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Abstract

Modern causal methods are underutilized in occupational epidemiology, despite the development of
robust methods to adequately control time-dependent confounding affected by prior exposure, the root
of the healthy worker survivor effect. We demonstrate how to detect the healthy worker survivor effect
empirically and explain how to interpret analyses that have not adjusted for it. For
lymphohematopoietic cancer mortality and female breast cancer mortality, we performed pathway
analyses assessing whether employment is a time-varying confounder affected by prior workplace
exposure to ethylene oxide. These analyses ascertained whether the relevant causal relationships
depicted in a directed acyclic graph were present. For both outcomes, workers employed longer were at
lower risk. Workers exposed to higher levels of ethylene oxide were also more likely to l€ave work. Thus,
employment is a time-varying confounder affected by prior exposure. The directions-of these
associations imply that healthy worker survivor effect is operating. Previously published estimates of
health effects of workplace exposures to ethylene oxide on both lymphohematepoietic cancer mortality
and female breast cancer mortality are underestimates of the true impacts« Applying these methods to
other occupational cohorts can aid interpretations of analyses that have hot adjusted for the healthy
worker survivor effect.
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The highest-quality epidemiologic data regarding human carcinogens frequently originate from
occupational cohorts, exemplified by research on substances such as diesel exhaust,* benzene?, and
radon.® These cohorts provide important evidence of health effects even though they are observational
studies, which are inherently vulnerable to selection bias, confounding, and other types of bias. In
particular, occupational cohorts have substantially influenced our understanding of human carcinogens
despite being susceptible to the healthy worker effect, which can result in estimates erroneously
suggesting that an exposure is less harmful than it really is, or even that it is beneficial.*” Over the past
two decades, the healthy worker effect has become a well-documented methodological concern, with
accepted study design and analytical methods developed to account for it.2* The healthy worker effect
acknowledges that (1) healthier individuals are more likely to seek employment and be hired initially
(healthy hire effect), and (2) individuals who do not experience adverse health effects of occupational
exposures tend to remain employed longer. Over the course of follow-up, the lattephenomenon

produces time-dependent confounding by a mediator, the root of the healthy worker survivor effect.*”’

Despite scientific acceptance of methods to mitigate healthy worker effect-andimited adoption of
them,*3% most published occupational cohort studies do not apply theselapproaches. This omission
places readers—and policymakers—in the challenging position of interpseting results that are biased
toward the null (or beyond) because they are not adjusted for healthy worker effect. The situation poses
two significant obstacles to environmental risk assessment and the,regulation process: (1) Regulators
may inadvertently select suboptimal action levels if the publishediliterature and risk assessments are
biased toward the null from healthy worker effect. (2) The evaluation of regulations is sometimes
prolonged unnecessarily by misunderstandings of thé impact of unaddressed healthy worker effect.

NIOSH Ethylene Oxide Cohort: A Detailed Examination

Consider the National Institute for Occupational Safety and Health (NIOSH) cohort established to
investigate the health effects of ethylerte oxide’/(Et0).3"% EtO is widely used to produce ethylene glycol
for antifreeze and to sterilize medical ‘equipment and spices, causing both workplace exposure and
emissions into the ambient envigdnment. Data derived from this cohort significantly contributed to the
classification of EtO as a known human carcinogen by several authoritative agencies, including the
National Toxicology Program Report on Carcinogens® and the International Agency for Research on
Cancer,*” which in tursmotivated the United States Environmental Protection Agency to consider new
regulations on emissions.3¢°

Like many influential occupational cohorts, the NIOSH EtO cohort was rigorously designed to inform
policy aimed atprotecting individuals from harmful exposures.®! The initial publication in 1991
presented standardized mortality ratios;3? subsequent papers presented results of quantitative
exposure-response associations between EtO and, specifically, lymphohematopoietic and breast cancer
incidence and mortality, extended the follow-up period, and elaborated on the shape of the exposure-
response curve.*3>! The most recent publication from this cohort included 62 years of follow-up for
female breast cancer mortality and thoroughly explored the shape of the exposure-response.*?

Notably, none of the exposure-response papers from this cohort comprehensively assessed the
presence of healthy worker survivor effect or addressed it in the analyses. However, some authors
implicitly suggested the potential presence*? or absence3* of healthy worker survivor effect in the cohort
based on theoretical considerations, and one author did a partial assessment.*?
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Because this cohort provides the strongest epidemiologic evidence for EtO carcinogenicity, its findings
have been heavily featured in proposed regulations from the United States Environmental Protection
Agency“® and a draft update to an Inhalation Unit Risk factor from California’s Office of Environmental
Health Hazard Assessment.***> Results from the NIOSH EtO cohort were also central to a report on EtO
carcinogenicity*® by the Texas Commission on Environmental Quality (TCEQ), recently reviewed by the
National Academy of Sciences.*” The TCEQ Report concluded that healthy worker effect was irrelevant in
the case of EtO and female breast cancer risk, which they then used as justification to disregard the
exposure-response analysis—an interpretation that was criticized by the National Academy of Sciences.
Here we directly examine the empirical evidence for healthy worker survivor effect in the NIOSH EtO
cohort for both lymphohematopoietic and breast cancer mortality.

The potential impact of healthy worker survivor effect on study results for EtO is currently relevant and
of significant public health importance.*” Using the current landscape of EtO regulation and the NIOSH
EtO cohort as a case study, this paper aims to: (1) highlight key features of healthy worker survivor
effect for readers of scientific literature, providing insights for interpretingresults'even in the potential
presence of healthy worker survivor effect, and (2) determine whether alhealthy worker survivor effect
is operating within the NIOSH EtO cohort using a set of standard regressionsto model pathways,
providing a roadmap for similar analyses in other occupational cohorts.

Healthy Worker Survivor Effect

The healthy worker survivor effect makes health effectssef occupational exposures difficult to study. This
phenomenon occurs when the workers at highest risk of becoming ill leave employment due to their
exposure, so that the workers who accumulate the most-exposure are precisely those at lower risk of
the outcome.*” This sometimes leads to estimates'suggesting that the exposure is beneficial, but even
in less extreme examples, the healthy worker survivor effect results in underestimates of harmful
effects. That is, an estimate of a positivé asseciation between exposure and outcome does not imply
that the healthy worker survivor efféctis absent; estimates can still be biased toward the null even if
they do not cross over it.>™®

The healthy worker survivor effect arises due to a particular data structure in which employment is a
time-varying confounderiand-is affected by prior exposure. By “time-varying confounder,” we mean that
employment status (Which changes when a person terminates employment) is either a shared cause of
exposure and outcome or’is on a pathway connecting them through a shared cause—thus, it is related
to risk of the health outcome. If employment status is not affected by prior exposure, then simple
adjustment foremployment prevents the healthy worker survivor effect; this scenario is not discussed
further in this'paper. However, if employment is affected by prior exposure, then collapsing exposures
over time into a single measure (such as cumulative exposure) gives rise to a paradox whereby
employment is a confounder that should be adjusted for, but since it depends on exposure, it is also
potentially a mediator that should not be conditioned on when estimating total effects. Traditional
regression methods are then guaranteed to produce a biased result regardless of whether they adjust
for employment (including employment duration). Under certain assumptions, more complex statistical
approaches called g-methods can disentangle exposure and employment over time and produce
estimates that are not subject to this bias, as was demonstrated nearly 40 years ago.*>®

Many papers over the past decade or so have applied g-methods to occupational cohort studies.%*°

Several have justified the approach by providing an assessment of the components of the healthy
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worker survivor effect to show that the relationships in Figure 1 apply.162%254849 |f this assessment
determines that employment is not a time-varying confounder affected by prior exposure, then
traditional regression analysis is justified. However, if it determines that employment is a time-varying
confounder affected by prior exposure, then traditional regression analysis will yield biased estimates
regardless of whether employment status (or its duration) is adjusted for.>® Here we present an analysis
to determine whether the healthy worker survivor effect is operating in the NIOSH EtO cohort by
assessing whether employment in sterilizing facilities is a time-varying confounder affected by prior
exposure to EtO in analyses of lymphohematopoietic or female breast cancers.

Methods

The cohort has been described previously.33442 Briefly, NIOSH assembled a cohort of workers exposed
to EtO in 14 different sterilization facilities. Workers were originally followed up for‘mortality through
1987; follow-up was later extended to 19983 and most recently to 2021.*? The originalicohort included
over 18,000 men and women with at least 3 months of exposure to EtO; however, 705 working at a
plant lacking exposure estimates were therefore excluded from exposure‘response analyses in earlier
papers as well as here. Following the recent updated breast cancer analysis inthis cohort,** we also
excluded workers employed less than one year, who are likely to bé systematically different from those
who worked for at least one year, and we excluded the few who'died before 1960, when outcome
follow-up started. The study was reviewed and approved by the"NIOSH Institutional Review Board.
Informed consent was waived for this records-based study.

Unpacking exposures and other covariates over time.is key to understanding the healthy worker
survivor effect. Some familiarity with directed agyclic\graphs is needed to understand the following
explanation. Figure 1 is a simplified, incomplete causal directed acyclic graph®®°! illustrating certain key
variables at only three time points (the actual study covers multiple decades) and highlighting which
causal relationships are relevant to detérminhing whether the healthy worker survivor effect is present.
Since only those employed are exposedat work (Figure 1B), employment status affects exposure, a
relationship that does not need t6 he assessed empirically. The remaining criteria for the healthy worker
survivor effect, discussed in more detail below, are that employment should (1) either affect the
outcome or share a cause’with it (Figure 1C or 1D, respectively) and (2) be affected by prior exposure
(Figure 1E); adjusted regrassion models can help determine whether these criteria hold. The directions
of the resulting associations'matter; see below. The seminal paper on pathway analyses to evaluate the
presence of the healthyworker survivor effect®® and a prior simulation study>? emphasize that the
magnitude of the'point estimate is a better indicator for this purpose than its statistical significance.

If both criteria\hold, then exposure-response regression models should adjust for employment status in
order to remove confounding of the effect of exposure at time t; however, they simultaneously should
not condition on it because doing so could both remove part of the effect of exposure at time t-1 (and at
earlier time points not depicted) and introduce collider bias due to the path from exposure at time t-1
(or earlier time points) through employment status at time t and the unmeasured health status at time t
to the outcome.>® Thus, exposure-response regressions using cumulative exposure that do not adjust for
employment are subject to confounding, while models that condition on employment status or duration
of employment are also subject to bias. If the healthy worker survivor effect is present, then g-methods
are required to estimate the effect of exposure on the outcome without bias, since (unlike traditional
regression) they can adjust for employment without conditioning on it.2
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A prior paper on this cohort with follow-up ending in 1998 included a partial assessment of the healthy
worker survivor effect, evaluating only one of the two criteria and providing evidence that employment
was affected by prior exposure.*® For completeness, and because follow-up has been extended to 2021,
we assess both criteria here.

Criterion 1

Does employment affect or share a cause with the outcome, with workers who remain at work longer
experiencing lower risk of the outcome? An association between the outcome and a function of
employment status up to that point, conditional on other known confounders of the exposure-outcome
relationship, would indicate that employment does affect or share a cause with the outcome. Previous
papers presenting a pathway analysis to assess the presence of the healthy worker survivor, effect did
not discuss the direction of the association.!®20254849 Employment is a time-varying‘confounder if this
association is present, regardless of its direction; however, the direction of the asseciation matters for
identifying the healthy worker survivor effect. If a healthy worker survivor effect.is operating, then the
healthiest workers with lowest risk would have been able to remain employed longer. We thus
addressed this question by regressing each outcome on employment,duration’ Since those at higher risk
might also have left work at younger ages, another approach (not presented here) would be to regress
each outcome on age at employment termination.*

Specifically, we fit Cox proportional hazards models for alldlymphohematopoietic cancer mortality, using
age as the time scale, with time-varying employment d@rationy(as a linear predictor or in categories) as
the main predictor, using person-time from the latef,of cohort entry or 1960 to end of follow-up. In
these analyses we adjusted for race, plant, sex, calendaryear, year of cohort entry, and cumulative
exposure up to the previous year, which were hypothesized to potentially affect both employment
status and cancer mortality. We then repeated these analyses for breast cancer mortality among
women, omitting adjustment for sex. Magnitudes and signs of the estimates from these analyses tell us
whether Criterion 1 is satisfied.

Criterion 2

Does higher exposure in the priostime period increase the probability of employment termination? EtO
could cause some workersito terminate employment earlier than they otherwise would have, thus
accumulating less exposurgthan the “healthy” workers who tolerated exposure better. (This is
especially likely becausé EtO is not just a carcinogen but also an irritant.>®> However, non-irritant
exposures can alsessatisfy this condition.) To assess this, we used a similar approach to ones used by
Neophytou etal.?® and Bertke et al.,”® regressing employment termination in each year on the exposure
accrued in the’previous year, ending follow-up at employment termination. We used the previous year’s
exposure in order to avoid reverse-causation bias: if someone leaves work mid-year, they have less time
to accumulate exposure in that year. Other options would be to consider average exposure intensity
over that previous year or peak exposure in that previous year. Analyses could also be run on a finer
time scale if appropriate for the exposure in question and if the data are available.

Those familiar with the occupational or environmental epidemiology literatures may believe that
cumulative exposure is the preferred biologic exposure metric of interest and should therefore be used
in the assessment of Criterion 2. Indeed, many assessments of Criterion 2 in the literature have assessed
whether cumulative exposure affects employment termination.2%2>43484% However, cumulative exposure
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is heavily influenced by duration of employment (itself a function of employment status, a key variable
in the confounding pathway [Figure 1]), potentially leading to a similar healthy worker survivor effect:
those who accumulate the most exposure are the ones who work longest and are /ess likely to leave
work. Our goal is not to establish that the exposure metric used in the exposure-response model is
associated with leaving work, but rather to determine whether the causal relationship depicted in Figure
1 exists. Departing from common assumptions about the exposure metric in the pathway analysis having
to match the exposure metric in the exposure-response analysis, we are guided by the causal diagram in
Figure 1, which specifically breaks down cumulative exposure into annual (or daily) exposures over time
in order to illustrate the components of the healthy worker survivor effect that we are assessing. Note
that breaking down cumulative exposure into separate exposures over time is the only way to illustrate
(or assess, or adjust for) the healthy worker survivor effect.>® Although cumulative exposure is also
time-varying, only non-cumulative exposure can disentangle the relationships betwéen exposure and
employment over time.?> We therefore attempted to isolate the effect of E.1, expesure,in the previous
year, on employment at time t, as shown in Figure 1E.

For this criterion, we ran Cox proportional hazards models for employment termination, using age as the
time scale, with exposure in the prior year (time-varying, categorized in,guartiles) as the main predictor,
using person-time from the later of cohort entry or 1960 to employment.termination. We adjusted for
race, plant, sex, calendar year, year first employed, and earlierexposures (lags 2-5), since these could
affect both exposure and employment status. This criterionsdees:not depend on the outcome; however,
since the breast cancer analysis is only in women, we assessed,this criterion separately for the whole
cohort and for the female subcohort (omitting adjustment for sex). Magnitudes and signs of the
estimates from these analyses tell us whether Criterionz2-is satisfied, assuming consistency (i.e., that
exposure is well-defined), conditional exchangeability (i.e., that we adjusted for all confounders of the
relationship between employment termindtionfand exposure in the previous year), and positivity (i.e.,
that probabilities of both leaving work and remaining at work are nonzero for all possible values of
exposure). In sensitivity analyses, we included person-time before 1960 (10,358 person-years overall;
5611 among the women): some waorkers’'(hired starting in 1918) were “at risk” of leaving employment
before 1960, when follow-updegan for the outcomes.

Results

Table 1 describes the cohort for the lymphohematopoietic cancer pathway analyses, and Table 2
describes the cohort restricted to women for the breast cancer pathway analyses. There were more
women than,menin.the cohort overall, which was predominantly white; over 75% were born prior to
1950.

Table 3 presents results from the analyses for Criterion 1, concerning whether employment causes or
shares a cause with the outcomes. Each additional year of employment was associated with slightly
lower hazard of both outcomes. The categorical analyses also suggested a monotonic, negative
relationship between employment duration and disease, which (at least for breast cancer) appeared to
be non-linear.

Table 4 presents results from the analyses for Criterion 2, assessing whether employment is affected by
prior exposure. Every category of exposure above the lowest quartile was associated with elevated
hazard of employment termination, though this association appeared non-monotonic. Estimates were
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slightly stronger among women. In the sensitivity analyses for Criterion 2, which included person-time
from hire until employment termination (rather than starting from the later of 1960 or hire year),
estimates and confidence limits differed from those presented here by less than 0.1.

Discussion

The fact that EtO is a known irritant>® makes a healthy worker survivor effect particularly likely, and
these pathway analyses provide strong evidence in support of that hypothesis, both for
lymphohematopoietic cancers in all employees and for breast cancer among women. In the analyses
assessing Criterion 1, employment duration was associated with both outcomes, showing that
employment is a time-varying confounder; longer employment being associated with lower risk means
that Criterion 1 is satisfied. Furthermore, employment is affected by prior exposure, as(seen in the
analyses assessing Criterion 2. These associations were in the direction consistent with/a healthy worker
survivor effect: those employed longer were at lower risk of the mortality outcomes under study; higher
exposure accrued in a year was associated with greater probability of then leaving employment. Thus,
employment is a time-varying confounder affected by prior exposure, with healthier workers likely to
accrue more exposure, so there is downward bias (toward or even potentiallyacross the null) in any
estimates obtained from traditional analyses of EtO and mortality from either lymphohematopoietic
cancers or breast cancer.

We estimated strong associations between duration of employment and both outcomes, and between
exposure in a given year and employment termination inthe following year. The association between
duration of employment and lymphohematopoietic€ancer mortality was not significant at the 0.05
level. However, as noted previously, the magnitude of thé point estimate is a better indicator for this
purpose than its statistical significance.**>? Indeed, assessment of confounding in observational studies
does not generally rely on statistical significance; consider the classic change-in-point-estimate criterion
as a case in point. Even if not statistically significant, strong associations along the component pathways
can still produce substantial bias in theynain exposure-response estimate. Furthermore, for specifically
identifying the healthy worker sutvivor effect, the directions of the associations along the component
pathways also matter.

Note that the presence of a-healthy worker survivor effect does not provide clear evidence of the exact
correct shape of the éxposure-response curve, other than to lend credibility to curves that have a sharp
rise followed by aflattening over higher levels of exposure.>* While the steep slope at lower exposure
levels is less affected by the healthy worker survivor effect, the highest exposures will only be
accumulated by.the least susceptible “healthiest” workers, so we expect the slope to be less steep at
those higher exposures if the analysis does not adjust for the healthy worker survivor effect. Therefore,
a simple linear term over the entire exposure distribution is likely to be a particularly poor fit for an
occupational exposure-response curve using traditional regression, since the biased attenuation at the
high end of exposure will artificially reduce the slope of the linear term; a two-piece linear spline or a
non-linear model may fit the data better and highlight the steep slope at lower exposures (where the
healthy worker survivor effect is less of a problem). Note, however, that these alternative models still do
not solve the problem of the healthy worker survivor effect, particularly at higher cumulative exposures.

The presence of the healthy worker survivor effect also does not indicate the degree to which the main
results will be biased. No methodology exists for adjusting the primary estimates to account for healthy
worker survivor effect based on the results from the component pathway analysis. What is known is the
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direction of the bias. When the associations are in the directions we observed in this cohort, the bias will
correspond to a healthy worker effect: the healthiest workers experience higher cumulative exposure,
so regression estimates will underestimate the risks associated with exposure.

Prior studies3?3*42 have found elevated mortality from these cancers in association with EtO exposure.
In the 1998 follow-up,** odds ratios for lymphohematopoietic cancer mortality for men were over 2.0 in
all quartiles of unlagged cumulative exposure above the lowest; with a 15-year lag the trend was
monotonic. For women, the odds ratio was elevated for the second quartile of unlagged cumulative
exposure, but not for the higher quartiles; lagged results were not presented. However, given the results
from this pathway analysis, the true effects in higher exposure groups are almost certainly stronger than
previously estimated. Since the evidence presented here suggests that exposure was a strong influence
on leaving work among women, the weak associations seen in previous publications.shouldinot be taken
as proof that EtO exposure does not increase the risk of lymphohematopoietic cancenmortality in
women; a healthy worker survivor effect may have obscured the true associatien. Far breast cancer
mortality, the 1998 follow-up estimated monotonically increasing odds ratiosid ali"quartiles of non-zero
cumulative exposure with a 20-year lag, reaching 3.13 (1.42, 6.92) in the highest category. When follow-
up was extended to 2021, these results were confirmed, with elevated ratesfor all categories of non-
zero cumulative exposure whether or not the analysis adjusted for duration of employment. Our
findings provide evidence that even these positive findings arelunderestimates, which means that the
effects of EtO on mortality from lymphohematopoietic and«breast.cancers are at least as harmful as the
published papers report.

Some recent analyses in this cohort*>** have attempted to-adjust for healthy worker survivor effect by
adjusting for employment duration; however, as diseussed above, this adjustment does not eliminate
healthy worker survivor effect.*®® To fully aeeount for healthy worker survivor effect, estimates of the
potential impacts on mortality from thesé'cancers if exposures to EtO were reduced could be obtained
by analyzing the cohort data using g-computation, which can adjust for employment without
conditioning on it, thus avoiding bias from-the healthy worker survivor effect.® For now, this pathway
analysis (a) serves to verify thatithe healthy worker survivor effect is operating in this cohort (and
therefore that the true effectsiof EtO on these outcomes are stronger than previously estimated) and (b)
represents a roadmap fof assessing its presence in other cohorts, even if applying g-methods to mitigate
the problem is not currentlyypossible. Certainly, formal analyses of the components of healthy worker
survivor effect in,occupational cohort exposure-response papers would allow for evidence-based
discussions of the presence of the healthy worker survivor effect and any potential attenuating bias.
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Table 1. Descriptive characteristics of cohort of U.S. sterilization facility workers exposed to ethylene

oxide, 1960-2021.

N % mean median IQR
Number of workers 13215 100
Year of birth 1938 1941 1928 1949
Sex
Male 5666 43
Female 7549 57
Race
White 10529 80
Non-white 2686 20
Employment duration 10.6 7.4 2.7 17.0
Exposure duration 6.6 38 1.6 9.8
Cumulative exposure to EtO (ppm-days) 12503 3761 960 12567
Average annual accrued exposure when 1850 977 359 2451
exposed (ppm-days)
Deceased 7124 54
Lymphohematopoietic cancer death 167 1
Age at lymphohematopoietic cancer death 70 72 63 79
Age at first employment 31 28 22 38
Age at end of follow-up 73 74 66 81
Person-years of follow-up 41 44 36 50
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Table 2. Descriptive characteristics of women in the cohort of U.S. sterilization facility workers exposed
to ethylene oxide, 1960-2021.

N % mean median IQR
Number of workers 7549 100
Year of birth 1937 1939 1927 1948
Race
White 6120 81
Non-white 1429 19
Employment duration 10.7 7.4 2.7 17.4
Exposure duration 6.4 35 1.6 9.6
Cumulative exposure to EtO (ppm-days) 8503 3056 865%, 9712
Average annual accrued exposure when 1353 885 369 1869
exposed (ppm-days)
Deceased 4010 53
Breast cancer death 181 2
Age at breast cancer death 65 64 55 75
Age at first employment 31 30 22 39
Age at end of follow-up 75 76 68 83
Person-years of follow-up 42 45 37 50
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Table 3. Hazard ratios (from 8 separate analyses) for death from lymphohematopoietic cancers or
female breast cancer associated with employment duration, in an occupational cohort of 13,215
employees (7549 women) at U.S. sterilization facilities, 1960-2021. Estimates are adjusted for race,
plant, sex (for lymphohematopoietic cancers), calendar year, year of cohort entry, and cumulative

HR for
HR for breast
lymphohematopoietic cancer
cancer mortality 95% ClI mortality 95% Cl
Time-varying
employment
duration
1-yearincrease in
employment 0.98 0.96 1.00 0.97 0.95 0.99
duration
Quartiles of Quartiles of
cumulative cumulative
employment employment
duration duration
<2.9 years Referent <2.9years Referent
[2.9, 8.9) years 0.85 0.55 1.31 [2.9,7.6) years 0.96 0.63 1.46
[8.9, 18.3) years 0.76 0.48 1.19 [7.6, 16.0) years 0.96 0.62 1.49
>18.3 years 0.64 0.39 1.05 >16.0 years 0.64 0.39 1.04

exposure to ethylene oxide up to the previous year.
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Table 4. Hazard ratios for employment termination associated with quartile of ethylene oxide exposure
accrued during the prior year, among employees at U.S. sterilization facilities, 1960-2021. Estimates are

adjusted for race, plant, sex, calendar year, year first employed, and previous exposures in lag years 2-5.

Whole cohort (N=13,215) Women only (N=7549)
HR for HR for
employment employment
termination 95% ClI termination 95% ClI
Ethylene oxide Ethylene oxide
exposure in prior exposure in prior
year (quartiles) year (quartiles)
< 140 ppm-days Referent < 126 ppm-days Referent
[140, 647) ppm-days 1.92 1.82 2.02 [126,524) p dparc; 715 2.00 2.30
(647, 2450) ppm- 1.41 133 1.50 (524, 1662) ppm- 1.73 1.60 1.87
days days
> 2450 ppm-days 1.39 1.27 1.51 > 1662 ppm-days 1.95 1.76 2.16
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Figure 1. A simplified causal directed acyclic graph illustrating the healthy worker survivor effect. E: refers to
exposure to ethylene oxide during time interval t (e.g., either average intensity during this interval or amount
accrued during this interval); C: represents employment status at time t, D is death from the cause of interest, and
Ut stands for an unmeasured health status at time t. Other confounders, such as race, sex, plant, calendar year,
and year of hire are omitted for clarity. Each arrow represents the possibility that the variable at the point of origin
could cause a change in the variable the arrow points into. (A) The hypothesized structure of the data. In the
subsequent diagrams, we use dotted arrows to draw attention to specific causal associations: (B) The dotted arrow
illustrates the fact that employment affects exposure: if someone is not employed at time t, then they will not be
occupationally exposed to ethylene oxide. This is known and does not need to be estimated. (C) The dotted arrow
here represents the possibility that employment could directly affect risk of dying of the cause of interest. This
needs to be assessed empirically in the data. If an association is found between Ct and D, then thisarrow is one
possible explanation for that association—i.e., Ct is a shared cause of exposure and outcome, and thus a
confounder. (D) Even if Ctis not a cause of D, it could still be a confounder, if it shares a causé with D/The dotted
arrows here show another possible explanation for an association between C; and D. Theituations in (C) and (D)
are empirically indistinguishable, but in either case (together with (B), which is known)"C: would be considered a
time-varying confounder of the association between E: and D, satisfying Criterion 2. (E){The"dotted arrow here
represents the possibility that prior exposure could affect employment, our Criterion 2, This needs to be assessed
empirically in the data. (The criteria also depend on the directions of the associations’evaluated.)
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ALT TEXT FOR FIGURE 1: Five diagrams depicting causal relationships between variables E at time t-
minus-1, E attime t, Cat time t, U at time t, and D. In Figure 1A, there are arrows pointing from E at time
t-minus-1 to 3 variables: E at time t, C at time t, and D. There are also arrows pointing from U at time t to
both C at time t and D, and from C at time t to both E at time t and D. Finally there is an arrow pointing
from E at time t to D. Figure 1B shows the same diagram as Figure 1A, except that the arrow from C at
time t to E at time t is highlighted. Figure 1C shows the same diagram as Figure 1A, except that the
arrow from C at time t to D is highlighted. Figure 1D shows the same diagram as Figure 1A, except that
the arrow from C at time t to D is omitted, and both arrows from U at time t are highlighted. Figure 1E
shows the same diagram as Figure 1A, except that the arrow from E at time t-minus-1 to C at time t is
highlighted.
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