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GUSTAVSSON P, PLATO N, LIDSTROM k-8, HOGSTEDT C. Lung cancer and exposure to diesel
exhaust among bus garage wockers. Scand J Work Environ Heolth 1990;16:348—54. Mortality and can-
cer incidence was investigated among the §9S bus garage uorkers employed a3 mechanics, servicemen,
or hastlers for at least six months in five bus garages in Stockholm between 1949 and 1970. The caposure
to diese! exhaust and asbeatos was estimated by industrial hygienists. A small excess of Jung cancer mor-
tality was found in the eohort when occupationally active men in Stockholm were used us 1he reference
group. A case-refesent study wias petformed within the cohort, six referents being selected for each of
the 20 lung cancer cates. The lung cancee risk increased with increasing cumulative exposuse to diesel
exhaust, but not with {ative ssb ¢ The retative risk for lung cancer among the highly

14

exposed men was 2.4 (95 ¥e Cl 1.3-—4.5) as compared with those with low exposure. The study indicates

that exposure to diesel exhaust increases the risk for lung cancer.

Key terms: asbestos. epidemiology. humans, polycyclic aromatic hydrocarbons, PAH.

Exhausts from diesel-fuclcd vehicles have long been
consideted a potential cancer harard due to their
chemical composition and mutagenic activity in bac-
terisl test systems (1).

An increased risk for lung cancer was found smong
raifroad workers exposed to diesel exhaust in the
United States (2, 3) and Canada (4). A small excess
of lung cancer was alto found among persons with a
history of exposure 1o diesel exhaust in a case-reflerent
study from the United States (5), while another Ameri-
can case-referent study was negative in this cespect (6).
No increase in the accurrence of lung cances was found
for London transport workers (7) nor for employces
at » Swedish bus company (8).

The carcinogenic activity of diesel exhaust has been
supported by several recently completed animal inha-
lation studics {9—13). The mutagenic and carcinogenic
properties of diesel exhaust are probably mainty caused
by polycyclic aromatic hydrocarbons (PAH), ard es-
pecially the nitroarenes seem to have 2 high mutagenic
potency (14).

The present study was initiated to investigate the risk
of lung cancer in relation to dicsel exhaust and asbestos
in a cohort of bus garage workers with varying degrees
of exhaust exposure.
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Subjacts snd methods

Population

All the men who had worked as a mechanic, service-
maa, os hostier for at least six months in any of five
bus garages in Stockhoim from §945 10 1970 were in-
cluded in the study. Altogether 208 individuals were
identified from company records,

Information on name, personal identification num-
ber, workplace, job type, and beginning and end of
work periods were collected from the records. Life out-
come was traced via 8 computerized regisier of the
living population, via death and burial books of the
clerical parishes, snd via Stockholm City archives. Un-
dceelying causces of death were oblained from Statistics
Swedcen, and cancer incidence data were obtained from
the Swedish Cancer Registry. Morlality was investi-
gated from 1952 to 1986, and cancer incidence from
1938 10 1984.

Seven cohort members were deceased before 1952,
and six had emigrated. These 13 individuals were ex-
cluded from the cohort, Lile outcome could be ascer-
1aincd at the end of follow-up as of 31 Dccermber 1986
for all the remaining 695 individuals.

Exposure assessmenis

Diesel-powercd buses were first introduced in Stock-
holm irv the beginning of the 1930s. During World War
13 all buses were fucled with gencrator gas. Since 1945
all buses equipped with combusiion engines have been
diesel fueled. The intensity of the exposure to diesel
cxhaust and asbestos, specific for workplace, work
cask, and calendar-time period, was assessed by indus.
17ia) hygienists and structured in 2 job-€xposire matrix,



Diesel exhaust

The dicsei-cxhaust exp ¢ asscs: ts were b
on (i) the emission of diesel exhaust, depending on the
number of buscs, engine sizes, engine running time,
and fuel types, (ii) veatilatory equipmens and air vol-
ume of the garages, and (iii) job types and work prac-
tices. Detailed historical data for these parameters were
available, but only few exposure measurements had
been performed. No single substance is accepted as a
matker of dicsel-exhaust exposure, atthough several
such substances have been proposed [eg, respirable
dust, clemental carbon, nitrous oxides, and PAH (1S,
16)}. Thus the available data permitted relative ex-
posures to be estitnated, but not sbsolute exposure
levels.

The dicsel-cxhaust exposure fevel (exposure inten-
sity) for every work period in the work history was clas-
sificd on a ratio scale of six degrees. The exposure in-
tensity was set at zero for the unexposed work opera-
tions and at 1.0 for the lowest exposures greater than
2ero. Each successive degree of the scale corresponded
10 a SO % increase in intensity: 1.5, 2.25, 3.38, and
S.06.

v

Asbestos

Personal sampling of asbestos exposure during brake
repair in bus garages in Stockholm was performed in
(987, including reconstruction of earlier exposure con:
ditions (Plato N, unpublished data). These dats, and
the results of exposure investigations from other bus
gerages (17—20), were used (0 estimate the exposure
to asbestos for the sohort members, and the time-
weighted annual mean exposures were classified on a
scale of three degrees: 0, § and 2. Level [ correspond-
ed approximately to a level af 0.08 fibers - ml—* of air
and level 2 to 0.16 fibers - mi~ ',

Cumulative exposures
We calculated indices of cumulative exposures to diesel
exhaust and asbestos by multiplying the exposure level
by the duration in years for every work period in the
work Nistory. The contributions from all work peri-
ods were then added for the lative exposures to
diesel exhaust and asbestos for every individusl in the
cohort. The diescl-exhaust exposure index ranged from
0to 112 (median 13), and the asbestos exposure index
from O to 36 (median 19).

For the casc-referent analysis, 1he dicsel-exhaust ex-
posure index was subdivided into four classes (0—10,
1020, 20—30, and > 30) representing cach class by
& score value (*’dicscl-exhaust score™) 01 0, 1, 2, Or
3, respectively. The asbestos exposure index was sub-
dividcd into the following four classes: 0—20, 2040,
4060, and >60.

Analysis

Cohort and case.seferent techniques were used for the
analysis. In the cohori analysis the observed mortali-
ty was compared with that of a local reference popu-
lation (the population of greater Stockholm). A sec-
ond set of local refesence rates was also used, with sd-
justment for occupational activity. This standardiza-
tion for occupational activity was performed in order
to reduce the bias from the *“healthy worker effect’
(21). Data on occupational activity were recorded in
the population and housing ccasus of 1960, and the
mortality from 1961 to 1965 smong employed and ua-
employcd persons, apecific for age group, sex, and
cause of death, has been published by Statistics Sweden
(22). From these date, the ratio of the mortality among
the employed to shat in the general Swedish popula-
tion was calkculated, specific for age group, sex, and
cause of death. The ratios were subsequently applicd
to {(multiplicd by) the local death rates. The obtained
rates reflect the 1ocal mortality with adjustment for oc-
cupational sctivity. The adjustment was specific for
cause of death and age, bul approximate with regard
to geographic region and trends in the ratios with
calendar time. The procedure for the calculation of the
adjusted rates has been described elsewhere (23). The
reference rates for cancer incidence were based on na-
tional statistics (24).

Expected numbers of deaths and cancers were com-
puted according to the person-year method (25), count-
ing years at risk for each individual, specific for sex,
five-year age classes, and five-year calendar-time class-
es. Both the diesel-exhaust and asbestos exposure in-
dices were time-dependent and were recalcutated for
every year during the allocation of person-years, and
the contributions were seferred to the appropriate stra-
tum of the respective exposure index (25).

The ‘occupational moriality analysis program®’
{OCMAP-PC) (26) was used for the mortality analyses,
and the ““cpidemiology in Linkoping®’ (EPILIN) pro-
gram (27) was uscd for the analysis of cancer inCidence.

Dosc-response relationships were investigated in a
case-referent analysis. A full cohort analysis of inter-
nal dose-response relationships using the Cox prapor-
tional hazards modcl (25) was considered. However,
the involvement of two lime-dependent measures of
dose (diescl-exhaust and asbestos exposure indices) led
to complicated calculations that were not feasible with
the available sofiware. A case-referent analysis,
matched with regard to age, permitied calculation and
analysis of cumulative exposures without need for
dynamic (iterative) recalculation of the exposure in-
dices, as would have been required in a full cohort de-
sign. Selection of an appropriste aumber of controls
maintains validity and causes only a small loss of pre-
cision (25). This design still permitted the use of both
derd and incident lung-cancer cases as end points in
the study, which was nol the case in the analyses for

349



standardized moriality ratio (SMR) using exteraal
reference rates.

The cascs and referents were selected from the co-
hort. All individuals with a primary form of lung can-
cer (cighth revision of the International Classification
of Discascs, ICD 8=162.1, mesotheliomas not in-
cluded) identified in the register of causes of deaths
or in the cancer register were selected as cases. Al
together 20 cases were identilicd, 12 were registered
in both registess, five were registered only in the reg-
ister of causes of deaths, and three only in the cancer
register.

Six referents were selected for every case. The reler-
ents were drawn at random and without replacement
from those being noncases at the time of diagaosis of
the case and born within %2 years of the case, accord-
ing to the method described by Breslaw & Day (25).
The cumulative exposures of the referents were trun-
cated at the time of the diagnosis of the casc.

The relative risk for lung cancer was approximated
by the odds ratio, calculated by conditionat logistic
regression (28), with the matched sets ket together.
The BGRET (cpidemiologic graphics, estimation, and
testing) program (29) was used, and the main results
were confirmed with the cpilog program (30).

The overall morlality in the cohort equaled the ex-
pected when the Jocat rates, adjusted for occupational
activity, were used as the reference (able 1). Theee were
17 lung-cancer deaths, whereas 13.9 would be expected.
Ahtogether, 73 cases of ischemic heart discase were
found, whereas 64 were expected. Four cases of esoph-
ageal cancer were found, and 2.1 were expected. The
observed numbere for other causes of death were close
to those anticipated.

Analysis of the lung cancer mortality by increasing
cumulative dicscl-exhaust exposure indicated no defi-
nite evidence for a dose-response relationship, and nei-
ther was a dose-response trend found for ischemic
heart disease (table 2). The SMR values for both dis-
cases were fowest in the lowest dose category, how-
ever. The analysis by cumulative ashestos dose gave
no indication of a dosc-response for lung cancer (ta-
ble 3).

The analysis of aancer incidence confirmed the nior-
tality findings, and no additional excesses were found
(table 4). Several histological types of lung cances were
represented, and also two mesotheliomas, but the num-
bers were too few to permit conclusions regarding ex-
cesses of individual types.

Table 1. Mortallly among bus gatage warkers, 1052— 1988, Tne referance rates waré based on locel moriality and on local mor-
tsiity adjusted for occupational activity. There wera 21 317.5 person-years of observalion (O =observed nhumber of deaths,
£ = expected numbaer of deaths, SMR = slandardized morlality ratio, 95 % C! =95 % conlidence nterval).

Stockholm, Stockholm,
Cause of dealh? o accupationally sctive genaral populstion
€ SMR 9% 0 [ 3 SMR 9% C
All malignant tumors (140209 62 %0 109 B - 140 600 103 19—-132
Esophagea! cancer (150) 4 . : ’ 21 193 53—49¢
Stomach cancer (151) [ . 51 97 32--227
Bowe! cancer (152—153) 1 . 38 26 T 147
Roclal cancer (154) 4 . 23 177 [LEN L]
Uiver cancer {155) 3 20 150 31--49
Pancreatic cancer (157) 2 - ' LX) “® 5—185
Lung cancer (162) 17 39 1”72 71—19% 148 ns 67—184
Prastatic cancer (185) G . . . 5.0 1o 44—259
Blagder cancer {188) 1 1.9 52 1~ 288
Kidney cancer {189 2 28 T2 9259
Brain tumors (191) 4 . .- . 18 220 80563
Hematopoletic cancer (200 --209) 6 49 123 45268 59 1"y 43--25%
Nervous fissases {320—389) 1] (X . .5 190 62442
Circudsiory tr3eases (390—458) 9% 90.4a 106 85 —130 104.7 92 74--112
tscharnic heart disease {410--414) 73 64.1 RAL) 89— 143 7228 100 78126
Cerebrovascular diseases (630438} 10 "7z 85 @ =157 140 72 34132
Respiralory disesses (460—519) 10 10 143 88262 115 ar 42--160
Asihims, bronchltls, emphysema (490—493) 4 .. . .- 52 ™ 20--192
Digestiva diseases (§20--577) [ ] 32 e 20—120 15.6 59 22107
Liver cuvhosis (S71) -] 8.0 €3 20— 145 e 5 128
Gonltourinary disoases {580-—826) 2 26 7% 9274 32 &3 8-230
Violent death and Intoxication (E600—E999) 21 234 20 56 137 a1 84 52128
Sutcide (EV50--EDSS) 1" o8 "3 58 — 20t w5 105 52--187
All causas {0—999) 208 2043 02 68117 2259 ] 76~10)
* Code of the elghth of the Int | Classification of " e np 6 .
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Tatle 2. Mortalily by cumulativa exposure to diesei sxhaust. The referenca raies weie based on data from ocoupationally active

men in Stockholm. (O

= ohserved number of deaths, E=axpected number of deaths, SMR = standardized mortatity ratio)

Diesel-exhaust sxposure indax?

Cause of death” 0-10 10—3%0 >3

[« € SMR o € SMRAR [+] E SMR
Al csuzes 0—999 [ 80.9 o &3 49.4 ”3 % 749 107
All mafignant tumors (140—209) " 214 a "w 138 1 27 219 122
Lung cancer (162) s S W 5 33 152 ? 53 127
ischemic heart diseass (410—414) 2 D7 M 2 s W 32 B6 125

s Code of e eighth revision of the inlernationat Classification ol Disessas in parsnthases,
® indox of the cumulative exposure to diasel exhaust;ses the Sudjecis and Methods section.

Tabla 3. Mortality by cumulative expasure o asbes
man in Stockholm. (O =abserved number of Geaths,

103, The referance rates ware based on dala from occupationally active
£ = anpocted number of daaths, SMR = standsrdized mortality ratio)

Asbestos sxposure index®

Causs of death® 0-—20 2040 >40

[+] E SMR (] E SMR [] E SMR
Al causes (0—08%) [ ] 923 107 41 448 [1] [} 1
All malignent tumors (140209} » U3 103 12 2.4 7 g z;g 12:
Lung cencer {162) L] 58 a8 0 W 8 51 18
tschemic heart dlsesse (410—414) M 208 128 [ 13 110 108 2 s 102

s Code ol tha sighth reviston of the intemational Classification of
10 !

Diseases in parontheses.
and Moth "

* index of the cumulstive sxp ace ine

Table &, inckl of 9 the bus garage workers,
1958 — 1984, The referance rates were based on national statis-
tics. Tners wate 16635 person-years of obssrvation.

©asbl
"

Tabis §. Number of Jiwing snd deceasss persons with lung csn-
eer {casws) and ralaranis from the cohorl according 1o the
cumulative disselexhavsl sxposure. (RR = relative risk, 95 %
C! = 85 % eonlidance inlerval)

{O = abserved number of cases, € = sxpected number of cases,

SMR = standardized moriality ratio, 85 % Ci =95 % confidence
intervat)
Cencer sits® 0 € SMR ®%O
Afl malignant tumars (140—~20%) o 886 103 93-12
Esophegus {150) 4 12 2T B3N
Stomach (191} & 67 00 18
Calon {153} 4 &3 w8 -2
Rectom (154 4 43 80 106
Liver (V88 2 23 & 10218
Pancies (137 2 3% &S -2
Nose and nass! slnuses (160} ] 03 I -6
Lorynu (181} T 12 B 2880
Lng (16D° 7 108 W -7
Squemoaus-cell carcioma $ 42 1B N3
Undlflereniiated sateeli carcinams 7T 44 WO M9
Adenocarcingma 2 %3 182 w-se
Prosiate (171 s 15? »% 65159
Kidnay {180) 3 43 M0 -
Blsdder (18Y) 4 SV 66 V-—ve8
Malignanm matsnoms {190y s 21 ! -3
Skin wmors, melanome excluged (191) 2 2§ 7 -2
Navous system (150} [ ] 32 0 To-—ats
Hematopolelic ongans (200209} ¢ 75 % -7
+ Cods of L] ofihe of Disanres
in pavsathases.
: gt of and one cuse of alveolarcell can-
ct.

The numbers of cascs and referents arc presented
n table S, and the details of the conditional logistic
cgression are preseated in table 6. In model 1 the

Diassteshauvst exposurs index

— Total
0-1 10--20 20-% >0
Casas 5 2 3 10 20
Raleronts &S [ ” 42 120
Tols! bod L4 L4 82 140
Crutde AR » 1.20 150 (4]
AR from
woglistic
regression ”» 77 1% 16
Filted
RRA trom
welghisg
regression ”» .34 . 243
®BRO - 1.09-764 120271 1.32-4.47
= 3cc i fora Mlon of the index.

* Referance colegory.

diesel-cxhaust index score was introduced as factors
(indicator variables 0 and 1). The relative risk for lung
cancer increased with increasing exposure to diesel ex-
haust, but the confidence intervals were wide (figure 1).

The diesel scorc was alteraatively introduced as sn
unfactored variable (regression model 2). The obtained
regression cocfficient of 0.32 corresponded to a rela-
tive risk of 1.37, interpreted as & 37 % increase in risk
for an increase in the dose index score by one unit.
The 95 % confidence interval (9 % Ci) for this esti-
male was narcowcr than that of model 1, but included
= relative ritk of unity.

st



The asbestos exposure did not seem 10 influence the
lung cancer risk (models 3 and &).

There were indications of a dose-response relation-
ship regarding dicsel exhaust and Jung cancer. (Com-

Tabla &. Resuils of (b logistic regression. (RRA = ralative risk,
5 % C=95 % conlidence interval)

Parameter 8 el AR 9w Cl
Model |
Diesel-anhaust index®

019 o - 10* -
1020 0236 0822 127 0.21-1.72
20--30 0447 0776 1.56 034-—-1.16
>30 0969 0849 263 0.J4-~%42

Model 2

Diosel-exhaust score® 038 0.211 137 Q91207
Model 3

Asbestos index"

0--20 o - 10 -
20--40 0511 0618 167 0.50-560
40--80 0230 0899 128 0.32-500
>60 0184 0789 120 026--58¢

Model 4
Asbestos scora® 0054 0232 108 057-168

Explanation of madels.
Madet 1.
Loght P(x) o 8 ¢ %, + 8%, + PyXy, whare
x, = { when dliesel exposure = 10—20, else x,=0
2;= 1 when dlesel exposyre « 20--30, ¢ise X, =0
x3= 1 when dlesel expasurm » 30, else 2,=0
Model 2:
LogH P{x)= & + B,X,, whara
X, lakes (he vaive of the disael score: 0, 1, 2 01 3.

Modals 3 and 4 ave anatogous, replacing the dteselexhaust ln.
dex with the asbestas index.

* Seu the Subjects and Methads section for & detinition of the
index or seore.
? Relorence category

10
g b
8
7 1
RR S
5
4
3
L
2 {
) b4
b [ R - r e 4 —f——
o] >
0-10 1020 20-30 >30
Digset-axhaust exposure index

1. Estimates of ihe relativg risk (AR} of ung cancer with
logiatic regrassion subdivided by cumulstive exposura 10

diazel exhaust. The 95 % confidencs intervals ara_shawn.
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pare modcls t and 2 in table 6.) The confidence inter-
vals weze wide, though, since the number of cases in
cach exposure group was small. Rothman has de-
scribed a method for exploring the dose-response trend
in a situation of this type (31). The regression coefTi-
cients (ic, the logarithms of the refative risks) of model
) seemed to be nearly linearly correlated with the diescl-
exhaust index score, and a weighted regression was per-
formed with the use of the inverse of the variance of
the estimates as weights. A regression coefficient of
0.2971 with & standard error of 0.0106 was obtained.
This figure can be inlerpreted as an increase in lung
cancer risk of 35 % for an increase of one levet in the
dicscl-cxhaust index score, and it corresponds closely
to the telative risk of 1.37 obtaincd in modcl 2 (1able
6). The fitted relative risks from the weighted regres-
sion and 95 % conlidence intcsvals (33) are shown in
tablc 5.

Discussion

The overall lung cancer mortality in the cohort was
stightly increased (SMR 122). In other words, an ex-
cess of the same magnitude as in other studies of work-
ers exposed (o diese] exbaust was found. The SMR for
lung cancer incidence was higher (table 2). The SMR
obtained in the mortality analysic was probably the
more valid one since it was siandardized for geographic
variations in the background rare. The lung cancer rate
in Stockholm is higher than the nations! average.

The case-referent analysis indicated a risk excess
among the highly exposed, as compared with the low-
ly exposed, workers, and & dose-response refationship
was present. The logistic regression indicated a lung
cancer risk that was 2.6 times higher for highly exposed
workers than for the lowly exposed workers, although
with a3 wide confidence interval. When data from all
the dosc groups were combined in the weighted lineas
vegression, & risk excess of 2.4 was found for the highly
exposed workers (95 % CI 1.3--4.5). This regression
model was thus more effective but also morc restric-
tive since a lincar relationship of the logarithms of the
relative risks was assumed. This condition is met in
the material howcver; the observed relative risks cor-
responded closely to those predicied by the tegression
(table 5). The crude relative risks (table 5) were some-
what lowes, probably because precision was lost when
the matching was dissolved.

The dose-response trend in the SMR analysis was
weak. The case-referent analysis utilized both deceased
and living lung cancer cases, while the cohort snalysis
was limited to the deccased cases, The additions! in-
cident cases were all highly exposed 10 dicscl exhaust.

No effect from exposure to asbestos was [ound. The
mean asbestos exposure index was 27, and the maxi-
mum was 86. These index Jevels correspond o a cu-
mulative asbestos exposure of approkimately 2.2 and
6.0 fibecs - mi~L-years, respectively. Such an exposure



would be anticipated to increase the lung cancer rate

in a stud is size i
ral mesothelioma, with cumulative asbestos ex-

posures of 2.2 and 3.9 fibers - ml~!-years, respective-

ly. They were employed by the bus company at 27 and

)
"\

asbestos during previous employments.
Misclassification

30 years of age, and the tumors occurred at the age:
of 63 and 64, respectively. Onc of them was ao elec-
trician, having worked in the electrical workshop i
onc of the garages. Both may have been exposed &

The exposure estimations were based on job tasks,
workplace, and time periods, and the actual exposures
to both dicsel exhaust and asbestos have probably
varied within these subgroups of the cohort. However.
the exposures were clacsified without knowledge of the
life outcome of the individuals, and thus the misclas-
sification is independent of the outcome and may only
force the relstive risk towards unity (31).

The classification of the outcome (ie. the informa-
tion in the registers aof deaths and cancer incidence)
is generally considered to be accurate (33), and since
any misclassification is likely (o be independent of the
exposure of the individuals, it would alsa tend to un-
derestimate an excess risk.

Confounding

Data on smoking habits were not possible to obtain
in this retrospective study, snd uncontrolicd cffects
from tobacco smoking cannot be ruled out so far as
the cohort study is conceraed. In the case-seferent
study, however, it was not probable that the smoking
habits differed substantiatly between the workers with
high and low exposure, since both groups betonged to
the same occupational category. A risk excess of 2.4
is unlikely to be cxplained even by extreme smoking
habits (34) if it Is assumed that the group with low ex-
posure had normal smoking habits.

Risk estimation
The results of the study support the assumption that
high cumulative exposure to diesel exhaust increases
the risk for lung cancer. The risk excess among the
highly exposed workers was greater than in other
studics, possibly because of the detailed exposure as-
sessments, which gave a good contrast between the
workers with high and thosc with low expasure.
Totatl dust levels were measured during bus service
and repair in onc of the garages in 1981, 1982, and
1989. In 1981, personal, time-weighted 8-h samples
showed a level of 1.2—1.4 mg/m’ (Jacobsson, un-
published data). In 1982, during 4—8 h of sampling,
the levels were 0.5—1.0 mg/m’® (Bergstrbm, unpub-
lished data). and In 1989 they were 0.3—0.9 mg/m’
(Axclsson, unpublished data). Total dust is also gener-

ated from sources other than the diesel engines, how-
ever, and the proportion of inorganic material in the
dust was determined by etching of the samples in 1981
and 1989. The proportion vavied from 30 to 62 % in
1984 and from 60 to 70 % in 1989, findings indicating
that most of the lotal dust was not generated by the
diescl engines.

Substitution of these approximate data into the job-
exposure matrix and into the regression model indi-
cates a doubled lung cancer risk after 20 years of work
in bus garages with a toral dust level of 0.9 mg/m’.

The present study supports the view that diesel ex-
haust conslitutes a cancer hazard for exposed work-
ers. The magnitude of the risk excess can only be esti-
mated approximately, however, due to the limited size
of the study group.
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