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Occupational Exposures and Lung Cancer
Adjustment for Unmeasured Confounding by Smoking

David B. Richardson

Background: Occupational cohort mortality studies rarely include
information on smoking history. Consequently, smoking is often an
unmeasured potential confounder in analyses of associations be-
tween occupational exposures and lung cancer. Several authors have
recommended sensitivity analyses to assess confounding by smok-
ing, which require speculation about the prevalence of smokers in
different occupational exposure groups.

Methods: A method of adjustment for confounding by smoking is
proposed in which the target parameter of interest (the log hazard
ratio for lung cancer contrasting exposed to unexposed workers,
adjusted for smoking) is approximated by the difference between the
crude exposure-disease associations for lung cancer and chronic
obstructive pulmonary disease. A polytomous logistic regression
method is used to derive appropriate confidence intervals. The
performance of this adjustment approach is assessed via direct
calculations.

Results: Under the scenarios considered, 90% or more of the bias
due to confounding by smoking was removed via this adjustment in
the absence of smoking data.

Conclusions: This approach to adjustment for confounding by
smoking can be employed without explicitly positing the distribu-
tion of smoking with respect to occupational exposure. The ap-
proach is easily implemented in analyses of occupational cohort
data and should facilitate quantitative assessments of bias due to
unmeasured confounding by smoking in occupational studies of
lung cancer.

(Epidemiology 2010;21: 181-186)

It is uncommon for occupational cohort mortality studies to
include smoking history information; consequently, smok-
ing is often an unmeasured potential confounder in analyses

Submitted 25 February 2009; accepted 24 June 2009; posted 15 January
2010.

From the Department of Epidemiology, School of Public Health, University
of North Carolina at Chapel Hill, Chapel Hill, NC.

Supported the National Institute for Occupational Safety and Health of the
Centers for Disease Control and Prevention (grant RO1 OH007871).
Supplemental digital content is available through direct URL citations

in the HTML and PDF versions of this article (www.epidem.com).
Correspondence: David Richardson, Department of Epidemiology, School of
Public Health, University of North Carolina, Chapel Hill, NC 27599.
E-mail: david.richardson@unc.edu.

Copyright © 2010 by Lippincott Williams & Wilkins

ISSN: 1044-3983/10/2102-0181
DOI: 10.1097/EDE.Ob013e3181c6f7d9

Epidemiology ¢ Volume 21, Number 2, March 2010

of occupational exposure-disease associations." When the
outcome of interest is strongly related to smoking, this can
seriously complicate interpretation of study results. Since
smoking is more strongly associated with lung cancer than
with any other cancer site, concerns about unmeasured con-
founding due to smoking are particularly serious in occupa-
tional cohort studies of lung cancer.’

More than 2 decades ago Axelson and Steenland’
described a quantitative approach to assessing the sensitivity
of relative rate estimates to uncontrolled confounding by
smoking. This approach requires estimates of the adjusted
relative rate to be calculated under various assumptions about
the prevalence of smoking among exposed and unexposed
workers. If correct assumptions are made about the preva-
lence of smoking among exposed and unexposed workers in
the study cohort, this approach works perfectly.

However, quantitative sensitivity analyses remain
the exception rather than the rule in occupational cohort
mortality studies. One reason may be that a sensitivity
analysis requires speculations on the prevalence of smok-
ing among exposed and unexposed workers when there is
little empirical basis. One proposed solution has been to
assign subjective probabilities to various confounding sce-
narios and derive, via Monte Carlo methods, posterior
distributions of risk estimates accounting for smoking
differences.* The method proposed by Axelson and Steen-
land® also requires the assumption that smoking prevalence
does not depend upon age or birth cohort (an often im-
plausible assumption in large historical cohort studies).
Extensions of this approach to allow for such variations in
smoking prevalence require further assumptions about the
distribution of smoking by occupational exposure level
and age category or birth cohort.*>

I propose a related quantitative approach to account for
bias due to confounding by smoking in occupational cohort
studies. Unlike standard approaches to sensitivity analysis,
this approach does not require the analyst to explicitly posit
distributions of smoking by occupational exposure level.

METHODS
Suppose an investigator is interested in the associa-
tion between an occupational exposure and risk of lung
cancer in a cohort in which smoking is an unmeasured
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COPD

FIGURE 1. Directed acyclic graph illustrating the causal asso-
ciations necessary for an indirect assessment of the degree to
which the association between an occupational exposure (E)
and lung cancer is confounded by smoking (S).

potential confounder. Confounding by smoking could be
assessed in a qualitative fashion by examining the associ-
ation between the exposure and risk of a different disease
that is known to be associated with smoking, such as
chronic obstructive pulmonary disease (COPD).>’ Evi-
dence of such an association could be interpreted as
evidence of confounding of the exposure-lung cancer as-
sociation by smoking. To be valid, such an interpretation
requires that smoking is related to lung cancer and COPD,
there is no true causal association between exposure and
COPD, and the only uncontrolled confounder of the asso-
ciation between exposure and COPD is smoking. Figure 1
illustrates these necessary assumptions about the underly-
ing causal relations among exposure, smoking, lung can-
cer, and COPD. Using the same assumptions, I describe in
the proceeding text how to conduct a quantitative sensi-
tivity analysis.

Model for Exposure and Smoking

Let RRZZZ? be the rate ratio for the association between
exposure and lung cancer in the study cohort unadjusted for
smoking, and define indicator (1 = yes, 0 = no) variables:
X, = exposure, X, = current smoking, and X; = former
smoking. Assume that the lung cancer rate conforms to a

proportional hazards model of the form

Log(RRLung) = B + BX, + BiX;.

The parameter of central interest in this model, 3, , is
the log hazard ratio for lung cancer contrasting exposed to
unexposed workers, adjusted for smoking. The study cohort
may comprise a single stratum, or multiple strata defined by
covariates such as age and birth cohort. Let w, denote a
weight proportional to the contribution of subgroup t to the
study cohort, and 5, T 3, o2, o3, be the proportion of
current and former smokers among the exposed and unex-
posed workers in covariate stratum, t. The bias due to con-
founding by smoking is a function of the weighted average of
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the stratum-specific proportions of current and former smok-
ers among the exposed relative to the unexposed:

BIAS, g
i {Wl,z,texp(ﬁz) + 771,3,teXP(Bs) + (1 - T2 771,3,:)}
= Dw
t {770,2,reXP(Bz) + 770,3,reXP(Bs) + (1 - To,2,6 — 770,3,;)}

where B, = log(RR}1Y) — log(Bias ).

Let RRYs# be the relative rate for the association
between exposure and COPD in the study cohort (unad-
justed for smoking) and assume that the rate of COPD
conforms to the proportional hazards model Log
(RRcopp) = 0,X; + 0.X, + 03X

The bias due to confounding by smoking is given by

BlAScorp

! {Wl,z,zexp(ez) + 7Tlﬂ3y,exp(93) + (1 - Tio: — 771,3,:)}

,
t {Wo,z,reXP(ez) + Wo,s,teXp(es) + (1 - Too,r — 770,3,:)}

where 0, = log(RRY5s,) — log(Biascopp). If, as in Figure
1, there is no true causal association between exposure and
COPD (ie, 6, = 0) then Biascopp = RRYSS,.

Adjustment for Confounding by Smoking

The proposed approach to correcting the crude estimate
of the association between exposure and lung cancer for the
confounding effect of smoking begins by making use of
available information on the correction factor for the associ-
ation between exposure and COPD. Recall that the correct
expression for adjusting the target parameter is 3, =
log(RR}md) — log(BIAS,,,,). Substituting RR5, into this
expression in place of BIAS,,,, results in an adjusted estimate
of the association between exposure and lung cancer that may
reduce the magnitude of bias due to uncontrolled confound-
ing by smoking, particularly if 6, = 3, and 6; = B; . The
proposed expression for correction of the target parameter
for confounding by smoking is the quantity [, =
log(RRY) — 10g(RREGED)-

The performance of this adjustment for bias due to
confounding can be assessed via direct calculations (eAppen-
dix 1, http:/links.Iww.com/EDE/A357). The difference be-
tween the true bias correction factor for the target parameter,
log(BIAS,,,,), and the quantity log(RRYs47) indicates the
magnitude of bias in the target parameter after this adjustment
for confounding by smoking. A value of 0 indicates perfect
adjustment.

Figure 2 provides illustrative calculations derived for a
hypothetical study in which the relative rate of lung cancer
among current and former smokers was 23.6 and 8.7, respec-
tively, and the relative rate of COPD among current and
former smokers was 12.2 and 8.4, respectively (values ob-
tained from the American Cancer Society’s second Cancer
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FIGURE 2. Residual bias after indirect adjustment for
confounding by smoking. Residual bias = log(BIAS, ;) —
log(BIAS copp). Hypothetical cohort study in which current
smokers have 23.6 times the lung cancer risk of nonsmokers
and 12.2 times the risk of COPD of nonsmokers, former
smokers have 8.7 times the lung cancer risk of nonsmokers
and 8.4 times the risk of COPD of nonsmokers. The preva-
lence of current and former smokers among the occupa-
tionally unexposed is 35% and 31%, respectively.

Prevention Study’). The percentage of current and former
smokers among the unexposed was 35% and 31%, respec-
tively (values that conform to the smoking distribution among
US men aged 25-64 years in 1987 national survey data).*
The performance of this adjustment approach is shown for
various scenarios in which the prevalence of smoking is
greater among exposed than unexposed workers. Under the
scenarios considered, 90% or more of the bias due to con-
founding by smoking is removed.

Figure 3 provides illustrative calculations derived for a
hypothetical study in which the relative rate of lung cancer
among current and former smokers was 14.6 and 4.0, respec-
tively, and the relative rate of COPD among current and
former smokers was 14.2 and 5.8, respectively (values ob-
tained from the UK study of smoking and death among male
British doctors®). The proportion of current and former smok-
ers among the unexposed was 35% and 31%, respectively.
Under the scenarios considered, 96% or more of the bias due
to confounding by smoking is removed via adjustment.

Confidence Intervals
Fitting a regression model that simultaneously esti-
mates the crude association between occupational exposure
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FIGURE 3. Residual bias after indirect adjustment for
confounding by smoking. Residual bias = log(BIAS, ;) —
log(BIAS copp)- Hypothetical cohort study in which current
smokers have 14.6 times the lung cancer risk of nonsmokers
and 14.2 times the risk of COPD of nonsmokers, former
smokers have 4.0 times the lung cancer risk of nonsmokers
and 5.8 times the risk of COPD of nonsmokers. The preva-
lence of current and former smokers among the occupa-
tionally unexposed is 35% and 31%, respectively.

and lung cancer and COPD accounts for potential correlation
of the outcomes. For survival analysis, one simple approach
to fitting such a model starts by constructing a person-year
data set that includes a unique record for each person-year of
observation.”!° The Cox proportional hazards model may be
approximated by use of pooled logistic regression analysis of
the discrete time hazard (ie, the probability of case occur-
rence at a given time interval conditional on survival until the
start of that interval).

Consider a cohort mortality study in which decedents
are classified by underlying cause of death according to a
multilevel outcome variable with 3 levels (0 = alive, 1 =
lung cancer, 2 = COPD). A polytomous logistic regression
model for this multilevel outcome variable estimates the log
of the probability that outcome category is 1, divided by the
probability that the outcome category is 0, and simulta-
neously estimates the log of the probability that outcome is 2,
divided by the probability that the outcome category is 0. Let
B,, denote the parameter representing the crude estimate of
the exposure-lung cancer association under this model, and
let B,, denote the parameter representing the crude estimate
of the exposure-COPD association. When the discrete time
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hazard probabilities for person-year intervals are low, the
estimated 3 coefficients from the discrete time hazard model
approximate those obtained via the continuous time model for
hazard ratios and the quantity of interest, RR;,,,

exp(Bi; — PBy).!' The variance for (8,,—8,,) may be derived
via the equation Var(B,,—8,;) = Var(B,;) + Var(B,,) —
2Cov(By;, B,;) and the 95% Wald-type confidence interval
for RR,,,, may be derived as exp[(B;;—B,;) * 1.96

(Var(B1-B5, ))m]-

Example

Consider a cohort study of the association between an
occupational exposure and lung cancer. Table 1 shows the
number of lung cancer cases, person-years at risk, and the
hazard ratio contrasting exposed to unexposed workers.
The hazard ratio, unadjusted for confounding by smoking, is
2.32. There may be confounding due to smoking in this study,

TABLE 1. Crude Association Between Occupational
Exposure, and Lung Cancer in a Hypothetical Cohort

Exposed Unexposed
Lung cancer cases; no. 7872 3389
Person-years; no. 100,000 100,000
Hazard 0.07872 0.03389

Hazard ratio 2.32

The true effect of exposure is to increase the risk of lung cancer 2-fold. Current
smokers have 23.6 times the lung cancer risk of nonsmokers, former smokers have 8.7
times the risk of nonsmokers, and exposure status is related to smoking status.

TABLE 2. Crude Association Between Occupational
Exposure and Chronic Obstructive Pulmonary Disease in a
Hypothetical Cohort

Exposed Unexposed
COPD cases; no. 2532 2164
Person-years; no. 100,000 100,000
Hazard 0.02532 0.02164

Hazard ratio 1.17

There is no true effect of exposure on the risk of COPD. Current smokers have 12.2
times the COPD risk of nonsmokers, former smokers have 8.4 times the risk of
nonsmokers, and exposure status is related to smoking status.

COPD indicates chronic obstructive pulmonary disease.

although smoking history information was unmeasured. The
adjustment approach described above estimates the crude
association between occupational exposure and COPD, a
category of cause of death that is unrelated to the occupa-
tional hazard (Table 2). Under the assumptions outlined
above, the adjusted estimate of the target parameter will be
B, = log(2.32) — log(1.17) = log(1.99).

Table 3 reports the results that would have been ob-
tained if the investigator had had smoking information. The
hazard ratio contrasting lung cancer rates among exposed
workers to unexposed workers is 2.00, after conditioning on
smoking status. Table 3 shows that confounding occurred,
because the prevalence of smokers was greater among the
exposed than among the unexposed workers, and the risk of
lung cancer was substantially higher among smokers than
among never smokers. The simple adjustment procedure
corrected for essentially all bias due to confounding.

A polytomous logistic regression model was fitted to
these hypothetical data to simultaneously estimate crude
associations between exposure and lung cancer and COPD.
Table 4 reports the obtained estimates and associated covari-
ance matrix. The adjusted estimate of the exposure effect was
exp(0.8955-0.2098) = 1.99. Using the reported covariance
matrix, a 95% confidence interval (CI) (1.85-2.13) was
derived.

Other Smoking-Related Diseases

In some settings, the occupational exposure of interest
may actually increase the risk of COPD, violating the as-
sumption that there is no true causal association between
exposure and COPD. If 6, #0 then log(RRYsd) =
log(BIAScopp) + 0,. An indirect adjustment procedure that
substitutes RR¥4% in place of BIAS Lung Will result in residual
bias equal to log(BIAS,,,,,) — 10g(BIAScopp) — 0;. If there is
concern about the causal associations underlying this ap-
proach, an investigator might consider analysis of outcomes
other than COPD, or examine the consistency of findings
obtained via analysis of outcomes other than COPD. The
alternative outcome should be associated with smoking but
not with the occupational hazard. Occupational exposure to
silica, for example, is associated with lung cancer and
COPD,"*'* but not with cancers of the mouth, pharynx,

TABLE 3. Association Between Occupational Exposure, and Lung Cancer, Stratified by Smoking Status, in a Hypothetical

Cohort

Current Smoker

Former Smoker Never Smoker

Exposed Unexposed Exposed Unexposed Exposed Unexposed
Lung cancer cases; no. 5664 2478 2088 809 120 102
Person-years; no. 40,000 35,000 40,000 31,000 20,000 34,000
Hazard 0.1416 0.0708 0.0522 0.0261 0.006 0.003

Hazard ratio 2.00

2.00 2.00
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TABLE 4. Polytomous Logistic Regression Model
Coefficients, and Associated Standard Errors and Covariance
Matrix, for the Crude Relationship Between Occupational
Exposure and Lung Cancer (Outcome 1) and Chronic
Obstructive Pulmonary Disease (COPD, Outcome 2)

Parameter Outcome Estimate Standard Error
Intercept 2 —3.7761 0.0217
Intercept 1 —3.3275 0.0175
Exposure 2 0.2098 0.0296
Exposure 1 0.8955 0.0211
Covariance Matrix

Intercept_2  Intercept_1  Exposure_2  Exposure_1
Intercept_2 0.000473 0.000011 —0.00047 —0.00001
Intercept_1 0.000011 0.000306 —0.00001 —0.00031
Exposure_2  —0.00047 —0.00001 0.000879 0.000022
Exposure_1 —0.00001 —0.00031 0.000022 0.000444

Hypothetical cohort of 200,000 workers in which occupational exposure increases
the risk of lung cancer 2-fold, current smokers have 23.6 times the lung cancer risk (and
12.2 the COPD risk) of nonsmokers, former smokers have 8.7 times the risk of lung
cancer (and 8.4 times the risk of COPD) of nonsmokers, and exposure is related to
smoking status.

larynx, or esophagus (which are associated with smoking).
[lustrative calculations were derived for a hypothetical study
in which the relative rate of lung cancer among current and
former smokers was 14.6 and 4.0, respectively, and the
relative rate of cancers of the mouth, pharynx, larynx, and
esophagus among current and former smokers was 6.7 and
2.9, respectively (values obtained from the UK study of
smoking and death among male British doctors®). The pro-
portion of current and former smokers among the unexposed
was 35% and 31%, respectively. Under the scenarios consid-
ered, 91% or more of the bias due to confounding by smoking
is removed via adjustment (results not shown).

DISCUSSION

It has been argued that failure to adjust for smoking
generally will not result in substantial confounding of asso-
ciations between occupational exposures and lung cancer.>*'
However, confounding by smoking continues to be of con-
cern in epidemiologic studies of lung cancer, particularly
with low-level occupational exposures to lung carcinogens
typical in contemporary settings. Epidemiologic methods for
sensitivity analysis to evaluate uncontrolled confounding due
to smoking in occupational cohort studies have a long his-
tory.>*%!> Typically, a sensitivity analysis requires various
plausible assumptions for the smoking-lung cancer associa-
tion and the proportion of smokers among exposed and
unexposed subgroups (eg, values for 7, 3 y, and ;).
To account for typical age or birth cohort trends in baseline
smoking habits, these proportions must be allowed to vary
over time, which requires further assumptions.

© 2010 Lippincott Williams & Wilkins

This article proposes an approach to adjust for potential
confounding by smoking. The approach does not require
assumptions about the proportion of smokers among exposed
and unexposed subgroups. Rather, this adjustment makes use
of an association between the exposure and a smoking-related
disease other than the one of primary interest. Which smok-
ing-related cause of death should be considered? The ap-
proach developed here requires that the cause of death should
not have a causal association with the occupational exposure
of interest but should be associated with smoking (Fig. 1). In
many settings, COPD may be a reasonable choice. The
motivating example for this article was research on lung
cancer among workers who were occupationally exposed to
x-rays or gamma radiation at low dose rates (not believed to
be associated with risk of COPD). Any apparent association
between occupational exposure and COPD should be due
only to uncontrolled confounding by smoking. This assump-
tion should be considered carefully in the context of the
occupational exposure under investigation. Some occupa-
tional hazards, such as asbestos, silica, and other dusts, are
associated with COPD.'*'* If the exposure under study
actually increases the risk of COPD, then adjustment may
bias the risk coefficient downwards.

Unlike a qualitative assessment of confounding by smok-
ing, the approach described here results in a quantitative assess-
ment of confounding by smoking, with assumptions made ex-
plicit by their mathematical presentation, and without the need to
speculate about the (unknown) distribution of smoking with
respect to exposure in the study cohort. This approach employs
a standard proportional hazards model that implies multiplica-
tive effects of the exposure and confounder; a similar approach
can be developed for a model of additive effects (eAppendix 2,
http://links.lww.com/EDE/A357).

As illustrated in Figures 2 and 3, under plausible values
for 0,, B,, 05, and B; this approach leads to a reasonable
degree of control for confounding by smoking, even for some
relatively extreme scenarios of confounding. Figures 2 and 3
include scenarios, for example, in which essentially all ex-
posed workers are either current or former smokers. Further-
more, an estimate of the target parameter of interest, adjusted
for confounding by smoking, remains valid even under sce-
narios in which the prevalence of smoking varies across
covariate strata.

Unlike a sensitivity analysis, the adjustment approach
described in this article does not require assumptions regard-
ing the magnitude of the smoking-lung cancer associations.
This is an advantage because such estimates can vary among
study cohorts. Figures 2 and 3 illustrate scenarios using
relative-rate estimates from 2 large, widely cited studies of
smoking effects (the American Cancer Society’s second Can-
cer Prevention Study’ and the UK study of smoking and
death among male British doctors®). Despite the fact that the
associations among smoking, COPD, and lung cancer differ
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between these populations, the adjustment procedure de-
scribed in this article consistently performed well (Figs. 2, 3).

Best and Hansell'® recently described an approach for
joint modeling of the spatial distribution of COPD and lung
cancer mortality data. Their focus was on detection of geo-
graphic variation in COPD mortality rates in Great Britain.
Similar to the method described in this article, they consid-
ered joint models for these diseases to account for unmea-
sured confounding due to spatial clustering of smoking. The
spatial methods described by Best and Hansell assume spa-
tially structured effects (ie, a structure for effects across
adjacent areas); no such assumption is employed in this
article. Rather, the current article focuses on etiologic re-
search in occupational cohort mortality studies, and specifi-
cally on estimation of the association between a primary
exposure variable of interest and lung cancer mortality.

Most published examples of sensitivity analyses for
assessing confounding by smoking of occupational exposure-
lung cancer associations have assumed that the prevalence of
smoking in the study cohort does not vary over time.**!”
However, in a typical occupational cohort study, people move
through cumulative exposure groups over time. Since smok-
ers typically commence smoking at young ages and may quit
at older ages, the percentage of former smokers may tend to
increase and the percentage of current smokers may tend to
diminish as the cohort ages. Therefore, even if the prevalence
of smoking is similar in jobs with different exposure inten-
sities, a pattern of confounding by smoking may occur in an
analysis that employs a cumulative metric of occupational
exposure. As long the assumptions outlined above hold, the
adjustment procedure described in this article will accommo-
date even the relatively complex and time-dynamic patterns
of confounding by smoking that may occur in occupational
cohort studies with time-varying exposure metrics.

In summary, this adjustment approach for confounding
by smoking appears to provide a high degree of control for
confounding under plausibly encountered scenarios. Unlike
the typical approaches to sensitivity analysis, this adjustment
does not require assumptions regarding distributions of the
confounding variable. The results obtained via this method
may help in the interpretation of effect estimates derived from
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occupational cohort studies that lack individual smoking
history information.
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