervention of always
unexposed with the natural course, for each event of interest.)
Risk curves (over age) for both causes of death are depicted in
Figure 2. Risk curves over age for the competing events for
each cause of death for the natural course and under no ex-
posure are depicted in Web Figure 3.

Results using a definition of nonmalignant respiratory disease
mortality that did not include infectious disease were generally
very similar to the wider definition of the outcome (Table 3).
Table 4 summarizes estimates of risk, risk ratio, and risk differ-
ence for both outcomes of interest under the same interventions
on exposure based on analyses from 50 multiply imputed data
sets for missing smoking data as well as the range of estimates
from all 50 data sets. The mean point estimates were similar to

Table 1. Characteristics of a Cohort of 2,342 California Diatomaceous EarthWorkers Exposed to Crystalline Silica
and Followed for Mortality Between 1942 and 2011

Characteristic No. of Participants % Median (Range) Mean (SD)

Hispanic 546 23.3

Ever-smokersa 861 73.5

Age at beginning of follow-up, years 27 (17–61)

Year of hire 1952 (1908–1986)

Year of birth 1927 (1881–1966)

Duration of employment, years 5 (1–50)

Duration of follow-up, years 39 (1–70)

Total deaths 1,219 52.0

Lung cancer deaths 113 4.8

Nonmalignant respiratory deaths 165 7.0

Cumulative silica exposure, mg/m3-years 2.16 (3.51)

Cumulative asbestos exposure, fibers/mL-years 1.44 (4.44)

Abbreviation: SD, standard deviation.
a Smoking data were available for 1,171 participants. Number and percentage of ever-smokers is based on this

subset of participants.
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Figure 1. Distribution of annual average daily crystalline silica exposure (in mg/m3) during active employment in a cohort of 2,342 California diato-
maceous earth workers followed between 1942 and 2011. The vertical lines represent themedian value of 0.12 mg/m3 (gray line) and the value cor-
responding to the current Mine Safety and Health Administration permissible exposure limit of 0.05 mg/m3 (black line).
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analysis using an ever/never/missing classification for smok-
ing status and a relatively narrow range of estimates across all
data sets.

DISCUSSION

We applied the parametric g-formula to estimate the coun-
terfactual cumulative risk due to 2 different causes of death in
a cohort of workers in the diatomaceous earth industry under
hypothetical interventions on exposure to crystalline silica. We
observed considerable risk reduction in mortality from both
causes under a hypothetical intervention setting historical
exposures to levels in compliance with PELs for crystalline
silica currently applicable to nonmetal mines, although some
excess risk appears to persist at these levels. Compliance with

the current PELs would have resulted in 62% of the actively
employed person-time in this cohort being intervened on to
reduce exposure. Themajority of excess risk due to the 2 causes
of interest would have been prevented with this intervention.
The remaining excess risk would still exceed the threshold
of 1/1,000 deaths, which has been identified as “significant
risk” by the US Supreme Court (30). In addition, the attrib-
utable fractions based on our estimates are considerable for
both causes but especially for nonmalignant respiratory dis-
ease mortality.

Under assumptions of conditional exchangeability (no unmea-
sured confounding), counterfactual consistency (i.e., every indi-
vidual’s counterfactual outcome under their observed exposure
history is equal to their observed outcome), correct model speci-
fication, and no information bias, the g-formula can generate

Table 2. Lung Cancer and Nonmalignant Respiratory DiseaseMortality at Age 90 Years Under the Natural Course
and Hypothetical Interventions on Crystalline Silica in a Simulation Using Data From 2,342 California Diatomaceous
EarthWorkers Exposed to Crystalline Silica and Followed for Mortality Between 1942 and 2011

Intervention Cumulative Risk, % Rangea RR 95%CI RD 95%CI

LungCancerMortality

Simulated natural course 7.2 5.1–15.4 1.00 Referent 0.0 Referent

Annual average silica≤ 0.05 mg/m3 6.2 3.8–10.9 0.86 0.63, 1.22 −1.0 −3.4, 1.4

Annual average silica = 0 mg/m3 5.9 3.6–11.8 0.82 0.53, 1.26 −1.3 −4.0, 1.4

Nonmalignant Respiratory DiseaseMortality

Simulated natural course 12.0 6.9–15.1 1.00 Referent 0.0 Referent

Annual average silica≤ 0.05 mg/m3 8.3 5.0–13.1 0.69 0.52, 0.93 −3.7 −7.2,−0.2

Annual average silica = 0 mg/m3 7.5 4.9–13.8 0.63 0.43, 0.91 −4.5 −8.3,−0.7

Abbreviations: CI, confidence interval; RD, risk difference; RR, risk ratio.
a Range of risk estimates from 200 bootstrap samples.
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Figure 2. Risk of lung cancer (A) and nonmalignant respiratory disease (NMRD) mortality (B) in a cohort of 2,342 California diatomaceous earth
workers followed between 1942 and 2011, under the natural course (solid lines) and under hypothetical interventions for annual average daily crys-
talline silica exposures of≤0.05 mg/m3 or 0 mg/m3 (unexposed).
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estimates of health outcomes that we would expect under
interventions on exposure, such as introduction of regula-
tory exposure limits (19). The g-formula is suited to situa-
tions where time-varying confounders affected by exposure
are present, as is the case with healthy-worker survivor bias
in occupational data (31).

Our results are based on estimates of risk had historical expo-
sures been compliant with theoretical exposure limits based on
current PELs. In addition, they are based on an observed popula-
tion and do not rely on assumptions of transportability of any ex-
posure effects to external populations (as would be the case in
life-table calculations of risk, where effect estimates based on
observational studies are applied in hypothetical populations
with baseline risk comparable to that observed in the general
population). Interventions considered in the current study were
of the nature of a theoretical maximum and did not allow expo-
sures above this maximum but did allow for a range of exposures
in the population under the maximum. In addition, employment
status was predicted as a function of the observed data, counter-
factual exposure, and covariate histories under each intervention,
rather than implicitly being intervened on, as in “worst-case sce-
nario” risk assessment estimates with fixed exposures and dura-
tions of employment for everyone in the target population (5, 6).
Our results are therefore more representative of real-world set-
tings where length of employment tenure varies, and compliance

with a certain exposure limit still results in an exposure distribu-
tion below the limit rather than a fixed exposure value. They are
not, however, directly comparable to previously reported risk es-
timates (5, 6).

In the assessment of interventions in occupational studies,
counterfactual consistency may depend on how well the actual
interventions necessary to reduce exposure levels are repre-
sented (with respect to the outcome) by the mechanisms
that result in low exposures in the observed data. The assumption
of positivity also stipulates that the probability of any counterfactual
exposure history of interest is nonzero within levels of covariates.
Positivity violations were not a major issue, as even in the case of
the hypothetical intervention where exposures are completely
removed in our study, 18% of the observed, actively employed
person-time was actually unexposed. From the regulatory stand-
point, agencies such as the Occupational Safety and Health
Administration and MSHA are required to promulgate standards
that reduce significant risk to the extent that it is feasible,
with both technological and economic feasibility considerations
considered (32), so potential limits are bounded by additional fac-
tors beyond health concerns. However, even if we assume that
cost was not an issue, an intervention setting crystalline silica
exposures to zero is not considered feasible for this industry given
the ubiquitous nature of the exposure. Results under this interven-
tion in the current study, however, are useful as they allowed

Table 3. Nonmalignant Respiratory DiseaseMortality (Excluding Infectious Disease) at Age 90 Years Under the
Natural Course and Hypothetical Interventions on Crystalline Silica in a Simulation Using Data From 2,342 California
Diatomaceous EarthWorkers Exposed to Crystalline Silica and Followed for Mortality Between 1942 and 2011

Intervention Cumulative Risk Rangea RR 95%CI RD 95%CI

Simulated natural course 9.4 5.1–16.8 1.00 Referent 0.0 Referent

Annual average silica≤ 0.05 mg/m3 6.6 3.2–11.1 0.70 0.46, 1.02 −2.8 −6.4, 0.7

Annual average silica = 0 mg/m3 5.9 3.0–11.3 0.63 0.42, 0.96 −3.5 −6.5,−0.3

Abbreviations: CI, confidence interval; RD, risk difference; RR, risk ratio.
a Range of risk estimates from 200 bootstrap samples.

Table 4. Averages and Ranges of Estimates From 50Multiply Imputed Data Sets for Missing Smoking Status in a
Simulation Using Data From 2,342 California Diatomaceous EarthWorkers Exposed to Crystalline Silica and
Followed for Mortality Between 1942 and 2011

Intervention Risk Minimum,
Maximuma RR Minimum,

Maximuma RD Minimum,
Maximuma

LungCancerMortality

Simulated natural course 7.5 7.0, 8.1 1.00 Referent 0.0 Referent

Annual average silica≤ 0.05 mg/m3 6.3 5.9, 6.5 0.84 0.76, 0.87 −1.2 −2.0,−0.9

Annual average silica = 0 mg/m3 6.0 5.3, 6.3 0.79 0.71, 0.81 −1.5 −2.5,−1.3

Nonmalignant Respiratory DiseaseMortality

Simulated natural course 11.8 11.5, 12.4 1.00 Referent 0.0 Referent

Annual average silica≤ 0.05 mg/m3 8.2 8.0, 8.5 0.69 0.66, 0.73 −3.6 −4.1,−3.2

Annual average silica = 0 mg/m3 7.4 7.2, 7.8 0.63 0.59, 0.67 −4.4 −5.1,−3.8

Abbreviations: RD, risk difference; RR, risk ratio.
a Range of estimates from all 50multiple imputation data sets.
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us to estimate potential attributable fractions in the observed
population.

In the present study, we estimated absolute risk with respect
to the interventions of interest. Estimates of risk are of direct rel-
evance to risk quantification and management, and measures of
effect based on risk, such as the risk ratio and risk difference,
are collapsible. (Collapsibility here refers in general terms to the
property of a measure of association of an exposure and out-
come, which is constant across levels of a covariate, where the
marginal measure computed ignoring the covariate will equal
the constant stratum-specific estimates across the levels of the
covariate (33).) In cases of noncollapsibility, conditional esti-
mates of outcome parameters may differ from marginal ones,
even in the absence of confounding (34–37). The property of
collapsibility makes it preferable to use risk differences and risk
ratio as effect measures, rather than contrasts based on the rate,
hazard, or odds, which are not collapsible parameters.

We also addressed the issue of competing risks by estimating
subdistribution cumulative incidence of each of the events of
interest (20, 21). Under the assumptions highlighted above, we
estimated risk of a particular event of interest (e.g., lung cancer
mortality) under an intervention, while accounting for changes
in the composite or net cumulative incidence function of all
competing events over time. In studies of exposures such as sil-
ica, which may exert effects on more than one cause of death,
estimation of effects of specific causes of death becomes com-
plicated. While it is common practice to treat competing events
in survival analysis as right-censored observations, interpreta-
tion of effect estimates under this approach can be limited (25),
and competing events in survival data can lead to biased effect
estimates because of collider bias (38, 39).

The subdistribution estimates also have advantages over esti-
mates that address competing events with use of inverse proba-
bility of censoring weights, which essentially assess the effect of
a joint intervention composed of the intervention with respect to
the exposure of interest together with an intervention eliminating
the competing event (40). While it may sometimes be useful to
envision a population where no one experiences a competing
event, in many situations, including the current study, this is not
a well-defined population (38, 41). The identifiability of target
parameters where no one experienced competing events also re-
quires strong assumptions, such as independence of competing
events given measured covariates (42, 43). Estimation of subdis-
tribution risk enabled us to quantify counterfactual risk in a popu-
lation where competing events were present and also affected by
exposure, which ismore realistic andmore informative for a pub-
lic health framework. We did, however, assume that no partici-
pants were lost to follow-up in the simulations for the parametric
g-formula. This assumption does not suffer from the same lim-
itations of interpretability as no one dying of competing events,
because it deals with actual right-censored observations and sim-
ply envisions a studywithout loss to follow-up (40).

Results for nonmalignant respiratory disease were comparable
on the relative scale, and greater risk reductions were observed
on the absolute scale, when using a wide definition of the out-
come compared with a more restrictive definition excluding
infectious respiratory disease cases. Our finding suggests
that silica exposure increases risk of infectious, as well as noninfec-
tious, respiratory disease. Evidence from both in vitro and in vivo
studies suggests that silica exposures result in inflammatory

responses and immune dysfunction, including toxicity to
macrophages and T-cell dysregulation (44–48). This may
in turn compromise lung defenses against pneumonia and
other infectious diseases, and mortality from these diseases
could therefore be a source of excess mortality risk associ-
ated with silica exposure.

A limitation of the studywas the lack of refined adjustment for
smoking. Although smoking information was available for 50%
of the workers in the present study, information on smoking
intensity or duration were not available; thus we relied on ever/
never-smoker classification for confounding control. Smoking
should certainly be considered a common cause of both events
of interest (as well as all-cause mortality) and also appears to be
a positive confounder in this cohort (4). Inability to fully adjust
for smoking could result in potential residual confounding. The
use of qualitative rather than quantitative information regarding
asbestos exposures was a similar limitation. Work history files
were available through 1994, with approximately 12% of the
cohort still employed at that time. Potential exposures accrued
after 1994 are not quantified for this small portion of the popula-
tion, although given the 15-year lag applied in the analyses the
potential window for this misclassification is small. A general
limitation of the parametric g-formula is the increased sensitiv-
ity to model misspecification due to the increased number of
parametric models. As a means of validation, we compared our
simulated results under no intervention with the observed data
and showed a close match (Web Figure 2), providing assurance
that our choices of models were reasonable. Furthermore, our
results appeared robust to modeling assumptions regarding ex-
posure models.

In summary, we estimated cumulative risk of lung cancer and
nonmalignant respiratory diseasemortality, 2 causes of death linked
to occupational silica exposure, under hypothetical interventions
while addressing issues of both time-varying confounding affected
by prior exposure and competing events. Our findings suggest that
mortality risk from both outcomes would have been considerably
lower if historical occupational silica exposures in this cohort had
not exceeded current regulatory limits.

ACKNOWLEDGMENTS

Author affiliations: Division of Environmental Health Sciences,
School of PublicHealth, University of California, Berkeley,
Berkeley, California (AndreasM.Neophytou, Sally Picciotto,
DanielM.Brown, EllenA. Eisen, Sadie Costello); Department of
Epidemiology, BostonUniversity School of PublicHealth,
Boston,Massachusetts (Lisa E.Gallagher); andDepartment of
FamilyMedicine and PublicHealth, University of California San
Diego, SanDiego, California (HarveyCheckoway).

This work was supported by the Alpha Foundation for the
Improvement ofMine Safety and Health (grant AFC215-31).

Conflict of interest: none declared.

REFERENCES

1. Checkoway H, Heyer NJ, Seixas NS, et al. Dose-response
associations of silica with nonmalignant respiratory disease

Am J Epidemiol. 2018;187(9):1942–1950

1948 Neophytou et al.



and lung cancer mortality in the diatomaceous earth industry.
Am J Epidemiol. 1997;145(8):680–688.

2. Steenland K, Mannetje A, Boffetta P, et al. Pooled exposure-
response analyses and risk assessment for lung cancer in 10
cohorts of silica-exposed workers: an IARCmulticentre study.
Cancer Causes Control. 2001;12(9):773–784.

3. Checkoway H, Heyer NJ, Demers PA, et al. Mortality among
workers in the diatomaceous earth industry. Br J Ind Med.
1993;50(7):586–597.

4. Gallagher LG, Park RM, Checkoway H. Extended follow-up
of lung cancer and non-malignant respiratory disease mortality
among California diatomaceous earth workers.Occup Environ
Med. 2015;72(5):360–365.

5. Rice FL, Park R, Stayner L, et al. Crystalline silica exposure
and lung cancer mortality in diatomaceous earth industry
workers: a quantitative risk assessment.Occup Environ Med.
2001;58(1):38–45.

6. Park R, Rice F, Stayner L, et al. Exposure to crystalline silica,
silicosis, and lung disease other than cancer in diatomaceous
earth industry workers: a quantitative risk assessment.Occup
Environ Med. 2002;59(1):36–43.

7. Pelucchi C, Pira E, Piolatto G, et al. Occupational silica
exposure and lung cancer risk: a review of epidemiological
studies 1996–2005. Ann Oncol. 2006;17(7):1039–1050.

8. International Agency for Research on Cancer. IARC
Monographs on the Evaluation of Carcinogenic Risks to
Humans: Silica, Some Silicates, Coal Dust and Para-Aramid
Fibrils. Vol. 68. Lyon, France: IARC Press; 1997. https://
monographs.iarc.fr/ENG/Monographs/vol68/mono68.pdf.

9. Leung CC, Yu IT, ChenW. Silicosis. Lancet. 2012;379(9830):
2008–2018.

10. Steenland K,Ward E. Silica: a lung carcinogen.CA Cancer J
Clin. 2014;64(1):63–69.

11. Occupational Safety andHealthAdministration (OSHA),
Department of Labor. Occupational exposure to respirable
crystalline silica. Final rule.Fed Regist. 2016;81(58):16285–16890.

12. Mine Safety and Health Administration. Chapter 5: Mineral
dust—gravimetric method.Handbook Series – PH06-IV-1(1)
Metal And Nonmetal Health Inspection Procedures. Arlington,
VA: Mine Safety and Health Administration; 2006:5-1–5-18.
https://arlweb.msha.gov/Readroom/HANDBOOK/
MNMInspChapters/Chapter5.pdf. Accessed July 6, 2017.

13. Mine Safety and Health Administration. Respirable crystalline
silica standard. Arlington, VA:Mine Safety and Health
Administration; 2010. https://arlweb.msha.gov/REGS/
UNIFIED/April2010/1219-AB36.asp. Accessed July 6, 2017.

14. National Institute for Occupational Safety and Health. Criteria
for a Recommended Standard: Occupational Exposure to
Crystalline Silica. Washington, DC: US Government Printing
Office; 1974. https://www.cdc.gov/niosh/pdfs/75-120a.pdf.
Accessed July 6, 2017.

15. American Conference of Governmental Industrial Hygienists.
Silica, Crystalline: alpha-Quartz and Cristobalite: TLV(R)
Chemical Substances 7th EditionDocumentation. Cincinnati,
OH: American Conference of Governmental Industrial
Hygienists. 2010.

16. Eisen EA, Robins JM, Picciotto S. Healthy worker effect. In:
El-Shaarawi AH, PiegorschWW, eds. Encyclopedia of
Environmetrics. Chichester, United Kingdom: JohnWiley &
Sons; 2013:1269–1272.

17. Buckley JP, Keil AP, McGrath LJ, et al. Evolving methods for
inference in the presence of healthy worker survivor bias.
Epidemiology. 2015;26(2):204–212.

18. Robins JM, Hernán MA. Estimation of the causal effects of
time-varying exposures. In: Fitzmaurice G, Davidian M,

Verbeke G, et al., eds. Longitudinal Data Analysis. New York,
NY: Chapman &Hall/CRC; 2009:553–599.

19. Robins J. A new approach to causal inference in mortality
studies with a sustained exposure period—application to
control of the healthy worker survivor effect.Math Model.
1986;7(9–12):1393–1512.

20. Lau B, Cole SR, Gange SJ. Competing risk regression models
for epidemiologic data. Am J Epidemiol. 2009;170(2):
244–256.

21. Fine JP, Gray RJ. A proportional hazards model for the
subdistribution of a competing risk. J Am Stat Assoc. 1999;
94(446):496–509.

22. Seixas NS, Heyer NJ, Welp EA, et al. Quantification of
historical dust exposures in the diatomaceous earth industry.
Ann Occup Hyg. 1997;41(5):591–604.

23. Checkoway H, Heyer NJ, Demers PA, et al. Reanalysis of
mortality from lung cancer among diatomaceous earth industry
workers, with consideration of potential confounding by
asbestos exposure.Occup Environ Med. 1996;53(9):645–647.

24. Cole SR, HudgensMG, Brookhart MA, et al. Risk. Am J
Epidemiol. 2015;181(4):246–250.

25. Prentice RL, Kalbfleisch JD, Peterson AV Jr, et al. The analysis
of failure times in the presence of competing risks. Biometrics.
1978;34(4):541–554.

26. Efron B, Tibshirani RJ. An Introduction to the Bootstrap. Boca
Raton, FL: Chapman &Hall/CRC; 1993.

27. Taubman SL, Robins JM, MittlemanMA, et al. Intervening on
risk factors for coronary heart disease: an application of the
parametric g-formula. Int J Epidemiol. 2009;38(6):1599–1611.

28. Cole SR, Richardson DB, Chu H, et al. Analysis of
occupational asbestos exposure and lung cancer mortality
using the g formula. Am J Epidemiol. 2013;177(9):989–996.

29. Steenland K, Armstrong B. An overview of methods for
calculating the burden of disease due to specific risk factors.
Epidemiology. 2006;17(5):512–519.

30. Industrial Union Department, AFL-CIO v American Petroleum
Institute, 448 U.S. 607, 100 S. Ct. 2844, 65 L. Ed. 2d 1010
(1980).

31. Keil AP, Edwards JK, Richardson DB, et al. The parametric
g-formula for time-to-event data: intuition and a worked
example. Epidemiology. 2014;25(6):889–897.

32. Dudley SE, Morriss AP.Will the Occupational Safety and
Health Administration’s proposed standards for occupational
exposure to respirable crystalline silica reduce workplace risk?
Risk Anal. 2015;35(7):1191–1196.

33. Mansournia MA, Greenland S. The relation of collapsibility
and confounding to faithfulness and stability. Epidemiology.
2015;26(4):466–472.

34. Miettinen OS, Cook EF. Confounding: essence and detection.
Am J Epidemiol. 1981;114(4):593–603.

35. Greenland S. Absence of confounding does not correspond to
collapsibility of the rate ratio or rate difference. Epidemiology.
1996;7(5):498–501.

36. Greenland S, Pearl J, Robins JM. Confounding and
collapsibility in causal inference. Stat Sci. 1999;14(1):29–46.

37. HernánMA. The hazards of hazard ratios. Epidemiology.
2010;21(1):13–15.

38. HernánMA, Hernández-Díaz S, Robins JM. A structural
approach to selection bias.Epidemiology. 2004;15(5):615–625.

39. Thompson CA, Zhang ZF, Arah OA. Competing risk bias to
explain the inverse relationship between smoking and
malignant melanoma. Eur J Epidemiol. 2013;28(7):557–567.

40. Naimi AI, Tchetgen Tchetgen EJ. Invited commentary:
estimating population impact in the presence of competing
events. Am J Epidemiol. 2015;181(8):571–574.

Am J Epidemiol. 2018;187(9):1942–1950

Silica, Two Causes of Mortality, and the g-Formula 1949

https://monographs.iarc.fr/ENG/Monographs/vol68/mono68.pdf.
https://monographs.iarc.fr/ENG/Monographs/vol68/mono68.pdf.
https://arlweb.msha.gov/Readroom/HANDBOOK/MNMInspChapters/Chapter5.pdf
https://arlweb.msha.gov/Readroom/HANDBOOK/MNMInspChapters/Chapter5.pdf
https://arlweb.msha.gov/REGS/UNIFIED/April2010/1219-AB36.asp
https://arlweb.msha.gov/REGS/UNIFIED/April2010/1219-AB36.asp
https://www.cdc.gov/niosh/pdfs/75-120a.pdf


41. Robins JM, Greenland S. Comment on: causal inference
without counterfactuals. J Am Stat Assoc. 2000;95(450):
431–435.

42. Tsiatis A. A nonidentifiability aspect of the problem of
competing risks. Proc Natl Acad Sci USA. 1975;72(1):20–22.

43. Matsuyama Y, Yamaguchi T. Estimation of the marginal
survival time in the presence of dependent competing risks
using inverse probability of censoring weighted (IPCW)
methods. Pharm Stat. 2008;7(3):202–214.

44. Dostert C, Pétrilli V, Van Bruggen R, et al. Innate immune
activation through Nalp3 inflammasome sensing of asbestos
and silica. Science. 2008;320(5876):674–677.

45. Zimmerman BT, Canono BP, Campbell PA. Silica decreases
phagocytosis and bactericidal activity of both macrophages
and neutrophils in vitro. Immunology. 1986;59(4):521–525.

46. Hamilton RF Jr, Thakur SA, Holian A. Silica binding and
toxicity in alveolar macrophages. Free Radic Biol Med. 2008;
44(7):1246–1258.

47. Giordano G, van den Brûle S, Lo Re S, et al. Type I interferon
signaling contributes to chronic inflammation in a murine
model of silicosis. Toxicol Sci. 2010;116(2):682–692.

48. Otsuki T, Miura Y, Nishimura Y, et al. Alterations of Fas and
Fas-related molecules in patients with silicosis. Exp Biol Med
(Maywood). 2006;231(5):522–533.

Am J Epidemiol. 2018;187(9):1942–1950

1950 Neophytou et al.


	Estimating Counterfactual Risk Under Hypothetical Interventions in the Presence of Competing Events: Crystalline Silica Exp...
	METHODS
	Study population
	Exposure assessment
	Statistical analyses

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES




