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Uncontrolled confounding by personal exposures like smoking can limit the
inferential power of occupational cohort studies. We developed and demonstrate
a refinement of an existing type of sensitivity analysis, indirect adjustment,
for evaluating the potential magnitude of confounding by alcohol and tobacco.
Results of a large retrospective cohort study of laryngeal cancer and exposure to
metalworking fluids (MWF) are used to illustrate the methods.

Data on smoking and drinking habits representative of the study cohort were
obtained from a sample of US manufacturing workers from the 1977 National
Health Interview Survey (NHIS). Two different mechanisms were assumed to
affect the distribution of confounding factors between MWE exposure groups:
socially determined and chance differences. Chance variation was investigated
with Monte Carlo sampling from the NHIS survey distribution of smoking and
drinking. An upper bound on systematic differences in smoking and drinking was
set by assuming that differences between exposure groups within the same
unionized blue collar workforce were very unlikely to be larger than differences
between blue and white collar manufacturing workers in the NHIS data.

Under plausibly large differences in smoking and drinking habits among MWF
exposure groups occurring by either mechanism, the exposure-risk association
was unlikely to have been over- or under- estimated by as much as 20%.

When comparing exposure groups within the same working population, it is
unlikely that either systematic or chance differences in smoking and drinking
habits will cause as much as a 20% change in the relative risk in large studies.
While this study focused on an occupational exposure and laryngeal cancer, there
are many situations in which epidemiologists are concerned that unmeasured
‘lifestyle factors’ may differ among exposure groups, and it would appear that the
likely confounding effect of such differences will often be modest.

Alcohol drinking, tobacco, confounding factors, laryngeal neoplasms, occupational
exposure

Confounding is understood by epidemiologists to be perhaps the
single most important limitation to causal inference in observa-
tional studies, and the statistical control of confounding to be
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among the most important tools of the epidemiologist’s trade.
When data are unavailable for a known potential confounder,
however, our standard tools are not effective, and the researcher
(or reader) often resorts to ‘professional judgement’ in evaluating
how seriously compromised the study results may be. One
common mistake that is made in these instances is the failure to
appreciate that weak confounding cannot explain strong apparent
exposure—disease associations.! But such a general principle,
while correct, is not very useful without guidance on how to
assess strength of potential confounding, in the absence of data.
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This is one example of a kind of a ‘what i’ question that can
often be usefully informed by sensitivity analyses conducted
as a complement to standard epidemiological methods.?> A
particular type of sensitivity analysis, sometimes called indirect
adjustmem‘l’6 or external adjus‘[ment,3 has been used to assess
potential confounding by smoking in the absence of individual
confounder data, in occupational cohort studies. In this paper,
we argue that the method of indirect adjustment could be used
more frequently, and demonstrate extensions to it which may
make it more widely accepted. An example is provided using
results from a large retrospective cohort study of laryngeal cancer
risk in automotive workers exposed to metalworking fluids
(MWEF), but the methods and findings are broadly applicable.

Occupational cohort studies are frequently conducted without
individual data on potential confounding factors like smok-
ing and alcohol consumption, because these studies typically
rely on work records and disease registries and not on patient
interviews. In a common scenario, researchers identifying an
occupational exposure that appears to increase risk of a smoking-
related cancer are criticized, and their findings challenged because
of the possibility that differences in smoking habits among
exposure groups may be the real cause of the association.®™8
Epidemiologists have known for at least two decades that it is
possible to estimate the magnitude of confounding that might
occur in an occupational cohort study of a smoking-related cancer,
given assumptions about the distribution of smoking habits. 4=
Indirect adjustment involves calculating the confounding relative
risk (RR ), that would occur between different exposure groups
in the study cohort, deriving solely from hypothetical but plausible
differences in their smoking habits. An indirectly adjusted relative
risk for the occupational exposure can then be calculated as:
RRadj = RRcrude/RRco, following Miettinen’s classic work on
confounding.?10

Several authors have used this method to evaluate the
problem of potential confounding by smoking in occupational
lung cancer studies* 1112 and the general conclusion has
been that only modest confounding effects would be expected
from differences in smoking habits among subcohorts with dif-
ferent levels of exposure to an occupational hazard. Using alter-
native approaches, including empirical evaluations, other authors
have reached similar conclusions.!3-1° Despite this body of work,
indirect adjustment is still not widely used, and occupational
cancer studies continue to be criticized for failure to evaluate
smoking confounding.'® We think that one reason the method
is not more widely applied is that it is difficult to decide upon a key
assumption behind the sensitivity analysis: the degree to which
smoking habits (or other ‘lifestyle” factors) among different expo-
sure groups might differ. We propose to at least partially resolve
this difficulty by noting that there are two distinct ways that such
differences might occur, and showing how each can be separately
investigated. The two different explanations are: chance, due
simply to the small numbers of subjects in different exposure
groups; and systematic differences, due to unknown, probably
socially determined, patterns of smoking within the cohort.

The methods are illustrated in an assessment of the magnitude
of potential confounding by alcohol and tobacco in a study of
laryngeal cancer and exposure to metalworking fluids (MWE).
Elevated laryngeal cancer risk has been observed among workers
with long-term exposure to MWF in a large cohort study of
workers at three General Motors factories in Michigan.”'18
Larynx cancer is strongly affected by alcohol and tobacco, with
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risks that are approximately multiplicative.!® Tt seemed parti-
cularly important, therefore, to investigate the possibility that
the observed associations with MWF might be explained by
differences in smoking and drinking habits between heavily
exposed and unexposed groups within the cohort.

Methods

To conduct indirect adjustment, two types of data are needed.
First, a dose-response curve for the joint effects of alcohol and
tobacco on cancer risk was developed from the published litera-
ture, using meta-regression methods. This work is described in
a separate paper.'® Tobacco and alcohol exposures were found
to contribute additively to laryngeal cancer risk, in a log-linear
model of the form:

In(OR) = B j.0n01 * (grams of ethanol/week) + B,ypcco
* (grams of tobacco/week) (equation 1)

where: In(OR) is the log of the odds ratio comparing the risk for
those with a given level of alcohol and tobacco consumption
with the risk among non-drinkers and non-smokers, Baiconol
and B, are the pooled measures of association. For
laryngeal cancer, the coefficients of the model were: B ;.01 =
0.19 per 100 g/week (robust standard error = 0.04), and B, =
0.53 per 100 g/week (SE = 0.05). Note that an additive model of
the logarithm of risk represents a multiplicative relation between
the two risk factors. The studies which were used in the meta-
regression analysis were all case-control studies, and because
they all appeared to have used incidence density sampling, we
assumed that the published odds ratios were valid estimates of
incidence density ratios, or relative risks.

The second requirement was for data on smoking and
drinking habits representative of those in the study cohort. Data
on these behaviours among a stratified random sample of US
workers were obtained from the National Health Interview
Survey (NHIS).ZO"21 A sample representative of the autoworkers
study cohort was selected by using NHIS data for blue collar
manufacturing workers between 20 and 65 years of age. For the
present study only males were used for the analyses, due to
very small numbers of females in the MWF cohort. We chose to
use the data from 1977 because it was the survey with alcohol
and tobacco consumption data closest in time to the middle of
the period covered by our epidemiological study of MWF and
cancer risk (1940-2000). The NHIS data provided the frequency
and quantity of alcoholic drinks and tobacco consumed by the
individuals studied in the NHIS. We converted the consumption
data into consistent units of grams per day, based on published
conversion factors: 1 drink = 30 ml hard liquor = 150 ml wine =
330 ml beer=11.87 g of pure ethanol®?;

; and 1 cigarette =
0.2 cigars = 0.4 pipes of tobacco=1g¢g tobacco.?>

Confounding by systematic differences

To quantify how much confounding could occur due to
systematic differences in smoking and drinking habits, it was
assumed that differences in smoking and drinking between
groups within a factory who have ditferent levels of exposure to
MWE or some other toxicant, could not plausibly be larger than
the differences reported between blue collar and white collar
manufacturing workers in the NHIS data. The differences in
smoking and drinking habits between these two classes are
well-known, and result from a complex set of strong social
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determinants, probably linked to education, social supports, and
perceptions of risk. It therefore seems very unlikely that different
groups of blue collar workers within the same region, corporation
and union, could have systematic differences in smoking and
drinking habits as large as the observed blue collar—-white collar
differences. We therefore calculated the average tobacco and
alcohol consumption for blue and white collar workers, and then
used these figures and equation 1 to estimate the relative risks
of cancer comparing the average blue collar or white collar
worker with a non-drinking, non-smoking reference group. The
ratio of the resulting relative risks (RR) for blue and white collar
workers provided an estimate of RR,, the confounding relative
risk due to the ‘larger than plausible’ difference in smoking and
drinking habits between blue and white collar workers.

To illustrate the magnitude of the class differences, the
prevalences of smoking and drinking habits for blue and white
collar workers were also calculated for joint categories of
tobacco and alcohol consumption. The following categories
were used for alcohol: 0, 0-4, >4 drinks/day, and tobacco: 0,
0-30, >30 cigarettes/day. The strength of the potential
confounding from smoking and drinking differences among
groups with different consumption patterns were assessed by
combining the alcohol and tobacco consumption prevalence
data from the NHIS survey with effect estimates from equation 1
to estimate relative risks for different categories of alcohol and
tobacco consumption among white male blue-collar workers.

Confounding by chance differences

If groups of workers who experience different exposures (to MWF
or some other toxicant) are compared in an epidemiological study,
then by chance, these groups may have different average smoking
and drinking behaviours. The magnitude of confounding that
might occur from chance variation was investigated by Monte
Carlo simulations, in which samples were drawn repeatedly from
the distribution of smoking and drinking in the blue-collar manu-
facturing worker NHIS sample, representative of the MWF worker
cohort. These simulations were based on random samples or
subcohorts of 10, 25, and 100, selected with replacement, from
the blue-collar white male NHIS sample. These three sample
sizes were chosen to represent common study sizes: exposure
groups of 10 are found in small epidemiological studies, 25 might
be expected in each group in a medium-sized study, and larger
studies might have 100 subjects in each of the exposure groups.
Two samples of a given size (10, 25, or 100) were selected simul-
taneously. For each pair of samples their survey-weighted average
alcohol and tobacco consumption figures were calculated and
then used in equation 1 to predict relative risks. The ratio of the
estimated effects for each pair of samples was then obtained;
and it represents an estimate of RR, due to chance variations
in smoking and drinking habits among exposure groups. This
procedure was carried out for a thousand pairs of trials of each
sample size.

Results

From the NHIS survey of 1977 we selected all 1335 white male
blue-collar workers and all 1433 white male white-collar workers
between ages 20-65. The prevalences of smoking and drinking
are shown in Table 1 (note that the actual calculations of RR,
described below used the mean consumption from continuous
data—the categories in Table 1 were used for presentation

Table 1 Prevalence of smoking and drinking habits. 1977 US National
Health Interview Survey: Per cent of respondents by smoking and
drinking habits. ‘Blue collar’ (top row; N = 1335) and ‘white collar’
(2nd row; N = 1433) white male manufacturing workers, ages

20-65 years

Tobacco consumption Alcohol consumption (drinks/day)

(cig/day) 0 >0-4 4+
0 7.6 26.7 1.7
7.5 40.5 1.4
>0-30 6.7 37.6 5.8
2.7 32.9 3.2
30+ 1.8 9.1 3.1
1.1 9.6 1.1

Table 2 Laryngeal cancer risks comparing categories of smoking
and drinking. Rate ratios estimated relative to the intermediate
category, which was also the most prevalent among blue collar
workers (N = 1335)

Tobacco consumption  Alcohol consumption (drinks/day)

(cig/day) 0 >0-4 4+
0 0.42 0.57 2.04
>0-30 0.73 1 3.55
30+ 4.49 6.16 21.87

only). A majority of both classes of workers fell into just two
cells of the matrix: those who drank >0 and <4 drinks/day,
and were either non-smokers or smokers of up to 1.5 packs/
day (30 cigarettes per day). Unsurprisingly, non-smokers who
drank heavily, and non-drinkers who smoked heavily were
uncommon—the prevalence of either of these combinations
was less than 2%. When comparing the two classes of workers,
the most striking difference was in the non-smoking, moderate
drinking category, where there was 40.5% of the white collar
workers, and only 26.7% of the blue collar workers. Blue collar
workers were nearly twice as prevalent as white collar workers
in the heavy alcohol consumption categories (except for the rare
combination of non-smoking heavy drinkers).

Laryngeal cancer risk was estimated to rise rapidly with either
alcohol or tobacco consumption (Table 2). Compared with the
‘typical” blue collar worker who was a drinker of <4 drinks/day
and a smoker of <1.5 packs/day, those in the heavy smoking/
drinking category were estimated to have more than a 20-fold
increased risk for laryngeal cancer. Non-drinkers and non-
smokers had about a 60% reduction in risk compared with the
typical blue collar worker.

The average alcohol and tobacco consumption figures from
the NHIS survey of blue and white collar workers were then
used in equation 1 to estimate the expected RR comparing each
of these two groups with non-drinkers and non-smokers. For
blue collar workers, the RR was 2.22, while for white collar
workers it was 1.89. These figures mean that, taken as a group,
the smoking and drinking habits in 1977 of blue collar
manufacturing workers conferred upon them slightly more
than a twofold increased risk of laryngeal cancer, compared
with those who neither drank nor smoked. For white collar
workers, the RR was somewhat less. The ratio of these two figures,
1.17, is an estimate of RR,. If two subcohorts in a study were
compared, and the only difference between them was that their
respective smoking and drinking habits were typical of blue and
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white collar workers respectively, then one would expect to see
aRR of 1.17 for laryngeal cancer due solely to alcohol and tobacco.
We consider it highly improbable that two subcohorts of blue
collar workers in a typical occupational cohort study would differ
in their smoking and drinking habits as much as do blue and
white collar workers, and so we conclude that confounding by
systematic differences in these habits would most likely cause
less than a 17% increase in the RR.

The potential for chance differences in smoking and drinking to
confound is illustrated by the empirical 90% and 95% CI for RR,,
shown in Table 3, as well as in Figure 1. These show, for example,
that when comparing small exposure groups or subcohorts
(n=10), RR., might range from 0.51 to 1.94, with 95% con-
fidence. As expected, tighter CI were obtained as the sample size
increased. In a large study (n =100), chance ditferences would
have a much more limited effect on RR, (95% CI: 0.82, 1.22).

The case of MWF and laryngeal cancer

These sensitivity analyses can be applied to the results of a recent
cohort study of MWF and laryngeal cancer risk.'® A case-cohort
analysis was conducted in a cohort of 46 400 automotive workers
who had worked at least 3 years at one of three automotive plants
prior to 1 January 1985. All cohort members were blue collar
workers, and members of the same union. Follow-up started in
1940 and ended in 2000, and included over 1.5 million person-
years. Seventy-eight incident cases of laryngeal cancer were
identified by the Michigan Cancer Registry from 1 January 1985
through 1 January 2000. A 10% random sampling of the whole
MWEF male cohort was selected as the referent group. Work
histories of study participants and historical air monitoring data
were used to generate lifetime cumulative MWF exposure
estimates.? Cox proportional hazards models were fit, comparing

Table 3 90% and 95% empirical CI for confounding relative risk
(RR_,,) from Monte Carlo simulations

Sample size 90% CI 95% CI
Lower limit ~ Upper limit ~ Lower limit ~ Upper limit
10 0.63 1.68 0.51 1.94
25 0.73 1.37 0.68 1.56
100 0.86 1.17 0.82 1.22
3.5
3.0}
Sample of 100
L 25F
X
2. 2.0+
2
S 5k Sample of 25
o
L
L 1.0+

05F / N Sample of 10
i NG
0.0 N o/ ~lroedeocoooooo bon 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Confounding relative risk, RR.,

Figure 1 Monte-Carlo simulations (N = 1000) for subcohorts of three
different sample sizes: 10, 25, and 100. The graph shows the frequency
of alternative values of the confounding relative risk for laryngeal
cancer, (RRco), comparing two groups of equal size and resulting from
chance differences in alcohol and tobacco consumption
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subgroups with varying levels of cumulative exposure. All models
were controlled for potential confounding by race, plant, birth
cohort, year started work, and year entered the cohort. None of
these factors appeared to change the effect estimates, however.

Laryngeal cancer incidence was found to be associated with
exposure to straight MWEF, with a linear relationship between
cumulative exposure and log of relative risk.!8 Using a continuous
measure of cumulative exposure, the relative risk was 1.08 for
each 5 mg/m>-years increment in straight MWF exposure, more
than 10 years before diagnosis (95% CI: 1.03, 1.14).18 In this
cohort, the top 1% of the distribution of cumulative exposure to
straight MWF included those with levels >45 mg/m>-years, at
least 10 years before diagnosis. At this exposure level, the pre-
dicted relative risk of laryngeal cancer was 1.9 (95% CI: 1.1, 3.4),
compared with unexposed workers. Data on alcohol and tobacco
consumption within this cohort were not available.

The assessments of the potential impacts of both systematic
and chance differences in smoking and drinking habits presented
above can be applied to these findings. The confounding effect of
systematic, socially determined, differences in habits among expo-
sure groups were evaluated using the ‘larger than plausible’ con-
founding effect which would result if all heavily exposed workers
had the smoking and drinking habits of blue collar workers, and
all unexposed workers the habits of white collar workers. The
reverse situation is equally likely of course, and so our estimate
of RR,, from systematic differences is not more than 1.17, and
not less than 1/1.17 = 0.86.

Chance differences would yield roughly similar bounds on
the confounding relative risk in this study because the MWEF
exposure strata contained hundreds of workers (Table 3). An
extreme upper bound estimate for the combined effects of
simultaneous chance and systematic differences in drinking and
smoking habits among MWF exposure groups might be approxi-
mately RR.,=1.17 X 1.22 = 1.43, while at the other extreme,
RR.,=0.86 X 0.82=0.71. An ‘extreme case’ estimate of the
unconfounded RR for MWF exposure and laryngeal cancer risk
therefore might be approximately RR, 4 = 1.9/1.4 = 1.3, although
itis just as likely that chance and systematic differences in smoking
and drinking have biased the unadjusted RR fowards the null,
so that the less confounded relative risk would actually be larger
than the observed RR of 1.9: RRadj =1.9/0.7 = 2.7. At neither of
these extreme bounds of the range of adjusted relative risks
was the MWF-laryngeal cancer association reduced to RR = 1.0,
and so we conclude that uncontrolled confounding is very
unlikely to fully explain the observed MWF-larynx cancer
association in this cohort.

Discussion

Occupational cohort studies are frequently conducted without
individual data on potential confounding factors like smoking
and alcohol consumption.?> Although unmeasured confounding
may either increase or decrease the risk estimates, the concern
is reasonably greatest in the presence of a modestly elevated
relative risk. In such studies, concerns are often raised that the
occupational exposure—disease associations may be explained
by differences in smoking, drinking, or other lifestyle habits
among exposure groups.®3

A recent paper by Cole and colleagues!® is a useful example. The
paper consists of a critique of findings in several epidemiological

6
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studies by Hansen et al. concerning cancer risk among Danish
asphalt workers.2¢~28 In Hansen’s cohort mortality study, asphalt
workers were found to have elevated risks of dying of cancers
of the mouth, rectum, liver, larynx, and lung, all with rate ratios
greater than 3.0, compared with a comparison group of
unskilled service workers. No control for alcohol or smoking
was performed in Hansen’s study, which used census and
mortality register data. Cole and colleagues critiqued these
findings, arguing that uncontrolled confounding by tobacco and
alcohol was a likely explanation for the findings. They wrote:

We suggest that alcohol is a major confounder causing much
of the excess disease that occurs among [asphalt] workers.
Smoking, risk-taking behavior, and lesser factors are other
confounders. Data of high quality are required to remove the
effect of a confounder from the findings on any particular
disease. Such data ... should be subject-specific, valid,
precise, and . . . highly similar for the two groups.

.

Further on, they state: ‘... even with ideal data, a strong
confounding effect, such as that of smoking with lung cancer, is
almost impossible to eliminate.” Our point in citing this example
is not to argue that Hansen'’s findings are, or are not, confounded,
but to point out that a fairly simple sensitivity analysis, in the
form of indirect adjustment, would raise the level of the debate
over these and similar findings. We argue, in contrast to Cole,
that ‘subject-specific’ data on confounders are not necessarily
needed to evaluate potential confounding.

Others have made a similar argument. Axelson, Steenland,
and colleagues‘l_6 are most frequently cited as the originators of
the method of indirect adjustment, although earlier work making
a similar point can be cited.2%732 Axelson argued that only sub-
stantially different distributions of the confounding factor among
exposed groups would cause a considerable confounding effect,
even for strong confounder—disease associations, as in the case
of smoking and lung cancer risk.%

We approached estimation of the magnitude of uncontrolled
confounding in a new way. We examined quantitatively the
boundaries within which hypothetical, but plausible confounding
effects might occur. We chose distributions of smoking and drink-
ing in the US population®? stratified to resemble the MWE cohort.
We assumed two distinct mechanisms that would affect the
confounding factor distribution among exposure groups: sys-
tematic differences (socially determined), and chance differences
(sample size effects). Considering a more complicated scenario

than other investigators, we examined the joint distribution of two
confounding factors: alcohol and tobacco consumption.

In this large MWE-exposed cohort, an approximately twofold
increased risk of laryngeal cancer was found when comparing
heavily exposed with unexposed workers.!8 We estimated an
extreme, or worst case confounding scenario as follows:

the heavily exposed MWF subcohort had the smoking and
drinking habits of blue collar workers, while the unexposed
had the habits of white collar workers; and

chance differences in these habits between exposure groups
were greater than would be expected in all but 2.5% of
hypothetical repetitions of the study.

Under these conditions, the adjusted RR for the MWE- laryngeal
cancer association was reduced from 1.9 to 1.3, comparing the
upper 1% of the exposure distribution with the unexposed. An
equally likely extreme was that the unadjusted RR was biased
towards the null by confounding, and so the adjusted RR might
be as high as 2.7. It is highly unlikely that this degree of
confounding—in either direction—has occurred, and so we con-
clude that confounding by alcohol and tobacco is very unlikely to
fully explain the observed MWF larynx cancer association in this
cohort.

In this paper, we have focused on laryngeal cancer and
uncontrolled confounding by alcohol and tobacco, but we believe
that the broad conclusions are more generally applicable. There
are many situations in which epidemiologists are concerned
that unmeasured ‘lifestyle factors’ may be confounding a study.
Following our findings, it would appear that the likely effects
will often be modest. We note that the 20-fold increase in
laryngeal cancer risk for heavy smokers/drinkers in Table 2 will
not often be seen for the lifestyle factor(s) that one worries may
be associated with the exposure under study. And so it would
seem even less likely that serious confounding would occur. The
method of indirect adjustment should be used more frequently
in occupational studies, and can be applied more broadly, when-
ever risk estimates and exposure distributions for a known
potential confounder can be obtained.
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KEY MESSAGES

so may be biased by uncontrolled confounding.

exposure groups.

e Occupational cohort studies often are unable to gather data on individual habits like smoking and drinking, and

e Indirect adjustment, a type of sensitivity analysis, can be used to evaluate the potential magnitude of
confounding by unmeasured covariates like alcohol and tobacco.

e In an occupational cohort study of a tobacco/alcohol-related cancer, it is unlikely that either systematic or chance
differences in smoking and drinking habits will confound by more than about 20%.

e The specific example presented was an occupational cohort study of laryngeal cancer, but the methods can be
used to assess potential confounding in other situations in which unmeasured ‘lifestyle factors’ may differ among
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