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Abstract
Rationale: Although the carcinogenicity of diesel engine exhaust has

been demonstrated in multiple studies, little is known regarding
exposure–response relationships associated with different exposure
subgroups and different lung cancer subtypes.
Objectives: We expanded on a previous pooled case–control analysis

on diesel engine exhaust and lung cancer by including three additional
studies and quantitative exposure assessment to evaluate lung cancer
and subtype risks associated with occupational exposure to diesel
exhaust characterized by elemental carbon (EC) concentrations.
Methods: We used a quantitative EC job-exposure matrix for exposure
assessment. Unconditional logistic regression models were used to
calculate lung cancer odds ratios and 95% conﬁdence intervals (CIs)
associated with various metrics of EC exposure. Lung cancer excess
lifetime risks (ELR) were calculated using life tables accounting for allcause mortality. Additional stratiﬁed analyses by smoking history and
lung cancer subtypes were performed in men.

Measurements and Main Results: Our study included 16,901
lung cancer cases and 20,965 control subjects. In men, exposure
response between EC and lung cancer was observed: odds ratios
ranged from 1.09 (95% CI, 1.00–1.18) to 1.41 (95% CI, 1.30–1.52) for
the lowest and highest cumulative exposure groups, respectively.
EC-exposed men had elevated risks in all lung cancer subtypes
investigated; associations were strongest for squamous and small cell
carcinomas and weaker for adenocarcinoma. EC lung cancer
exposure response was observed in men regardless of smoking
history, including in never-smokers. ELR associated with 45 years of
EC exposure at 50, 20, and 1 mg/m3 were 3.0%, 0.99%, and 0.04%,
respectively, for both sexes combined.
Conclusions: We observed a consistent exposure–response
relationship between EC exposure and lung cancer in men. Reduction
of workplace EC levels to background environmental levels will
further reduce lung cancer ELR in exposed workers.
Keywords: occupational exposure; diesel exhaust; lung neoplasms;
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Diesel engine exhaust is

classiﬁed as a group 1 human
carcinogen by the International
Agency for Research on Cancer.
Multiple studies have reported
positive exposure–response
relationships between occupational
elemental carbon exposure and lung
cancer.
What This Study Adds to the Field:

In our large pooled analysis of
case–control studies, we report a
consistent exposure–response
relationship between occupational
diesel exhaust exposure and lung
cancer in men. Increased lung cancer
risks were found in elemental
carbon–exposed men who were
never-smokers and smokers.
Increased risks in exposed men were
also observed for all lung cancer
subtypes included; the observed
associations were the strongest
for squamous cell and small cell
carcinomas and weaker for
adenocarcinoma.

The International Agency for Research on
Cancer (IARC) classiﬁes diesel engine
exhaust (hereafter diesel exhaust) as a group 1
human carcinogen (1). Previous studies have
provided consistent epidemiological evidence
that lung cancer is associated with
occupational exposure to diesel exhaust (2–5).
Positive exposure–response relationships of
diesel exhaust exposure and lung cancer were
also reported by studies with quantitative
exposure assessment for elemental carbon
(EC), which is a measure of diesel exhaust
exposure (4–7).
However, few studies have explored the
risk of lung cancer associated with low
exposure levels, and none have observed a
positive association at lifetime cumulative EC
exposure levels below 50 mg/m3-years.
Questions also remain regarding the role of
cigarette smoking as a potential confounder
or effect modiﬁer in the relationship
between EC exposure and lung cancer. For
instance, although a handful of studies have
shown suggestive elevated lung cancer risks
in diesel exhaust–exposed workers who were
never-smokers (2, 8, 9), only one study
reported a signiﬁcant effect (4). The same
study also reported attenuated lung cancer
risk in subjects who were heavy smokers and
highly exposed to diesel exhaust (i.e., a
negative interaction). Finally, results
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reported by studies on risks of major lung
cancer subtypes associated with diesel
exhaust exposure have been inconsistent.
Some studies reported the strongest
association in large cell carcinoma compared
with other major lung cancer subtypes (2, 9),
whereas others observed higher risks in
squamous cell carcinoma (8, 10).
Previously, we published a study with
pooled subjects from 11 lung cancer
case–control studies from Europe and
Canada (3). In the current study, we
increased the study population by
including three additional studies (3,663
cases; 4,805 controls). Occupational
exposure assessment was also enhanced
with the use of a new job-exposure matrix
(JEM), in which EC exposure was
estimated quantitatively based on subject
occupations. The purposes of our work
were to evaluate 1) the lung cancer
risks associated with various indices of
occupational diesel exhaust exposure by
sex; 2) the associations between diesel
exhaust exposure and lung cancer by
smoking status and cancer subtype in
men; 3) the joint effects of diesel exhaust
exposure and smoking on the risk of lung
cancer and its major subtypes on the
additive and multiplicative scale in men;
and 4) the excess lifetime lung cancer
403
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Methods

expressed in mg/m3-years) was calculated as
the sum of the product of exposure
levels, probabilities, and duration (in years)
across all reported job periods for each
subject. The DEE-JEM is available
upon request from the corresponding
author.

Study Population

Main Statistical Analysis

Subjects from 14 hospital- and
population-based lung cancer
case–control studies in 13 European
countries and Canada were pooled. A
detailed description of the original study
population is available elsewhere (3). The
current study updated the population
with 3,663 cases and 4,805 controls from
the TORONTO, CAPUA (Cáncer de
Pulmón en Asturias), and ICARE
(Investigation of Occupational and
Environmental Causes of Respiratory
Cancers) studies in Canada, Spain,
and France, respectively (Table E1 in
the online supplement). The project
received ethical approvals from all
participating countries and from the
IARC institutional review board. More
information about the SYNERGY
project is available online at http://
synergy.iarc.fr.

Separately for men and women,
unconditional logistic regression models
were used to calculate the odds ratios (ORs)
and 95% conﬁdence intervals (CIs) of lung
cancer associated with various categorical
EC exposure metrics, including ever/never
exposure, duration of exposure (,10,
10–19, 20–29, and .29 yr), and cumulative
exposure (quartiles of exposure distribution
among controls: .0–22, 23–70, 71–178,
.178 mg/m3-years). Trends were assessed
using P values from the respective indices
of EC exposure as continuous variables for
all subjects and for exposed subjects only.
Adjustments for the main analyses were
determined a priori within the SYNERGY
consortium and were identical with
our previous occupational exposure
publications (3, 12); these adjustments
included study, age group (,45, 45–49,
50–54, 55–59, 60–64, 65–69, 70–74, and
.74 yr), smoking [log(cigarette packyears 1 1)], smoking cessation prior to
interview/diagnosis (current smokers;
.0–7, 8–15, 16–25, and .25 yr; and neversmokers), and having been ever employed
in occupations with known lung cancer
risks (list A jobs ever/never; full list in Table
E7). First published in 1982, list A jobs
include occupations with deﬁnite lung
cancer risks according to the IARC
Monographs; the list was updated in 1995
and 2000 to cover all IARC-reviewed agents
up to volume 75 of the Monographs (13,
14). Smokers were deﬁned as smoking
more than one cigarette per day for more
than 1 year. Smoking pack-years were
calculated by summing the products of
average daily smoking amount in 20cigarette packs and smoking duration in
years. Association between lung cancer and
cumulative EC exposure as a continuous
metric was assessed with a logistic linear
regression model for men, women, and all
subjects with identical adjustments as the
categorical models.
Models with various cumulative EC
exposure lag times (i.e., omitting exposure in
the last 5, 10, 15, or 20 years, or no omission
at all) were constructed. According to

risks associated with various levels of
occupational diesel exhaust exposure in
both sexes combined.

Job-Exposure Matrix and Exposure
Assessment

A quantitative diesel engine exhaust JEM
(DEE-JEM) was developed by C.G. and R.V.
The DEE-JEM consists of EC exposure (in
mg/m3) assigned to all 1,506 ﬁve-digit
International Standard Classiﬁcation of
Occupations (ISCO) (version 1968 or
ISCO-68) (11) and was constructed based
on 4,417 occupational EC measurements
(data sources available in the online
supplement Methods and Table E6). For
occupations represented in the EC exposure
measurements, the mean exposure
concentrations were directly assigned. For
occupations without measurement data,
exposure concentrations from similar
occupations with measurement data were
assigned using expert decisions. An
exposure probability factor was also
assigned by expert decision to each exposed
job (details on probability factors available
in Methods in the online supplement). The
DEE-JEM was linked to study participant
job histories by ISCO-68 occupations.
Probability-weighted cumulative EC
exposure (hereafter cumulative EC,
404

minimized Akaike information criterion
value, model ﬁt was the best when lag
time was 10 years—therefore, only results
from models with a 10-year lag are
presented.
Using the lung cancer risk from our
linear continuous exposure model with all
subjects, we calculated lung cancer excess
lifetime risks (ELRs) at age 80 associated
with 45 years of occupational EC exposure
at 50, 20, and 1 mg/m3 using life-table
methods accounting for all-cause mortality
outlined by Vermeulen and colleagues (7).
The selected exposure levels at 50, 20, and 1
mg/m3 represented recommended limit
values from the following: 1) the German
Committee for Hazardous Substances in
2017 based on a study on lung irritation
after controlled human exposure (15); 2)
the U.S. National Institute of Occupational
Safety and Health in 2003 that was later
withdrawn (16); and 3) the Health Council
of the Netherlands in 2019 based on
exposure–response estimates from
Vermeulen and colleagues (7, 17),
respectively. 2008 European data on
mortality from all causes and lung cancer
were used in our calculations (18).
Extended Analysis for Male Subjects

To further investigate the
exposure–response relationship between
EC exposure and lung cancer in men,
stratiﬁed analyses were performed to
calculate lung cancer ORs associated with
cumulative EC exposure categories with
different major lung cancer subtypes
and smoking histories. In addition,
nonparametric thin-plate regression splines
were created, as implemented in the R
package mgcv, to visualize the shape of
the exposure–response relationships
between EC exposure and lung cancer
subtypes in men. The number of basis
functions was limited to three (k = 3), and
the smoothing parameter was estimated
using the relative maximum likelihood
method. Spline model results were
truncated at the 99th percentile of EC
exposure to emphasize results with greater
data support.
Additive interactions of cigarette
smoking and EC exposure on lung cancer
and subtype risks in men were assessed
by calculating the excess risks due to
interaction (RERI) using ORs from our
logistic models as deﬁned by Rothman and
Greenland (19) and as implemented in the
epi.interaction package in R. RERI values
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Table 1. Selected Study Population Characteristics by Lung Cancer Status and EC Exposure

Characteristics

Cases

Ever Exposed to EC
%
Control Subjects

%

Cases

Never Exposed to EC
%
Control Subjects

%

Sex
M
F

8,045
386

95.4
4.6

8,181
512

94.1
5.9

5,560
2,910

65.6
34.4

8,270
4,002

67.4
32.6

Age group
,45 yr
45–64 yr
.64 yr

267
4,195
3,969

3.2
49.8
47.1

359
4,120
4,214

4.1
47.4
48.5

448
4,568
3,454

5.3
53.9
40.8

1,012
6,234
5,026

8.2
50.8
41.0

Smoking status
Never-smoker
Former smoker
Current smoker

379
2,966
5,086

4.5
35.2
60.3

2,287
3,880
2,526

26.3
44.6
29.1

990
2,466
5,014

11.7
29.1
59.2

4,866
4,340
3,066

39.7
35.4
25.0

Smoking pack-years
Never-smoker
,10
10–19
.19

379
381
765
6,906

4.5
4.5
9.1
81.9

2,287
1,287
1,206
3,913

26.3
14.8
13.9
45.0

990
428
837
6,215

11.7
5.1
9.9
73.4

4,866
1,782
1,656
3,968

39.7
14.5
13.5
32.3

Years since quitting smoking
Never-smoker
.0–7 yr
8–15 yr
16–25 yr
.25 yr
Current smoker

379
1,085
836
637
408
5,086

4.5
12.9
9.9
7.6
4.8
60.3

2,287
644
883
1,088
1,265
2,526

26.3
7.4
10.2
12.5
14.6
29.1

990
941
695
534
296
5,014

11.7
11.1
8.2
6.3
3.5
59.2

4,866
778
1,015
1,258
1,289
3,066

39.7
6.3
8.3
10.3
10.5
25.0

List A job
Ever employment
Never employment

1,143
7,288

13.6
86.4

866
7,827

10.0
90.0

644
7,712

7.6
92.4

498
11,629

4.1
95.9

Lung cancer subtype
Adenocarcinoma
Large cell carcinoma
Small cell carcinoma
Squamous cell carcinoma
Other/unspeciﬁed
Not available

1,953
390
1,427
3,704
914
43

23.2
4.6
16.9
43.9
10.8
0.5

—
—
—
—
—
—

—
—
—
—
—
—

2,799
420
1,303
2,799
1,098
51

33.0
5.0
15.4
33.0
13.0
0.6

—
—
—
—
—
—

—
—
—
—
—
—

Definition of abbreviation: EC = elemental carbon.

measure departure from additivity, with
0 representing no interaction on the
additive scale (20). Interactions in men on
the multiplicative scale were assessed using
P values obtained from the cross products
of smoking and EC exposure in the
adjusted logistic models.
Statistical analyses were conducted
using SAS (version 9.3; SAS Institute) and
R (version 3.6).

Results
A total of 37,866 subjects (16,901 cases;
20,965 controls) were included in our ﬁnal
analyses (Table 1). Among the lung cancer
cases there were 4,752 adenocarcinomas,
810 large cell carcinomas, 2,730 small

cell carcinomas, 6,503 squamous cell
carcinomas, 2,012 other lung cancers, and
94 cases without subtype information.
In men, we observed elevated ORs for
subjects with ever occupational exposure to
EC (OR, 1.22; 95% CI, 1.15–1.29; Table 2).
Increasing trends in lung cancer risks in
men were associated with increases in both
exposure duration and cumulative exposure
(P trends ,0.01). Elevated male lung
cancer ORs were also observed in the lowest
categories of exposure duration (1–9 yr;
OR, 1.07; 95% CI, 1.00–1.16) and
cumulative exposure (.0–22 mg/m3-years;
OR, 1.09; 95% CI, 1.00–1.19). In our female
population, we observed no associations
between lung cancer and different EC
exposure metrics.

Ge, Peters, Olsson, et al.: Workplace Diesel Exhaust Exposure and Lung Cancer

Our continuous EC exposure models
show that a 1 mg/m3-year increase in
cumulative exposure was associated with an
increase in lung cancer OR by a factor of
1.00001 (95% CI, 0.9987–1.00131) for
women. The corresponding results for men
and for all subjects were identical: lung
cancer OR increased by a factor of 1.00034
(95% CI, 1.00021–1.00048) per mg/m3years increase in cumulative EC exposure.
Lung cancer ELRs associated with lifetime
occupational EC exposure at 50, 20, and
1 mg/m3 were 3.0%, 0.99%, and 0.04%,
respectively, for both sexes combined.
By lung cancer subtype, increasing
cumulative EC exposure was associated
with increasing ORs of squamous cell
(P trend , 0.01) and small cell carcinomas
(P trend 0.02) in men (Table 3). For
405
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Table 2. Lung Cancer ORs Associated with Categorical Indices of Occupational EC Exposure
Occupational EC Exposure
Men
Never

Cases, n (%)

Controls, n (%)

OR*

95% CI

5,560 (40.9)

8,270 (50.3)

1.0

Referent

Ever exposure

8,045 (59.1)

8,181 (49.7)

1.22

1.15–1.29

Duration, yr
1–9
10–19
20–29
.29
Test for trend, P value†
P value excluding never exposed‡

2,346 (17.2)
1,774 (13.0)
1,578 (11.6)
2,347 (17.3)
—
—

2,750 (16.7)
1,774 (10.8)
1,471 (8.9)
2,186 (13.3)
—
—

1.07
1.23
1.23
1.39
,0.01
,0.01

1.00–1.16
1.13–1.34
1.12–1.35
1.28–1.51
—
—

Cumulative exposure, mg/m3-years
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

1,684 (12.4)
1,858 (13.7)
2,113 (15.5)
2,390 (17.6)
—
—

2,002 (12.2)
2,005 (12.2)
2,074 (12.6)
2,100 (12.8)
—
—

1.09
1.10
1.24
1.43
,0.01
,0.01

1.00–1.19
1.02–1.20
1.15–1.35
1.32–1.54
—
—

2,910 (88.3)

4,002 (88.7)

1.0

Ever exposure

386 (11.7)

512 (11.3)

1.00

0.85–1.18

Duration, yr
1–9
10–19
20–29
.29
Test for trend, P value†
P value excluding never exposed‡

235 (7.1)
86 (2.6)
25 (0.8)
40 (1.2)
—
—

273 (6.0)
112 (2.5)
49 (1.1)
78 (1.7)
—
—

1.02
1.07
0.69
1.05
0.85
0.74

0.83–1.26
0.77–1.47
0.39–1.17
0.69–1.58
—
—

Cumulative exposure, mg/m3-years
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

165 (5.0)
118 (3.6)
64 (1.9)
39 (1.2)
—
—

179 (4.0)
162 (3.6)
99 (2.2)
72 (1.6)
—
—

1.03
1.03
0.92
0.97
0.99
0.82

0.80–1.33
0.78–1.36
0.64–1.31
0.62–1.48
—
—

Women
Never

Referent

Definition of abbreviations: CI = confidence interval; EC = elemental carbon; OR = odds ratio.
*ORs are adjusted for study, age group, smoking pack-years [log(cigarette pack-years 1 1)], time since quitting smoking, and list A jobs.
†
Test for trend, P value obtained using the corresponding continuous exposure variable.
‡
Test for trend, P value obtained using the corresponding continuous exposure variable among exposed subjects only.

squamous cell carcinoma, all categories of
cumulative EC exposure were associated
with elevated ORs in men, including the
lowest exposure (OR, 1.13; 95% CI,
1.01–1.26). The highest risks for both
adenocarcinoma (OR, 1.23; 95% CI,
1.09–1.39) and large cell carcinoma (OR,
1.31; 95% CI, 1.02–1.67) were also observed
in men in the group with the highest
exposure.
Results from the nonparametric spline
analyses for male subjects show monotonic
increases in cancer risks for overall lung
cancer and all four of the included subtypes
(Figure 1). Among the lung cancer
subtypes, squamous cell and small cell
406

carcinomas show the strongest association
with cumulative EC exposure, followed by
large cell carcinoma and adenocarcinoma.
In our analyses stratiﬁed by smoking
status, exposure–response associations
between cumulative EC exposure and lung
cancer were observed in men regardless of
smoking history (Table 4). Lung cancer
risks were similar for men in the highest EC
exposure group who were never-smokers
(OR, 1.41; 95% CI, 1.04–1.88), former
smokers (OR, 1.47; 95% CI, 1.31–1.65), and
current smokers (OR, 1.40; 95% CI,
1.24–1.57).
Superadditive joint effects of smoking
and EC exposure were observed in men for

overall lung cancer and for all four cancer
subtypes (Table 5). Suggestive supermultiplicative joint effects of smoking and
EC exposure were observed for large cell
carcinoma in men (P = 0.05).

Discussion
In a large pooled case–control population,
we observed positive associations between
lung cancer and different occupational EC
exposure metrics, including ever EC
exposure, exposure duration, and
cumulative exposure, in men. Increasing
exposure duration and cumulative exposure
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Table 3. Lung Cancer Major Subtype Risks Associated with Cumulative Occupational
EC Exposure in Men
Cumulative EC Exposure, mg/m3-years
by Lung Cancer Subtypes

Cases

OR*

95% CI

Adenocarcinoma
Never
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

1,513
414
415
452
531
—
—

1.0
1.09
1.00
1.07
1.23
0.14
0.49

Referent
0.95–1.24
0.88–1.14
0.94–1.21
1.09–1.39
—
—

Large cell carcinoma
Never
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

257
84
76
93
109
—
—

1.0
1.04
0.90
1.14
1.31
0.11
0.14

Referent
0.79–1.36
0.68–1.18
0.88–1.47
1.02–1.67
—
—

Squamous cell carcinoma
Never
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

2,216
742
819
982
1,069
—
—

1.0
1.13
1.14
1.37
1.54
,0.01
0.01

Referent
1.01–1.26
1.03–1.27
1.24–1.52
1.39–1.70
—
—

Small cell carcinoma
Never
.0–22
23–70
71–178
.178
Test for trend, P value†
P value excluding never exposed‡

850
249
334
360
407
—
—

1.0
0.99
1.20
1.31
1.53
0.02
0.39

Referent
0.84–1.16
1.03–1.39
1.14–1.53
1.32–1.76
—
—

For definition of abbreviations, see Table 2.
*ORs adjusted for study, age group, smoking pack-years [log(cigarette pack-years 1 1)], time since
quitting smoking, and list A jobs.
†
Test for trend, P value obtained using the corresponding continuous exposure variable.
‡
Test for trend, P value obtained using the corresponding continuous exposure variable among
exposed subjects only.

were associated with increases in lung
cancer risks in men, exhibiting monotonic
exposure–response relationships. Our
results are in accordance with, and further
expand on, results from our earlier analysis
within the SYNERGY study with 11 studies
and semiquantitative exposure assessment,
in which we reported a consistent
exposure–response relationship between
lung cancer and EC exposure (3).
Additional evidence of the
exposure–response relationship between
diesel exhaust exposure and lung cancer is
provided by studies on workers in highly
exposed industries such as mining (4,
21–23) and trucking (5, 6).
In a metaregression analysis of the
exposure–response relationship of lung

cancer and diesel exhaust exposure based
on data from three occupational cohort
studies, Vermeulen and colleagues
estimated that each mg/m3-year increase in
cumulative EC exposure results in a lung
cancer relative risk (RR) of 1.00098 (7). A
subsequent sensitivity analysis reported a
range of lung cancer RR of 1.0006 to 1.0012
per mg/m3-years increase in cumulative EC
exposure from several alternative models
(24). These exposure–response slope
estimates are approximately 2–3 times
higher than our present linear model
estimate of 1.00034 for all subjects. This
difference may be due to factors such as
occupational cohorts having higher
cumulative EC exposures and more
accurate exposure assessment in speciﬁc
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industries. Despite the differences on
the exact risk magnitude, a consistent
exposure–response trend between
occupational diesel exhaust exposure and
lung cancer was reported by studies with
different designs among different
populations.
We did not observe an exposure
threshold for diesel exhaust–related lung
cancer in men within the cumulative EC
exposure ranges we investigated; increased
lung cancer risk in men was observed in the
lowest cumulative EC exposure group, with
a median exposure of 11 mg/m3-years.
An additional sensitivity analysis with 10
cumulative exposure groups suggested
(naturally, with less precision) an increased
risk among the lowest exposure group with
a median EC exposure of 3.3 mg/m3-years
(Table E2). Few other studies investigated
lung cancer risks in similar cumulative
EC exposure ranges quantitatively. In
occupational cohorts with higher EC
exposures, one study reported a lung cancer
OR of 1.31 (95% CI, 1.01–1.71) in U.S.
trucking workers with a cumulative
exposure of approximately 51 mg/m3-year
(6), whereas another study reported a lung
cancer OR of 0.74 (95% CI, 0.40–1.38) for
U.S. miners with a cumulative EC exposure
around 37 mg/m3-years (4).
We found that diesel exhaust exposure
was associated with all four major lung
cancer subtypes in men, although
differential risks were observed by subtype.
Both our logistic regression and spline
models showed that the associations were
the strongest for squamous cell and small
cell carcinomas, moderate for large
cell carcinoma, and weakest for
adenocarcinoma. Similar ﬁndings
supportive of a stronger link between
diesel exhaust exposure and lung
squamous cell carcinoma were reported in
populations in Canada (8–10), Finland
(25), and Sweden (2, 26). This is the ﬁrst
report of a positive exposure–response
relationship for diesel exhaust exposure
and lung small cell carcinoma in men.
Guo and colleagues observed a small cell
carcinoma OR of 2.31 (95% CI, 1.02–5.25)
for female Finnish workers in the low
diesel exhaust exposure category based on
six exposed cases (25). Elevated point
estimates of small cell carcinoma risks
were also observed in population-based
studies from different countries (2, 10,
25). For adenocarcinoma, in accordance
with our current observations, previous
407
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Figure 1. Spline analyses showing exposure–response relationships in men between cumulative
elemental carbon exposure and risks of overall lung cancer plus subtypes.

studies were consistent in reporting ORs
that were lower than overall lung cancer
risks (2, 8–10, 25, 26). Information on
the risk of large cell carcinoma related
to diesel exhaust exposure is limited;
only two previous studies included large cell
carcinoma in subtype analyses (2, 9). These
studies reported exposure–response
relationships for duration, intensity, and
lifetime cumulative exposure to diesel
exhaust and large cell carcinoma. In our
male population, we observed a clear
increased large cell carcinoma risk only in
the group with the highest cumulative EC

exposure (.178 mg/m3-years), with a
suggestive elevated OR estimate for the
second highest exposed group.
We observed a lung cancer
exposure–response risk trend in neversmoking men who were exposed to EC.
Similarly, Silverman and colleagues
reported a signiﬁcant lung cancer OR of
7.30 (95% CI, 1.46–36.57) among highly
exposed U.S. miners who never smoked (4).
The very high risk observed in the U.S.
miners may be attributable to higher
cumulative EC exposure in mining
occupations or the fact that the estimate

was based on only seven exposed
cases.
The observed superadditive joint effects
between EC exposure and smoking for
overall lung cancer and its subtypes in men
indicate that the absolute risk of cancer for
men exposed to both EC and smoking was
higher than the sum of the absolute risks of
cancer from EC exposure and smoking
alone (27). Only one other study in Swedish
dock workers investigated EC and smoking
interaction on the additive scale and
similarly reported a superadditive effect
(28). Interaction in other studies was
assessed on the multiplicative scale, in
which supermultiplicative interaction
represents a scenario in which the risk
ratios (e.g., OR) of cancer for those exposed
to both EC and smoking was higher than
the product of the cancer risk ratios from
EC exposure and smoking alone (27). In
two nonoverlapping Canadian populationbased case–control studies, no signiﬁcant
multiplicative interaction was observed (9,
10). Lastly, in the U.S. Miners Study,
Silverman and colleagues reported a
suggestive submultiplicative interaction, in
which high exposure to both EC and
cigarette smoke resulted in an attenuation
of lung cancer risk increase (4). In
additional analyses wherein we explored
cancer risks in four groups of male smokers
(,10, 10–19, 20–39, and .39 pack-years,
respectively) with cumulative EC
exposures similar to those in Silverman
and colleagues, we did not observe
submultiplicative interactive effects and
found consistent risk increases across all
EC exposure categories for subjects with
increasing pack-years of smoking
(Table E3).

Table 4. Lung Cancer Risks Associated with Cumulative Occupational EC Exposure by Smoking Status in Men

Cumulative EC exposure (mg/m3-years)
Never
.0–22
23–70
71–178
.178
Test for trend, P valuex
P value excluding never exposedk

Never-Smokers
Cases OR*
95% CI
256
66
41
55
72
—
—

1.0
1.40
0.94
1.17
1.41
0.03
0.11

Referent
1.03–1.88
0.65–1.33
0.85–1.60
1.04–1.88
—
—

Former Smokers
Cases
OR†
95% CI

Current Smokers
Cases
OR‡
95% CI

1,868
624
656
764
875
—
—

3,436
994
1,161
1,294
1,443
—
—

1.0
1.11
1.23
1.33
1.47
,0.01
0.08

Referent
0.98–1.26
1.09–1.40
1.18–1.50
1.31–1.65
—
—

1.0
1.04
1.01
1.15
1.40
,0.01
0.05

Referent
0.92–1.18
0.90–1.14
1.03–1.29
1.24–1.57
—
—

For definition of abbreviations, see Table 2.
*ORs adjusted for study, age group, and list A jobs.
†
ORs adjusted for study, age group, list A jobs, smoking pack-years [log(cigarette pack-years 1 1)], and time since quitting smoking.
‡
ORs adjusted for study, age group, list A jobs, and smoking pack-years [log(cigarette pack-years 1 1)].
x
Test for trend, P value obtained using the corresponding continuous exposure variable.
k
Test for trend, P value obtained using the corresponding continuous exposure variable among exposed subjects only.
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Table 5. Interactions between Occupational EC Exposure and Smoking for Overall
Lung Cancer and Major Subtypes in Men
Exposure Status by Lung Cancer Subtype

Controls

Cases

OR*

95% CI

All lung cancers
Never-smoker and never EC
Never-smoker and ever EC
Ever-smoker and never EC
Ever-smoker and ever EC
P multiplicative†
RERI‡

2,525
1,912
5,745
6,269
—
—

256
234
5,304
7,811
—
—

1.0
1.14
8.71
11.4
0.18
2.49

Referent
0.95–1.38
7.62–10.0
9.93–13.0
—
1.92–3.07

Adenocarcinoma
Never-smoker and never EC
Never-smoker and ever EC
Ever-smoker and never EC
Ever-smoker and ever EC
P multiplicative†
RERI‡

2,525
1,912
5,745
6,269
—
—

100
79
1,413
1,733
—
—

1.0
1.05
6.14
7.22
0.47
1.03

Referent
0.77–1.42
4.99–7.63
5.87–8.98
—
0.43–1.63

Large cell carcinoma
Never-smoker and never EC
Never-smoker and ever EC
Ever-smoker and never EC
Ever-smoker and ever EC
P multiplicative†
RERI‡

2,525
1,912
5,745
6,269
—
—

14
5
243
357
—
—

1.0
0.43
7.57
9.35
0.05
2.34

Referent
0.14–1.14
4.57–13.7
5.66–16.8
—
0.67–4.02

Squamous cell carcinoma
Never-smoker and never EC
Never-smoker and ever EC
Ever-smoker and never EC
Ever-smoker and ever EC
P multiplicative†
RERI‡

2,525
1,912
5,745
6,269
—
—

64
77
2,152
3,535
—
—

1.0
1.38
13.4
18.1
0.99
4.66

Referent
0.98–1.94
10.5–17.1
14.4–24.0
—
3.23–6.09

Small cell carcinoma
Never-smoker and never EC
Never-smoker and ever EC
Ever-smoker and never EC
Ever-smoker and ever EC
P multiplicative†
RERI‡

2,525
1,912
5,745
6,269
—
—

26
30
824
1,320
—
—

1.0
1.38
13.5
18.5
0.96
4.56

Referent
0.81–2.36
9.32–20.6
12.8–28.1
—
2.42–6.69

Definition of abbreviations: CI = confidence interval; EC = elemental carbon; OR = odds ratio;
RERI = excess risks due to interaction.
*ORs adjusted for study, age group, and list A jobs.
†
P value for the EC and smoking interaction cross product term coefficient in fully adjusted logistic
models; interaction on the multiplicative scale is present when P , 0.05.
‡
Interaction on the additive scale is present when RERI deviates from 0.

Strengths of our study include a large
pooled population with detailed smoking
and occupational histories. Our sample size
allowed for stratiﬁed analyses to explore the
exposure–response relationship in different
subgroups, whereas high-quality smoking
and occupational histories allowed for the
control of important potential confounders
such as smoking and exposure to other
occupational carcinogens. Exposure
assessment was performed with a
quantitative JEM developed using a
combination of exposure measurements
and expert assessment. The current DEEJEM was developed independently from the

Domtoren-JEM (DOM-JEM), an expert
judgment JEM we used in an earlier
analysis (3). Despite this difference, results
of both analyses showed consistent
exposure–response relationships between
occupational exposure to diesel exhaust
and lung cancer. Reliability studies on
occupational exposure assessment also
suggested that incorporating measurements
in the exposure assessment process may
improve expert judgment (29, 30). Finally,
the exposure–response relationship
between EC exposure and lung cancer in
our male population was robust and
present in various sensitivity analyses,
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including when we limited analyses to a
more homogeneous group of studies, when
we limited our analyses to blue-collar
workers only, and when we assessed
EC exposure with alternative JEM
conﬁgurations (Tables E4.1–E4.9).
There are also limitations in our work.
Our DEE-JEM did not account for changes
in exposure at different time periods and
therefore may underestimate exposure for
earlier periods when exposure was likely
higher (31). The EC measurements used in
our JEM were collected from 1985 to 2016
(median, 2002), whereas our subjects were
assessed as exposed from 1923 to 2020
(median, 1968). However, the association
between EC exposure and lung cancer was
still present when we restricted our analyses
to subjects exposed after 1960 (Table E4.2).
Because list A jobs included some jobs
with potential diesel exhaust exposure,
adjustment for ever-employment in any list
A jobs in our main model may represent
overadjustment for coexposures to other
lung carcinogens. Removing all jobs with
EC exposure from list A, however, may lead
to underadjustment because many ECexposed jobs have concurrent exposures
to other lung carcinogens. We explored
the coexposure adjustments using two
additional sensitivity models: one with no
adjustment and another adjusting for ever
exposure to crystalline silica, asbestos,
polycyclic aromatic hydrocarbons, and
hexavalent chromium as assessed by the
DOM-JEM (Table E4.4). All three
categorical EC models (i.e., the main model
and the two sensitivity models) showed the
EC-exposure–lung cancer response among
men, suggesting that the association
is unlikely to be fully explained by
confounding due to exposures to
other occupational lung carcinogens.
Furthermore, because our JEM assigned EC
exposures based on job titles, individual
exposures may be misclassiﬁed in
occupations with large exposure variability.
This misclassiﬁcation, however, was not
likely to be differential by case status and
introduced Berkson-like error that likely
affected the precision, but not magnitude,
of our risk estimates (32, 33). Exposure
misclassiﬁcation of jobs within the DEEJEM may also have occurred because of the
fact that our EC exposure data were limited
and did not represent all jobs in all study
regions. If present, this would introduce
classical error in our work and bias the
observed effect toward the null, meaning
409
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that the true effect of diesel exhaust
exposure on lung cancer may be stronger
than our observed results. However, the
aforementioned shortcomings related to
retrospective exposure assessment are
almost inevitable because of our study
design and size. We have provided details
on all data sources, assessment procedures,
and various sensitivity analyses in an effort
to maximize transparency.
Another notable limitation of our
study is the lower statistical power to assess
risk in female workers (390 exposed cases)
compared with males (7,843 exposed
cases). Our results on female cancer risks
may also have been affected by more
exposure misclassiﬁcation of women
compared with men because the
supporting EC exposure data were
collected almost exclusively among male
workers. Adenocarcinoma, for which we
observed the weakest association with
diesel exhaust exposure among the lung
cancer subtypes, was also more common in
women than in men. However, our results
should not be interpreted as diesel exhaust
having no effect on lung cancer risks in
women. A sensitivity analysis among
women with lung cancer subtypes other
than adenocarcinoma showed increased

OR point estimates for cancer for all
cumulative EC exposure groups, albeit with
larger uncertainties (Table E4.9).
In risk assessment for occupational
carcinogen exposure, deﬁnitions for
tolerable ELR range from 4 in 1,000 (0.4%)
in the Netherlands and Germany to 1 in
1,000 (0.1%) in the United States (17, 34,
35). Of our three ELR estimates derived
from different exposure limits, only the
scenario with 1 mg/m3 EC exposure and
0.04% ELR is below these levels. Another
study using data from the U.S. trucking
industry estimated that male workers
exposed to 5 mg/m3 EC would have a lung
cancer ELR of 1–2% (5). A separate study
calculated a lung cancer ELR of 0.17% for
workers exposed to 1 mg/m3 EC using data
from three U.S. mining and trucking
industry cohorts (7). Despite variations in
the exact risk magnitude, estimates from
different studies suggest that workplace EC
levels should be at or near environmental
background levels to reduce the lung cancer
ELR for workers with lifetime exposure to
diesel exhaust to tolerable levels, as deﬁned
by various national risk assessment
agencies. Although multiple diesel engine
emission control standards have been
introduced in Europe since 2006 (17), these
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