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Background We compared performance of different exposure assessment approachesina
cohort study of cancer risk among European asphalt workers.

Methods Three bitumen fume exposure indices (duration of exposure (years), average
exposure (mg/m’) and cumulative exposure (mg/m’ *years)) and two latency models (with
and without a 15 year lag) were considered for an association between lung cancer mor-
tality and bitumen fume.

Results There was no association between lung cancer risk and either duration or
cumulative exposure. However, there was the suggestion of an increase in lung cancer risk
accompanying rise in average exposure. Only models with average bitumen fume exposure
(with or without lag) improved model fit, albeit to the same extent.

Conclusions Constructing quantitative indices of exposure intensity was justified because
they produced the greatest improvement in fit of models that explored possible relationship
between bitumen fume exposure and lung cancer risk. The identified associations require
further investigation. Am. J. Ind. Med. 43:40-48, 2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

This study of cancer risk in the European asphalt
industry, coordinated by the International Agency for Re-
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search on Cancer (IARC), was prompted by an ongoing
controversy over the carcinogenicity, especially to the lung,
of emissions derived from bitumen, a customary binder in

®0ccupational Cancer Unit, Occupational Health and Rehabilitation Institute, Raanana,
Israel

Contract grant sponsor: IARC Special Training Award (to Igor Burstyn); Contract grant
sponsor: European Commission, Directorate-Generale-XII (DG-XII), Biomed-2 programme ;
Contract grant number: BMH4-CT95-1100; Contract grant sponsor: European industrial
associations: EAPA (European Asphalt Pavement Association), Eurobitume and CONCAWE
(the oil companies’ European organization for environment, health and safety). Full Acknowl-
edgments cited in Boffetta et al., 20034, this issue

*Correspondence to: Hans Kromhout, Institute for Risk Assessment Sciences, Utrecht
University; PO Box 80176, 3508 TD Utrecht, The Netherlands. E-mail: H.Kromhout @iras.uu.nl

Accepted 30 September 2002
DOI10.1002/ajim.10168. Published online in Wiley InterScience
(www.ntersciencewiley.com)



Exposure Assessment and Observed Exposure-Response 41

asphalt mix [TARC, 1985, 1987; Hansen, 1989a, 1989b,
1991, 1992; Wong et al., 1992; Partanen and Boffetta, 1994;
Cole et al., 1999]." This paper explores some of the metho-
dological issues in exposure assessment highlighted by the
IARC study of asphalt workers.

There is a belief among some epidemiologists and ex-
posure assessors that quantitative exposure assessment of
exposure intensity, when possible, is preferable to semi-
quantitative and qualitative methods of assessing exposure
[Seixas and Checkoway, 1995; Stewart et al., 1996; Stewart,
1999]. This is driven, at least in part, by the need to conduct
quantitative risk assessment on the basis of human exposure
data. Nonetheless, quantitative exposure assessment has
rarely been performed for large historical occupational
cohorts, primarily due to lack of sufficient exposure moni-
toring data. For a multicentric epidemiological study of lung
cancer among employees exposed to bitumen [Boffetta et al.,
2003a,b], we constructed a large database of exposure
measurements [Burstyn et al., 2000a] that was used to build
statistical models of exposure intensity to bitumen fume
[Burstyn et al., 2000b], the main exposure agent of interest.
The elaborated model was shown to be reasonably valid
[Burstyn et al., 2002] and was applied to construct a study-
specific exposure matrix with quantitative bitumen fume
exposure estimates for workers in asphalt paving [Burstyn
etal., 2003]. Another approach to assessing exposure among
asphalt paving workers would be to assume that they were all
exposed to the same concentration of bitumen fume. This
would lead to differences in cumulative bitumen fume ex-
posure among asphalt pavers to depend only on exposure
duration. Yet another approach would be to consider only the
average exposure intensity, and not take exposure duration
into account. In this study, we set out to compare the perfor-
mance of these exposure assessment approaches, under dif-
ferent latency assumptions, in exposure-response modeling
of bitumen fume and lung cancer for asphalt paving workers.

METHODS
Cohort

IARC coordinated assembly of a retrospective cohort of
asphalt workers from European companies in the asphalt
industry (road paving, asphalt mixing, and roofing) in eight
countries (Denmark, Finland, France, Germany, the Nether-
lands, Norway, Sweden, and Israel). Asphalt workers in the
context of this study were defined as employees involved in
handling asphalt, from its manufacture at an asphalt plant to
its application in paving. In addition, a small number of
roofers and waterproofers were enrolled in the study in some

! Throughout this study we will use the European convention of referring to

the binder used in asphalt mixes as ‘bitumen.” In the USA, the binder is
referred to as ‘asphalt.’

countries. There were also employees in the target companies
that had been employed in ground and building construction.
Employees of oil refineries who might be exposed to bitumen
fumes were excluded.

The current analysis focused on those members of the
cohort who were employed only in asphalt paving, in order to
enable quantitative exposure assessment and reduce the pos-
sibility of confounding due to exposures to carcinogens from
outside the asphalt industry. Female subjects were excluded
from analysis because they represented a small proportion of
the cohort. The Swedish cohort was also excluded from the
current analysis because duration of exposure could not be
accurately estimated for its members. This was a conse-
quence of the fact that the job histories in Sweden did not
contain information about jobs held after the entry into the
cohort. A minimal duration of employment of one paving
season was applied for inclusion in the cohort. All subjects
selected for analyses were exposed to bitumen fume because
bitumen was always used in the binder during asphalt paving.

The procedures for identification of suitable companies
varied in the participating countries, as did the number and
average size of the companies included in the study. A basic
requirement was the availability of a complete retrospec-
tive employee roster during the enrollment period. Personal
identifiers and employment histories of workers were abs-
tracted from company records.

A follow-up for mortality was conducted in all parti-
cipating countries. The earliest follow-up started in 1953,
and the latest ended in 2000. The overall loss to follow-up
was 0.6% and varied little between countries.

Employment histories were coded according to a clas-
sification of jobs, which was constructed for the study
[Burstyn et al., 2003]. These job classes formed the basis for
the linkage between employment histories of individual
workers and estimates of exposure derived from the Road
Construction Workers’ Exposure Matrix (ROCEM) [Burstyn
et al., 2003].

A detailed description of the cohort can be found
elsewhere [Boffetta et al., 2001, 2003a,b (this issue)].

Exposure Assessment

Details of exposure assessment were presented else-
where [Burstyn et al., 2000a,b, 2002, 2003], and will only be
briefly reviewed here. Exposure measurements collected by
European asphalt companies and various agencies in the
countries represented in the cohort, were assembled into a
single database [Burstyn et al., 2000a]. The exposure data
primarily was comprised of industrial hygiene measurements
of exposure levels for a variety of agents among asphalt
paving workers, and supplementary information.
The supplementary information allowed linkage of exposure
measurements with information on production conditions in
firms recruited for the study. The earliest samples originated
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from the late 1960’s, and the majority were collected in the
late 1970’s and between 1985 and 1997.

Exposure measurement data were used to construct a
predictive model of bitumen fume exposure [Burstyn et al.,
2000b]. The model identified a declining time trend in ex-
posure concentrations between 1970 and 1997. Mastic laying,
re-paving, surface dressing, and oil gravel paving were signi-
ficant determinants of bitumen fume exposure. The bitumen
fume exposure model was validated by comparing predicted
values with those measured in the USA [Burstyn et al., 2002].
The validity of bitumen fume exposure models was assessed
as satisfactory, given the available exposure data.

The statistical model of bitumen fume exposure and the
answers to the company questionnaires were linked to pro-
duce a study-specific exposure matrix [Burstyn et al., 2003].
Production characteristics in the companies enrolled in
the study were ascertained via a questionnaire and consulta-
tions with industry representatives and industrial hygienists.
Quantitative exposure estimates for road paving workers
were derived by applying regression model [Burstyn et al.,
2000b] to exposure scenarios identified by company ques-
tionnaires. Information on coal tar use was derived directly
from the questionnaires. All estimates were standardized to
an 8 hr work-shift. The resulting exposure matrix was
time period and company specific. According to the exposure
matrix, road pavers were not exposed to asbestos and there
was no variability across time periods and companies, in the
levels of exposure to respirable silica and asbestos. Estimates
of bitumen fume, organic vapor, and 4—6 ring polycyclic
aromatic hydrocarbons (PAH) were strongly correlated,
indicating that their health effects could not be assessed
independently. On the other hand, there was little correlation
between coal tar use and bitumen exposure concentrations,
indicating that it might be possible in the cohort to adjust for
potential confounding by coal tar exposure.

Exposure Indices

In the analyses with ROCEM-based estimates of ex-
posure, we derived for each worker the following indices of
bitumen fume exposure: (a) duration of exposure, (b) cumu-
lative exposure (product of exposure duration and intensity,
integrated over work-history), and (c) average exposure over
the work history (ratio of cumulative exposure and duration
of exposure). We corrected the duration of exposure for the
seasonal nature of work in the asphalt industry. This was
achieved by weighting duration of exposure for each full
calendar year employed in paving by the ratio of working
season duration (in months) to 12 months (full calendar year).
Each incomplete calendar year of employment was not
weighted by season duration because it was assumed that
in such cases job histories reflected actual duration of
work. Working season duration estimates were derived from

company questionnaires, and were specific to each company.
In order to model the latency associated with lung cancer,
additional indices were created of duration of exposure,
average exposure and cumulative exposure, after ignoring
the last 15 years before death or end of follow-up (15 year
lag).

For each quantitative exposure index, unexposed sub-
jects formed a separate category, and exposed subjects were
divided into quartiles, each including approximately one
fourth of lung cancer deaths (International Classification of
Diseases (ICD) 9th revision: code 162). Subjects with un-
known exposure were excluded from analysis. The same cut-
points for the definition of quartiles were kept in analyses
of subsets of the cohort (e.g., inception cohort) in order to
permit a direct comparison across subsets.

To assess the influence of truncated job histories and
follow-up times, analyses were also repeated on the ““incep-
tion cohort”, comprising only subjects who entered em-
ployment in the participating firms after or at the start of
follow-up.

Statistical Analysis

Correlation between different indices of bitumen fume
exposure among cohort members was examined using the
Spearman rank correlation coefficient.

Relative risks and associated 95% confidence intervals
were estimated using Poisson regression [Breslow and Day,
1987]. All Poisson regression models included age (0-39,
40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75—
79, and 80 + years), calendar period of exit from cohort (pre-
1974, 1975-1979, 1980—-1984, 1985-1989, 1990 and later),
country and coal tar use (yes/no). The coal tar exposure
variable was included in the models in order to test for
potential confounding of an effect of bitumen fume exposure
(if any) by coal tar exposure.

The performance of an exposure index was judged by the
extent to which it improved model fit, not on the basis of
whether it produced positive associations [Loomis et al.,
1999]. An improvement in model fit, upon addition of bitu-
men fume exposure index, was evaluated using a profile log-
likelihood ratio test [Clayton and Hills, 1998]. Degrees of
freedom for the log likelihood (LL) ratio test were equal
to the number of levels of a categorical variable added to
the model, minus one. The log-likelihood ratio test was
computed as — 2 x (change in LL due to bitumen fume ex-
posure variable).

The log-likelihood ratio follows an approximately chi-
squared distribution that can be used to evaluate the statistical
significance of the test. A one-sided chi-squared P-value was
used, because we expected model fit to either improve or
remain unchanged.

Poisson regression analyses were carried out in STATA
6.0 (STATA Corporation, College Station, Texas). Person-
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year allocation was carried out in SAS 6.12 (SAS Institute,
Cary, North Carolina), using an in-house computer program
developed at IARC.

RESULTS

We selected 12,367 male workers employed only in
asphalt paving for one or more paving seasons for analysis.
Among these subjects 10,060 persons belonged to the in-
ception cohort. In the entire cohort selected for analysis, a
total of 1,636 persons were reported to have died at the end of
the follow-up. Among these, there were 135 deaths due to
lung cancer.

Cumulative and duration exposure indices were highly
correlated (r =0.83). However, cumulative and average ex-
posure indices were not correlated (r=0.07). Likewise,
average and duration exposure indices were not correlated

(r=-—0.20). Lagged exposure variables showed a similar
pattern: r = 0.93 between cumulative and duration exposure
indices, r =0.63 between cumulative and average exposure
indices, and r=0.56 between average and duration expo-
sure indices. All P-values for Spearman rank correlation
coefficients were below 0.00001.

Table I presents relative risk estimates quantified
through Poisson regression models. There appears to be no
association between duration of exposure to bitumen fume
and lung cancer mortality, with some suggestion of a de-
crease in risk for persons with longer duration of exposure.
Cumulative bitumen fume exposure was also not associated
with lung cancer risk. These patterns persisted for the in-
ception cohort and upon lagging duration and cumulative
exposure variables. Average bitumen fume exposure above
the lowest exposure category was associated with a statis-
tically significant rise in risk of lung cancer mortality,

TABLE I. Various Estimates of Bitumen Fume Exposure Among Persons Employed Only in Asphalt Paving and Risk of Lung Cancer Mortality*

All subjects Inception cohort only
Lag Exposure index (units) Exposure group N RR 95% Cl N py RR 95% Gl
15 years Duration (years) 0 53 125461 100 — 43 114473 100 —
0.003— < 145 22 21666 0.71 041-124 11 17311 0.57 0.27-118
145— <390 24 17846 0.72 0.41-1.26 14 13108 0.67 0.34-1.32
390- < 805 17 14113 0.54 0.29-101 7 9426 0.33 0.14-0.79
8.05-30.30 19 10556 062 0.31-124 4 4380 0.26 0.08-0.82
Average (mg/m®) 0 53 125461 100 — 43 114473 100 —
071— <121 22 36989 0.37 0.21-0.66 16 33970 0.29 0.15-0.58
121- <132 20 8689 0.78 042-147 8 4298 094 040-2.22
132— <147 21 7134 101 054-190 2464 090 0.30—2.68
147-6.46 19 11369 158 0.79-313 8 3492 1.30 0.55-307
Cumulative (mg/m® years) 0 53 125461 100 — 43 114473 100 —
0.004— < 161 20 21144 0.71 0.40-1.26 10 17765 052 0.24-110
161— < 3.71 20 14415 0.77 043-137 12 10865 0.71 0.35-145
3.71— <957 19 16888 0.50 0.27-091 9 11079 0.38 0.17-0.85
9.57-47.04 23 11735 0.74 0.38—145 5 4514 0.33 0.11-096
Oyears Duration (years) 041— <175 35 60355 1.00 — 23 54461 100 —
1.75— < 459 37 54534 091 0.57-144 21 47062 0.82 045-149
459— <987 36 41522 0.85 053-137 25 34955 0.86 0.48-155
9.87—-4153 27 33073 0.51 0.29-090 10 22062 0.34 0.15-0.76
Average (mg/m°) 0.31— <103 32 122395 100 — 31 119144 100 —
103— <123 37 26382 2.172 164—-4.53 24 21632 217 1.22-3.85
123— <137 33 18835 2.22 122-4.07 8 7537 169 0.71-4.02
137-5.38 33 21872 3.02 169-5.39 16 10225 3.30 169-6.46
Cumulative (mg/m3 years) 0.33- <216 34 81380 100 — 23 75823 100 —
2.16— < 461 31 39403 114 0.70—1.87 23 34487 127 0.70-2.28
461— <966 33 35704 097 0.60—1.59 20 28701 094 0.50-1.74
9.66—7196 37 32997 0.85 0.50-144 13 19529 0.58 027-124

N, number of lung cancer deaths; py, person-years; RR, relative risk estimates; 95% Cl, 95 percent confidence interval for RR.
*In Poisson regression all models are adjusted for age, calendar period, country, and coal tar exposure. Sweden is excluded.
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although no exposure-response was evident. Lagged average
bitumen fume exposure followed an unusual pattern.
Subjects exposed only within 15 years prior to diagnosis
(unexposed group in lagged analysis) were at a higher risk of
lung cancer mortality than persons in the lowest quartile of
lagged average bitumen fume exposure. However, as the
level of lagged average bitumen fume exposure increased, so
did the risk of lung cancer mortality.

Only average exposure indices (lagged or not) improved
model fit (Table II). Both lagged and non-lagged average
bitumen fume exposure variables produce the same improve-
ment in the fit of a model that included only age, calendar
period, country and coal tar use. This implies that both lagged
and un-lagged average bitumen fume exposure variables fit
data equally well.

DISCUSSION

Duration, Average and Cumulative
Exposure Indices

A downward trend, though not statistically significant, in
risk of lung cancer mortality was observed with increased
duration of employment as a paver and hence bitumen fume
exposure. This is symptomatic of the ‘“‘healthy worker sur-
vivor effect” whereby healthier individuals remain em-
ployed longer. However, such an effect has been reported to
be weaker for cancer than for any other cause of death
[Checkoway et al., 1989a]. A healthy worker survivor effect,
influencing the relationship between duration of exposure and
lung cancer mortality, is likely to confound any association
between lung cancer mortality and cumulative exposure.
This is probably at least in part due to the fact that aver-
age exposure intensity spanned a narrower range of values

(factor of 17 =5.38/0.31) than duration of exposure (factor of
101 =41.53/0.41). Consequently, cumulative exposure was
determined more by duration of exposure than by its inten-
sity, which is reflected in the correlation coefficients between
the three indicators of exposure.

Models with the average exposure indices better ex-
plained lung cancer mortality risk. They showed a strong
positive association between the risk of lung cancer mortality
and average bitumen fume exposure. The other two indices
were not associated positively with the risk of lung cancer
mortality. Such patterns for chronic diseases, including
cancer, have been observed in other occupational cohorts, but
the cause of such patterns is poorly understood [Checkoway
and Rice, 1992; Cherry et al., 1998]. If the mechanism of
bitumen carcinogenesis involves either a threshold or non-
linearity at lower doses in exposure-response curves (as has
been suggested for other carcinogens [Conolly, 1995]), then
we may expect average bitumen exposure to be more closely
associated with cancer risk than exposure duration. However,
too little is known about the possible mechanism of bitu-
men carcinogenesis to develop the argument further.
Furthermore, possible uncontrolled confounding in our ana-
lyses (see below) precludes us from exploring the issue of
threshold further through more sophisticated exposure indi-
ces, such as cumulative exposure above a certain threshold.
The difficulty in interpreting a model that shows an asso-
ciation between risk of lung cancer mortality and average but
not cumulative exposure is that it implies, unrealistically, that
exposure for any length of time (within the range of the data)
at the same exposure level confers the same relative risk.
Better methods for controlling for the healthy worker effect
may lead us to the ability to model a more biologically
plausible relationship between lung cancer risk and cumu-
lative exposure. Information on reasons for retirement from

TABLEII. ComparisonofFit (Via Log Likelihood RatioTest*) of the Bitumen Fume-Lung Cancer Mortality Modelsina
Cohort of Persons Who Were Only Employed in Asphalt Paving

Population
Model All persons Inception cohort only
Lag Exposure index v — 2LLR P v — 2LLR P
15 years Duration 4 41 04 4 9.96 0.04
Average 4 2014 0.0005 4 18.84 0.0008
Cumulative 4 558 0.2 4 845 0.08
Oyears Duration 3 6.45 0.09 3 8.57 0.04
Average 3 1949 0.0002 3 13.74 0.003
Cumulative 3 125 07 3 452 0.2

v, degrees of freedom for log likelihood (LL) ratio test; — 2LLR, — 2 X (LLiype o — LLiype 8); P P-valug for the log-likelihood ratio
test: P (chi-squared(— 2LLR)), one-sided because we expected model fit to either improve or remain unchanged.

*Comparison of model that included age, calendar period, country, and coal tar exposure (type A) versus model that included age,
calendar period, country, coal tar exposure, and bitumen fume exposure variable (type B).
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asphalt work may be helpful in this regard, since it may help
us to identify the population of workers who left the industry
because of bitumen-related health problems. Data on dif-
ferences in lifestyle factors between long- and short-term
workers may be helpful in this regard. Furthermore, we are
aware that several modeling approaches have been proposed
for adjustment of cumulative exposure’s association with risk
for the healthy worker survivor effect [Steenland et al., 1995,
1996; Arrighi and Hertz-Picciotto, 1996], but we chose not
to pursue them pending ascertainment of data on potential
confounders that we were not able to collect in the cohort
phase of the investigation (see below).

Due to declining trends in bitumen fume exposure,
subjects with the highest average bitumen fume exposure
were likely to have been employed further in the past. Work
performed in the past was also more likely to have been
associated with use of coal tar, an established carcinogen.
Although we did correct for coal tar use in our analyses,
the coal tar exposure estimates were quite crude, being
based exclusively on self-report by companies. Therefore,
unrecognized coal tar exposure in earlier periods may have
confounded associations between average bitumen fume ex-
posure and lung cancer risk. This issue can only be resolved
through obtained better exposure history data through a
nested case-control study.

Latency Model

As indicated by the model fit tests, neither latency model
(zero and 15 years) considered in this investigation appeared
to outperform the other. In order to develop a better latency
model, we may need to perform time-window analysis,
to explore the possibility that exposures in different time
windows may confound one another [Checkoway et al.,
1989b]. In such analyses, the contribution of lagged exposure
(say, by 15 years) to change in risk of health outcome can be
adjusted for an exposure that occurred 15 years prior to
the outcome. Such analyses can be complicated by low
relative risks in the cohort and by complex underlying latency
patterns. The validity of the use of the strength of exposure-
response association per se in selecting optimal time-window
model has recently been called into question [Salvan et al.,
1995; Loomis et al., 1999] amid suggestions that in latency
analysis an incorrectly specified model may lead to dif-
ferential bias in exposure estimates [Loomis et al., 1999].
Thus, given the declining time trend in exposure intensity
[Burstyn et al., 2003], for average exposure, if lag was too
long, biologically effective exposure would be overestimat-
ed, and if lag was too short, biologically effective exposure
would be underestimated. The opposite should hold for dura-
tion of exposure (and duration-driven cumulative exposure):
if lag was too long, biologically effective exposure would be
underestimated; if lag was too short, biologically effective
exposure would be overestimated. Differential underestima-

tion of exposure can be expected to produce overestimation
of an exposure-response relationship. Conversely, differen-
tial overestimation of exposure can be expected to produce
underestimation of an exposure-response relationship. In
practice, as in our data, it might be very difficult to distinguish
between a well-specified latency model and bias due to dif-
ferential exposure misclassification produced by lagging.
Model fit, measured by the log-likelihood ratio test, has been
suggested to overcome these complications in differentiating
between competing latency models [Salvan et al., 1995], but
more research is needed to develop practical guidelines for
resolving these difficulties [Loomis et al., 1999].

Exposure Misclassification: Job
Histories and Exposure Matrix

Job histories for some cohort members did not represent
their entire working life. Truncated job histories may be
another source of exposure misclassification in the study.
If follow-up started after the date of first employment, we
would underestimate a person’s exposure. Such differential
misclassification of exposure would tend to produce negative
bias in exposure-response relationships. However, when we
attempted to control for this factor by restricting analyses to
the inception (entry) cohort we did not observe a stronger
exposure-response relationship. This may mean that we cap-
tured the major periods of occupational bitumen exposure
alsoin the “non-inception’” segment of the cohort, which was
based on cross-sectional enrollment.

Non-differential misclassification of exposure could
have arisen from imprecision in the exposure matrix. Errors
in the exposure matrix may have originated either from
the statistical model of exposure intensity or from the
company questionnaires. Statistical model was demonstrated
to be imprecise, but reasonably valid: relative bias-70%
[Burstyn et al., 2002]. This made them suitable for grouped
model-based exposure assessment, such as we utilized,
where non-differential misclassification of exposure is re-
duced on group level [Burstyn et al., 2002, 2003]. This
grouping of exposure estimates occurred on three sequential
levels. On the firstlevel, exposure measurements were pooled
to estimate exposures for a number of exposure scenarios by
using mixed effects model [Burstyn et al., 2000b]. On the
second level, exposures for an average/typical person de-
scribed by a company questionnaire were estimated. This
second level of grouping was achieved in construction of the
exposure matrix [Burstyn et al., 2003]. The first two levels of
grouping were analogous to exposure assessment conducted
in a study of pig farmers [Preller et al., 1995; Kromhout et al.,
1996]. If group-level estimates were unbiased, we would ex-
pect that when applied in exposure-response modeling they
would produce unbiased exposure-response slopes with in-
flated errors [Berkson, 1950; Tielemans et al., 1998]. How-
ever, if group-level means were biased, exposure-response
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relationships would be attenuated [Berkson, 1950]. Such
attenuation due to grouping may also occur under certain
relative magnitudes of variance components, but such condi-
tions are likely to be uncommon in occupational epidemiol-
ogy [Tielemans et al., 1998].

On the third and final level, individual exposure esti-
mates obtained from application of the exposure matrix to
job histories (e.g., by calculating cumulative and average
exposures) were grouped to form exposure categories for
epidemiological analyses. Grouping was based on allocating
the same number of lung cancer cases to each non-zero
exposed exposure category. This served to satisfy the require-
ments of the statistical technique used to model exposure-
response relationships (Poisson regression) [Breslow and
Day, 1987; Clayton and Hills, 1998]. Exposure assignment
carried out at this level and subsequent grouping does not
reduce attenuation in an exposure-response relationship
[Kromhout et al., 1999], because it does not produce a
Berkson-type error structure that aggregates exposure esti-
mates around an a priori identified unbiased mean value
[Berkson, 1950].2 Instead, on this third level, groups were
formed from values that may well have belonged to different
underlying distributions, thereby producing biased group
means that carry the same error structure (and exposure mis-
classification) as individually assigned exposure estimates.
However, in presence of clear multi-modality, such as expos-
ed and unexposed groups, appropriate grouping of assigned
exposure estimates reduces non-differential exposure mis-
classification. Thus, opportunities to reduce attenuation of
exposure-response association by producing Berkson-type
error structure appear to lie in exposure assessment, not in
the subsequent exposure assignment and exposure-response
modeling [Kromhout et al., 1999].

We cannot predict the direction and magnitude of errors
due to the company questionnaires (the backbone of this
exposure assessment), because validity of company ques-
tionnaire data was not evaluated systematically. One of the
key factors in creating duration-driven exposure indices for
the epidemiological analyses was adjustment of exposure
duration for the length of the paving season. Length of paving
season was assessed as a single value for all pavers in a given
company. This did not allow for the working season to vary
from year to year and in response to changes in paving
technology and weather. Thus, it is likely that our data did not
adequately reflect the seasonal nature of work, introducing
errors into duration-driven exposure indices.

As in many studies, we cannot predict with certainty
either the direction or the magnitude of bias in exposure
estimates and the resultant exposure-response associations.
It would appear that the most immediate reduction in bias
from exposure assessment procedure could be achieved by
improving our knowledge of the job histories of study

2 Pre-defined means in the theorem proven by Dr. J. Berkson.

subjects. This can be most efficiently achieved in a nested
case-control study design, in which we can focus our efforts
on reconstructing exposure histories for individuals most
informative for relative risk estimation.

Confounding

Inadequate control for confounders could have affect-
ed our comparison of the performance of different expo-
sure assessment indices, if some exposure indices are more
affected by an uncontrolled confounder than others. The
issue of confounding in overall cohort analysis and its
implication for assessment of the strength of evidence
for causal link between bitumen fume and lung cancer
is explored more fully elsewhere [Boffetta et al., 2001;
Randem et al., 2003; Boffetta et al., 2003a,b; Hooiveld
et al., 2003.

The main potential confounder that we did not take into
account in the cohort phase of the study was cigarette
smoking. As an established risk factor for lung cancer, if
cigarette smoking was not equally frequent in all exposure
groups (and time periods), it could produce a distortion in the
observed relationship between bitumen fume and lung cancer
mortality risk. This is particularly true for the observed posi-
tive association between average exposure and risk of lung
cancer mortality because (a) the highest average exposures
could only have been experienced due to employment before
1970 [Burstyn et al., 2003] and (b) smoking prevalence has
declined among asphalt workers over time [Randem et al.,
2003]. Inclusion of age and calendar period at exit may have
partially adjusted for such “birth cohort™ effects in our
analysis. Information on the cigarette smoking habits of
cohort members was not readily available, but can, poten-
tially, be obtained in a nested case-control study from the
next-of-kin or medical records.

Other sources of confounding in the study may be due to
incomplete occupational histories for cohort members. This
would occur if (a) they were exposed to carcinogens while
employed outside of the asphalt industry or asphalt com-
panies not recruited for the cohort and (b) there was a cor-
relation between exposures to carcinogens from outside of
the asphalt industry and bitumen fume. As a result, in current
analysis we may be attributing to bitumen fume risk incur-
red due to exposure to another carcinogen or carcinogens
[Boffetta et al., 2003b].

It is also possible that in our analyses we did not
completely adjust for coal tar exposure, owing to the fact that
coal tar exposure was assessed in a fairly crude manner,
without taking into account the amount of coal tar added
to the asphalt mix. We have demonstrated that the tar content
of asphalt may vary considerably, producing a wide range of
PAH exposures [Burstyn and Kromhout, 2000]. This issue
is explored further in analysis of a tar-free sub-cohort,
presented in a companion paper [Boffetta et al., 2003b].
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Bitumen fume effects observed in our analyses can also
be attributed to organic vapor or PAH, since exposures to
these three agents were strongly correlated [Burstyn et al.,
2003]. Thus, our results implicate exposure to asphalt
emissions as a whole, and not bitumen in particular, as a
risk factor for lung cancer.

CONCLUSION

The results do not allow us to conclusively establish the
presence or absence of a causal link between exposure to
bitumen fume and lung cancer. Nonetheless, the construction
of quantitative indices of exposure intensity was justified
because they produced the greatest improvement in fit of
models that explored possible relationship between bitumen
fume exposure and lung cancer risk. The identified associa-
tions require further investigation. Valid assessment of
average exposure gains particular significance for analyses
in which duration of exposure is confounded by the healthy
worker effect and/or those analyses for which exposure in-
tensity range is narrow (as is expected to be the case in future
studies because occupational exposures continue to decline
[Kromhout and Vermeulen, 2000]). This may be especially
true for studies with low expected relative risks that are likely
to dominate occupational and environmental epidemiology
in developed countries in the future [Doll, 1996].
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