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A Comparison of Standard Methods With G-estimation of
Accelerated Failure-time Models to Address The
Healthy-worker Survivor Effect

Application in a Cohort of Autoworkers Exposed to Metalworking Fuids

Jonathan Chevrier,™® Sally Picciotto,”* and Ellen A. Eisen®

Background: Studies of autoworkers exposed to straight metalwork-
ing fluids report excess risks of several cancers. These studies, however,
have not addressed the healthy-worker survivor effect. Most methods
proposed to address this bias do not consider that it may be caused by
time-varying confounders affected by prior exposure. G-estimation of
accelerated failure-time models was developed to handle this issue but has
never been applied to account for the healthy-worker survivor effect.
Methods: We compare results from Cox models and g-estimation in
38,747 autoworkers exposed to straight metalworking fluids. Exposure
was defined based on job records and air samples. We examine
relationships between duration of exposure and mortality from all
causes, cancers, ischemic heart disease, and chronic obstructive pulmo-
nary disease (COPD).

Results: In standard models, hazard ratios were elevated for cancers
of the larynx, prostate, and rectum, but below or approximately
equal to 1.0 for all other outcomes considered. Adjustment for the
healthy-worker survivor effect using time off work, employment
status, time since hire, and restriction to inactive workers after 15
years of follow-up did not substantially change the hazard ratios.
However, g-estimation yielded higher hazard ratios than standard
Cox models for most outcomes. Exposure was related to increased
risks of mortality from all causes combined, heart disease, COPD,
and all cancers, as well as lung and prostate cancers.
Conclusions: G-estimation may provide a better control for the
healthy-worker survivor effect than standard methods.
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M etalworking fluids are complex mixtures used as cool-
ants, lubricants, and anticorrosives in a variety of
industrial metal machining operations. Metalworking fluids
may be petroleum- or water-based and are generally classified
into 3 major categories: straight (mineral oil), soluble, and
synthetic. Emulsifiers, antiweld agents, corrosion inhibitors,
extreme pressure additives, buffers, and other chemical
agents are often added to metalworking fluids to enhance
performance characteristics. Exposure to metalworking fluids
is widespread throughout the world; updating earlier assess-
ments," Steenland et al estimated that approximately 4.4 million
workers alive in 1997 had ever been exposed in the United
States.? Although dermal exposure from splashes and spills was
common in earlier years, exposure now occurs primarily through
the respiratory and oral routes, as fluids are aerosolized by
modern high-speed machinery. Evidence shows that a large
proportion of metalworking fluid particles are in the respirable
size range in these environments.

Straight metalworking fluids may contain polycyclic
aromatic hydrocarbons (PAHs) such as benzo(a)pyrene, and
are classified as human carcinogens (group 1) by the Inter-
national Agency for Research on Cancer (IARC).* Reports
from a cohort study with quantitative estimates of exposure
suggest that straight metalworking fluids may be more carci-
nogenic than soluble or synthetic metalworking fluids.>!!
Cumulative exposure to straight metalworking fluids has been
associated with increased risks of laryngeal® and rectal®
cancer mortality, as well as laryngeal,” bladder,® prostate,’
skin,'® and biliary tract'' cancer incidence. These results
were based exclusively on cumulative exposure metrics (mg/
m?>-year) using standard conditional regression models such
as logistic, Poisson, and Cox proportional hazards. While
these studies accounted for the healthy hire effect (eg, the
more favorable mortality experience among employed per-
sons relative to the general population) by performing inter-
nal dose-response analyses, none accounted for potential bias
due to the healthy-worker survivor effect. The healthy-
worker survivor effect may bias effect estimates if workers
who are less healthy accumulate less exposure. This could
occur if these workers take more time off, terminate employ-
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ment earlier, have a higher probability of using protective
equipment, or are more likely to transfer to a job with lower
exposure than healthy workers. Because the healthy-worker
survivor effect usually results in a downward bias, earlier
studies may have underestimated associations between expo-
sure to straight metalworking fluids and mortality.

Several methods have been proposed to control for the
healthy-worker survivor effect. In their landmark article, Fox
and Collier'? proposed restricting analysis to unemployed
individuals who were still alive more than 15 years after hire.
This restriction was based on the observation that standard-
ized mortality ratios (SMRs) were low shortly after hire, but
approached 1.0 after 10 to 15 years of follow-up and among
workers who had left the industry.'*'* Adjustment for time
since hire has also been used to address the healthy-worker
survivor effect because it is associated with both mortality
and cumulative exposure.'>'* In addition, employment status
has been identified as a possible confounder. In a simulation
study, Steenland et al'® found that controlling for this time-
dependent variable eliminated bias when cumulative expo-
sure was unrelated to the outcome and the probability of
leaving work. However, the method was not effective when
exposure and outcome were related. Other approaches such
as lagging exposure'® and adjusting for time since termina-
tion'” have also been proposed.

The aforementioned methods do not account for the pos-
sibility that health status may be on the causal pathway between
earlier exposure and mortality. Robins'® has shown that even
under the null hypothesis, standard conditional models will
provide biased estimates when exposure history predicts future
values of a time-dependent risk factor for survival that predicts
subsequent exposure. The healthy-worker survivor effect may
represent such a scenario. Health status, for instance, may both
be affected by past exposure and predict future exposure due to
increased time off work, employment termination, use of pro-
tective equipment, or job transfer. Because health status is a risk
factor for mortality, it would act both as a confounder and as a
variable on the causal pathway. Robins proposed methods for
such situations, including g-computation'® and the g-estimation
of accelerated failure-time models (referred to as g-estimation
hereafter).'”?® G-estimation, which is less computationally
intensive and requires fewer parametric assumptions than g-
computation, has been applied effectively in infectious disease
epidemiology to evaluate treatment protocols in HIV pa-
tients>*?! and to investigate the effect of smoking cessation,*
systolic hypertension,”® and cardiovascular risk factors** on
mortality. Although g-estimation was originally developed in
response to concerns about the healthy-worker survivor effect in
occupational epidemiology,'® the approach has never been used
to address this bias. In the present study, we compare results
obtained using standard methods to control for the healthy-
worker survivor effect with g-estimation of accelerated failure-
time models in a mortality study of autoworkers exposed to
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straight metalworking fluids. While prior reports using g-esti-
mation have focused on scenarios in which populations are
continuously exposed throughout follow-up, we provide a blue-
print for the application of the method to scenarios in which
populations are exposed for a given number of years. This may
more realistically reflect the exposure patterns observed when
follow-up extends beyond the opportunity for exposure, such as
in occupational studies in which subjects are followed after they
terminate employment.

METHODS

Study Population

The original study included 46,316 hourly workers
employed in 1 of 3 Michigan automobile manufacturing
plants and hired before 1 January 1982.%° Follow-up began 3
years after workers’ date of hire or on 1 January 1941 and
ended at the time of death or on 31 December 1994.° Vital
status data were available starting on 1 January 1941. The
cohort was therefore restricted to those enrolled after this date
(n = 39,400) to minimize survivor bias due to left trunca-
tion.?® We further excluded workers for whom >50% of job
data were missing (n = 653), because these data were used to
estimate exposure to metalworking fluids (see later in the
text). A total of 38,747 workers were thus included in this
analysis. Information on age, sex, race, and temporary time
off work was obtained through employment records provided
by both the employer (General Motors) and the union (United
Auto Workers). Missing data on temporary time off work
(4% of workers had some missing employment data in their
record) were substituted by the closest preceding nonmissing
value. Workers with unknown race were classified as white
based on the demographics of the industry.?

Exposure Assessment

A detailed report of the retrospective methods has been
published previously.?” Briefly, annual exposures to straight,
soluble, and synthetic metalworking-fluid particulate matter
were estimated based on personal and area air samples
collected between 1958 and 1987 by industrial hygienists.
Scale factors were developed from a prediction model based
on company and research team monitoring data to estimate
plant-, department-, and job-specific exposure categories.
Although g-estimation methods may be applied to continuous
exposures,”®* implementation has been described in more
detail for dichotomous exposures.>'***! Thus, for the pur-
pose of this study, exposure was categorized as ever versus
never exposed to straight metalworking fluids in each calen-
dar year.

Health Outcomes

Data on vital status were obtained through the Social
Security Administration, the National Death Index, plant
records, and state mortality files. Cause of death was obtained
from state vital records, which contained International Clas-
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sification of Disease (ICD) codes. Death certificates, coded
by an experienced nosologist, were used if vital records could
not be located. Examination of ICD codes based on state vital
records and death certificates (n~200) revealed little discrep-
ancy.”> Outcomes of interest included mortality from all
causes, ischemic heart disease (ICD-9: 410 to 414), and all
cancers (ICD-9: 140 to 209) as well as specific cancers
previously reported to be associated with exposure to straight
metalworking fluids in quantitative studies (bladder [ICD-9:
188], larynx [ICD-9: 161], prostate [ICD-9: 185] and rectum
[ICD-9: 154]). We did not evaluate relationships with biliary
and skin cancers due to the small number of cases (n = 20
and 25, respectively). Because exposure is believed to
occur primarily through the respiratory and oral routes, we
also examined associations with chronic obstructive pul-
monary disease (COPD; ICD-9: 490 to 496), and lung
(ICD-9: 162), colon (ICD-9: 153), and stomach (ICD-9:
151) cancer mortality.

Data Analysis

We used Cox proportional hazards models to examine
associations between duration of exposure to straight metal-
working fluids and mortality outcomes. Year of follow-up
was set as the time variable. Exposure to straight metalwork-
ing fluids was expressed as a dichotomous variable coded as
1 if workers were ever exposed at any time during a calendar
year and 0 otherwise. All models also included calendar year
to account for secular changes in mortality rates and exposure
levels, year of hire, race (white or African American), sex,
age and age-squared (in years, continuously), and duration of
exposure to synthetic and soluble metalworking fluids (ever-
vs. never-exposed in each calendar year). We also adjusted
for plant (I, II, or III) to account for unmeasured sociodemo-
graphic factors and residential environments. In addition,
separate Cox models were applied using previously proposed
methods to account for the healthy-worker survivor effect: (1)
restricting analyses to unemployed individuals with more
than 15 years of follow-up'?; (2) adjusting for time since hire
(years)'*'*; (3) adjusting for employment status (employed vs.
unemployed)'®; and (4) adjusting for time off work (percent of
each year). Time since hire, employment status, and time off
work were all expressed as time-varying variables.

We compared results from these standard models with
those generated by g-estimation as described by Robins.?’
We followed the procedure described by Hernan et al*! and
Witteman et al>> with some modifications. A step-by-step
description of our application of the method is provided in an
eAppendix available online (http://links.lww.com/EDE/A557).
In summary, g-estimation simulates nested randomized con-
trolled trials at each time point (calender year of follow-up in
the case of this study) within each stratum of previous
covariate values. In randomized controlled trials, confound-
ing is addressed by assigning exposure at random (ie, expo-
sure assignment is unrelated to potential for survival when
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unexposed). By analogy, exposure will be considered ran-
domized in observational studies if it is unrelated to unex-
posed survival time within each stratum of covariate values
(see eAppendix for more details). The correct parameter (i)
linking observed survival time, exposure, and a counterfac-
tual (ie, contrary to fact) unexposed survival time in an
accelerated failure-time model will thus be the one that
generates survival times that are unrelated to exposure after
adjusting for covariates. Prior applications of g-estimation
have compared scenarios in which the entire study population
was exposed without interruption throughout follow-up, rel-
ative to those in which the population was never exposed. We
show how this parameter may be used to compute the ratio of
the median survival times under a scenario in which everyone
in the study population is exposed for a given number of
years, to the median survival time if everyone had been
unexposed (ie, the survival ratio).

In addition to the covariates included in the standard
models (listed above), g-estimation also adjusted for vari-
ables representing the amount of temporary time off work in
all prior years of active employment. Time off work was
expressed as a proportion in each year. Separate models were
run for each method and outcome. Because criteria for inclu-
sion in the study required at least 3 years of employment,
workers were considered at risk only after that time interval.
Exposure and time off work in the 3 years prior to start of
follow-up were used as baseline covariates to adjust for
confounding at start of follow-up.

Accelerated failure-time models are used to model
survival because there are no unbiased estimating functions
for structural nested hazard ratio models.>° To report mea-
sures of association that allow better comparison with stan-
dard methods, we transformed survival ratios obtained by
g-estimation into hazard ratios by running standard Cox
proportional hazards models on counterfactual survival and
censoring times. Throughout this article, we report hazard
ratios for 5 years of exposure to straight metalworking fluids
for both Cox and g-estimation models. Note that the inter-
pretation of the estimates produced by g-estimation and
standard Cox models differs. Hazard ratios obtained using
g-estimation compare the hazard rates that would have been
observed had the entire study population been exposed to
straight metalworking fluids for 5 years, relative to hazard
rates had everyone been always unexposed. In contrast,
hazard ratios estimated by standard methods compare hazards
between subsets of workers with various exposure experi-
ences. In addition, g-estimation generates marginal estimates,
whereas standard methods are conditional on other covari-
ates. Thus, the magnitude of hazard ratios provided by Cox
models and g-estimation may not be strictly comparable,
although one may contrast the conclusions that would be
drawn when using these methods.
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FIGURE. Hazard ratios per 5 years of exposure using various
methods to control for the healthy worker survivor effect (n =
38,747). Standard Cox model (A); Cox model adjusted for
time off work (®); Cox model adjusted for employment status
(#); Cox model adjusted for time since hire (A); Cox model
restricted to unemployed workers with more than 15 years of
follow-up (0); g-estimation (<).

reports of associations between exposure to straight metal-
working fluids based on quantitative measures and cancers of
the larynx and rectum in the same cohort. Results, however,
provide the first evidence that exposure to straight metal-
working fluids may be related to ischemic heart disease and
COPD mortality. In contrast with previous null findings,>
this study also provides new evidence that exposure to
straight metalworking fluids may be associated with increases
in lung cancer mortality. These relationships are supported by
a large body of evidence that links long-term exposure to fine
particular matter derived from combustion sources to cardio-
vascular disease®**> and malignant and nonmalignant respi-
ratory disease mortality.***” Although metalworking fluid
particles do not arise from combustion, the heat generated
from these metal machining operations are likely to produce
particulate matter with a size distribution similar to combus-
tion products.®® Furthermore, in our study, the median con-
centration of metalworking fluid particles, which may
contain PAHs and metals, occurred at concentrations that
were orders of magnitude higher than National Ambient
Air Quality Standards for total particulate matter.>’
Results from g-estimation contrast with the null or
protective effect suggested by standard Cox models, with
or without attempting to adjust for the healthy-worker survi-
vor effect. Differences may be due to a better control for the
healthy-worker survivor effect by g-estimation models, as
Cox-based methods do not consider the possibility that health
status (or susceptibility to exposure) may be a time-varying
confounder and an intermediate variable between prior expo-
sure and outcome. Thus, traditional conditional methods

© 2012 Lippincott Williams & Wilkins

including logistic, Poisson, and Cox regressions may not
appropriately adjust for the healthy-worker survivor effect.
Supporting this proposition, Arrighi and Hertz-Picciotto*
reported in a simulation study that when employment status
was a risk factor for mortality, a predictor of exposure, and
affected by prior exposure, traditional analyses produced
biased results. Moreover, traditional methods suggested a
protective effect of exposure that became null after adjusting
for employment status when a true adverse association ex-
isted. Comparing mortality rates among workers who shared
the same employment and exposure history, however, yielded
an unbiased estimate. This method (the G-null test'®) was
extended to allow for stratification over fine strata and across
a large number of covariates by way of g-estimation of
accelerated failure-time models. One prior study of copper
smelter workers exposed to arsenic examined standard meth-
ods to address the healthy-worker survivor effect and, similar
to our results, found no substantial alteration in measures of
associations.*! Other differences between standard methods
and g-estimation may also explain the divergent results. For
instance, g-estimation yields marginal estimates, comparing
the mortality that would have been experienced by the entire
population under specific exposure scenarios, whereas stan-
dard Cox models provide conditional associations, comparing
mortality experiences between subgroups with different ex-
posures. In addition, the Cox and accelerated failure-time
models have different forms.

As previously discussed,**** standard methods pro-
posed to adjust for the healthy-worker survivor effect have
several limitations. Restricting data analysis to unemployed
survivors was based on the observation that SMRs approach
1.0 with time since hire.'>'> SMRs, however, estimate the
magnitude of the healthy-hire effect (ie, the different mortal-
ity experiences between occupational cohorts and the general
population) rather than that of the healthy-worker survivor
effect. Moreover, restricting analysis to unemployed workers
may bias measures of associations, as mortality risk is higher
in this subgroup. Adjusting for time since hire may also be
inappropriate because this variable is not expected to be a risk
factor (or ancestor, using the causal diagram terminology) for
mortality—a necessary condition for a variable to be consid-
ered a confounder.** Instead, time since hire may be a proxy
for age and reflect a time-related increase in the proportion of
workers who retire, in that both factors (age and being
unemployed) are related to increased mortality risk. Support-
ing this hypothesis, Steenland et al'®> showed that controlling
for employment status removed associations between time
since hire and mortality in pooled data from 10 published
mortality studies, and Howe** found that SMRs did not
increase in analyses restricted to active workers. In addition,
a simulation study suggested that controlling for employment
status was inadequate when exposure was related to mortality
incidence or the probability of leaving work.'® Finally, if time
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off work is affected by health status (as described earlier),
then controlling for this variable would be expected to intro-
duce new bias rather than eliminating the healthy-worker
survivor effect. This new bias would arise even if exposure
does not affect mortality.?’

A further advantage of g-estimation is that it models
survival, which may be of greater interest than hazard ra-
tios.*> Hernan® identified 2 major limitations of the hazard
ratio. First, its magnitude depends on length of follow-up, and
may vary with time. In addition, period-specific hazard ratios
have built-in selection bias, in that the most susceptible
individuals die earlier and are eliminated from the at-risk
population. Survival is not affected by these issues because
the denominator (the number of persons at risk at the begin-
ning of follow-up) does not vary over time. Furthermore, in
contrast to both standard methods and marginal structural
models, g-estimation yields unbiased estimates even when
the positivity assumption is violated.

The rigorous approach to the healthy-worker survivor
effect is a compelling feature of g-estimation. However, a few
limitations impede a more widespread adoption of the
method. First, although the approach has been generalized to
continuous exposures,”®?° implementation details have been
published only for dichotomous exposures. Second, the ap-
plication of the method remains challenging both in terms of
the complexity of the theory and the extensive computing
time required for application in large datasets. Finally, as for
other causal methods, g-estimation yields estimates that may
not be directly comparable with those obtained with standard
associational methods.

This study has several strengths and a few limitations.
Its prospective design precludes recall bias, and its large size
and long period of follow-up provide ample statistical power.
The limited attrition rate also reduces the potential effect of
selection bias due to informative censoring. Although we
have not taken full advantage of the quantitative data in this
analysis, ours is the only study with estimates of exposure to
specific types of metalworking fluids. A major strength of this
study is the available data on temporary time off work, which
we used as a time-varying health surrogate in the implemen-
tation of g-estimation. We, however, had limited data on
potential confounders (such as smoking, socioeconomic sta-
tus, or use of protective equipment).

In summary, this is the first successful application of
g-estimation to adjust for the healthy-worker survivor effect
in an occupational study. Previously proposed methods to
adjust for the healthy-worker survivor effect did not substan-
tially alter measures of associations and suggested that expo-
sure to straight metalworking fluids had a null or protective
effect for all outcomes under study. In contrast, results
obtained by g-estimation of accelerated failure-time models
suggest that exposure increases mortality (and reduces sur-
vival) due to all causes of death combined, all cancers
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combined, ischemic heart disease, and COPD. Analysis of
specific cancer sites by g-estimation suggested increased
mortality risks for lung and prostate cancers. Different results
obtained by standard conditional models and g-estimation are
likely due, in part, to a better control for the healthy-worker
survivor effect by g-estimation.
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