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Objectives This study investigated associations between exposure to polycyclic aromatic hydrocarbons (PAH) 
and the incidence of lung, bladder, kidney, and pancreatic cancer among Norwegian aluminunl plant workers. 
Methods Cancer incidence was investigated from 1953 to 1996 among 11 103 men employed for more than 3 
years in the industry, giving 272 554 person-years during follow-up. A job exposure matrix was constructed to 
estimate exposure to particulate PAH and fluorides. The observed cases of cancer were compared with expected 
figures calculated from national rates. Dose-response relations were investigated by interual coinparisons using 
Poisson regression and stratified analyses for standardized incidence ratio. Potential confounding by smoking was 
investigated in subanalyses restricted to 3 of the plants. 
Results The study showed an overall excess for bladder cancer, standardized incidence ratio 1.3 (95% confidence 
interval 1 .I-1.5), which increased with increasing cumulative exposure to PAH and reached a relative risk of 
about 2 for the upper exposure category in the analysis with 30 years of lag time. There was no association between 
cumulative PAH exposure and lung cancer, but there were indications of an elevated risk of kidney cancer amorig 
the most heavily PAH-exposed persons in the analyses with a lag time of 30 years. For pancreatic cancer we found 
a higher incidence among the PAH-exposed persons than among the unexposed ones, but no clear dose-response 
association was found. 
C O ~ C ~ U S ~ O ~ S  The study showed an association between bladder cancer and exposure to PAH, but gave 110 support 
to an association between PAH exposure and lung cancer in the primary aluminum industry. 

Key terms bladder cancer, kidney cancer, lung cancer, polycyclic aromatic hydrocarbons, pancreatic cancer, 
primary aluminum production, Sgderberg. 

Producing aluminum by the electrolysis of alumina leads 
to the release of a chemically complex mixture includ- 
ing both gases and particulates of varying chemical com- 
position. Most attention has been focused on the effects 
of the particulate phase of the coal-tar-pitch volatiles 
(CTPV), principally because CTPV contain carcinogen- 
ic  polycyclic aromatic hydrocarbons (PAH) and other 
carcinogenic constituents (eg, arylamines and nitro- 
PAH). 

The first epidemiologic report from the aluminum 
industry was published in 1971. It suggested that alumi- 
num production workers were at an increased risk for 
lung cancer and possibly skin cancer (1). Since then, sev- 
eral studies have been published with varying results. An 
increased incidence of lung and bladder cancer was the 

most consistent finding, but an increased incidence of 
pancreatic, kidney, and hematopoietic and lymphatic 
cancer was also reported (2-6). 

In 1984, the International Agency for Research on 
Cancer published an evaluation of cancer risk in this in- 
dustry (7) and updated it in 1987 (8). The evaluations 
concluded that there is sufficient evidence that certain 
exposures during aluminum production cause cancer. 
Exposure to pitch volatiles in S ~ d e r b e r g  departments 
was suggested as the causative agent, with lung and blad- 
der as the main target organs. 

Additional studies have been published, priinarily in 
Canada and Norway, with a more thorough assessment 
of exposure and, in some of the studies, smoking habits 
accounted for  (9-14). In  the Canadian studies, 
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dose-response relations were found for bladder and lung 
cancer in terms of both length of employment in SGder- 
berg potrooms and cumulative exposure to CTPV (9, 10). 
The Norwegian studies have shown inconsistent results. 
The first published report from Norway showed a signif- 
icant elevated risk of lung cancer when local incidence 
rates were used for reference (3). More recent updates of 
the Norwegian cohorts, however, showed no elevated risk 
of lung cancer even among the most heavily PAH-ex- 
posed workers (12-14). 

Limitations in study size have been a problem for the 
interpretation of the results in the Norwegian studies. The 
present study was initiated to clarify possible associations 
between PAH exposure and the incidence of lung, blad- 
der, kidney, and pancreatic cancers in a combined up- 
date of all the Norwegian aluminum cohorts. 

Subj~cts and methods 

Aluminum is manufactured by the electrolysis of alumi- 
na (Al,O,) dissolved in molten cryolite (Na,AlF,) in sev- 
eral carbon-lined steel shells (pots). Alumina dust, solid 
fluoride salts, and hydrogen fluoride gas are emitted from 

Table 1. Description of the contribution of person-years to 
the study and available PAH and fluoride measurements 
according to plant. 

Plant Person- Available PAH Available fluoride 
years measurements measurements 

Area Personal Area Personal 

Eydehavn 21 083 - - 57 3 
Ardal 92 094 50  731 4262 974 
Sunndal 51 523 1810 1634 6772 1765 
Mosjsen 40 464 2076 1840 2862 3226 
Hsyanger 42 020 400 636 1550 794 
Tyssedal 25 370 - - - 25 

Total cohort 272 554 4301 4841 15 503 6815 

the pots, while the anodes liberate carbon monoxide and 
sulfur dioxide. 

Two types of anodes are used for the production of 
aluminum. The S~derberg anode is regularly supplied 
with unbaked anode paste at the top, and the heat leads 
to emissions of CTPV from the paste. From prebaked 
anodes, on the contrary, only negligible amounts of par- 
ticulate CTPV are emitted during electrolysis. Exposure 
to CTPV has also occurred in the carbon and anode de- 
partments where SQderberg paste and prebaked anodes 
are manufactured, but CTPV exposure in these depart- 
ments has generally been lower than the exposures in 
SGderberg potrooms and has consisted of more volatile 
and presumably less carcinogenic substances (15). 

Other exposures at aluminum smelters include heat, 
static magnetic fields, and some exposure to chrysotile 
asbestos. Exposure to asbestos has varied between smelt- 
ers, but exposure has generally been low and primarily 
restricted to maintenance workers and pot liners. 

The technology in the primary aluminum industry 
has changed from the use of open prebaked pots in the 
period from 1910 to about 1940, when Sederberg tech- 
nology gradually took over. Since 1970, the closed preb- 
aked technology has gradually replaced the SQderberg 
technology. 

Six Norwegian aluminum smelters were included in 
the present study (tables 1 and 2). Three of the smelters 
started operation before 1920, and the remaining began 
in the period from 1947 to 1958. 

Information on each employee was obtained from 
company records giving name, date of birth, departments 
of hire, job types, and dates for all job changes. Only 
workers employed for >3 years at an aluminum smelter 
were included in the study since we lacked precise in- 
formation on job for some of those employed for <3 
years. Since 1964 all inhabitants in Norway have had a 
unique identification number. These numbers were used 
for the linkage between data sources. Before 1964, the 
cohort was linked to the death and cancer registry data 

Table 2. Description of the technology, period of operation, and reference to earlier studies of cancer incidence and follow-up periods 
of the earlier studies of cancer incidence according to plant. (PAH = polycyclic aromatic hydrocarbons, VSS =vertical stud S~derberg, 
HSS = horisontal stud S~derberg, OPE = open prebake, CPB = closed prebake, CP= carbon plant, AP = anode plant) 

Plant and operation Development in technology Reference to earlier studies Follow-up period 
~ e r i o d  (calendar period of operation) of cancer incidence 

Eydehavn, 1914-1975 OPB (1914-1 975) 
AP & CP (191 8-1975) 

ardal, 1947- HSS (1948-1 969), OPB (1959-1971) 
VSS (1962-), CPB (1970-),CP (1949-), AP ( 1 9 5 9 ~ )  

Sunndal. 1954- VSS (1954-). CPB (1969-) 
CP (i 966-): AP (1 9 6 8 ~ )  

Mosjsen, 1958- VSS (1958), CPB (1988-) 
CP (1958-) 

Hsyanger, 191 9- OPB (1 91 9--1941), HSS (1 937-1 978), VSS (1 958-), 
CPB (1981-),CP & AP (1918-1969) 

Tyssedal, 1915-1982 OPB (1 915-1950), VSS (1951-1 982) 
VSS (1951-1982) 

Andersen et al, 1982 (3) 
Rsnneberg et al, 1995 (26) 
Andersen et al, 1982 (3) 
Rsnneberg et al, 1999 (12) 
Andersen et al, 1982 (3) 
Rornundstad et al, 2000 (13) 
Andersen et al, 1982 (3) 
Romundstad et al, 2000 (13) 
Romundstad et a1,2000 (14) 

Andersen et al, 1982 (3) 
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by name and date of birth. Dates of death or emigration 
were found by linkage to the population register of Nor- 
way. Of the original 11 397 men, 247 men (2.2%) were 
not identified, and 47 were found to have died prior to 
the start of cancer registration in 1953. This left 11 103 
men for observation. 

Exposure assessment 

A job-exposure matrix covering all 6 plants was con- 
structed to estimate individual exposure to total particu- 
late PAH and total fluorides. Exposure was estimated 
quantitatively as the 8-hour time-weighted arithmetic 
averages. The fluoride measure also served as a proxy 
for total dust, sulfur dioxide, and carbon monoxide, as it 
was highly correlated with these exposures. 

For 3 of the 6 plants (Sunndal, Mosjeien, and Heiy- 
anger) we used estimates from earlier studies (13, 14, 16). 
At the Sunndal and Mosjeen plants, exposure to PAH and 
fluorides had been estimated from statistical modeling of 
industrial hygiene data and process data (16). At the Hgy- 
anger plant, the estimation was primarily based on the 
use of personal measurements, stationary measurements, 
and descriptions of changes in the process technology 
over time (14). For time periods with sufficient personal 
measurements (N>5) the arithmetic mean was used as a 
direct measure of exposure for a job. Stationary meas- 
urements were used to indicate relative changes in peri- 
ods lacking personal measurements. For periods with no 
measurements, exposure was assigned according to esti- 
mates from plants with similar technologies (12-14, 16, 
17). For the Ardal plant, exposure had been estimated 
earlier (12), but with a different assessment methodolo- 
gy and a different measure of exposure (geometric mean). 
In an attempt to secure a uniform approach, exposure was 
reassessed at this plant in a manner similar to that used 
at the Hflyanger plant. At the plant in Eydehavn, expo- 
sure had been estimated earlier, but on a relative scale 
between 0 and 1 (17). These relative measures were trans- 
formed to quantitative measures by assigning a level of 
exposure to the highest exposed groups. The level as- 
signed was based on measurements of fluorides sampled 
at the plant and from PAH measurements from similar 
departments in other plants (12-14, 16). 

For the plant in Tyssedal, only a few measurements 
of total dust and fluorides had been sampled. Therefore 
we had to base our estimates of exposure at this plant on 
results from other plants with comparable technologies 
in the same time periods (12-14, 16, 17). The number 
of available PAH and fluoride measurements for each 
plant is listed in table 1. In table 3 we have listed the 
ranges of exposure estimates of PAH and fluorides for a 
few of the most important exposure groups over differ- 
ent calendar periods in an abridged form. 

PAH estimates above 1000 pg/in3 were all related 
to stud pulling in vertical Seiderberg potrooms prior to 
1985. The PAH exposure for other work categories in 
the Sederberg potrooms varied roughly between 100 and 
500 pg/in3 before 1985. Today the PAH exposure in S@- 
derberg potrooms is considerably lower (generally <20 
pg/m3), mainly due to the implementation of dry-anode 
technology and the use of closed cabins when stud pull- 
ing and flex raising are performed. 

Maintenance personnel working in the process depart- 
ments were assigned one-third of the average exposure 
estimated for the corresponding process workers based 
on estimates of time spent by the maintenance workers 
in the same departments. 

Cunlulative exposure was used as an indicator of in- 
dividual dose and calculated for each person-year under 
observation as the product of the exposure intensity and 
duration summed for all jobs held. In the analyses "un- 
exposed" person-time constituted 1 exposure category, 
and the remaining exposed person-years were allocated 
into 3 exposure categories according to the number of 
expected cases in each exposure category. Potential in- 
duction and latency periods were investigated by lagging 
exposure for 0, 10,20, and 30 years (18, 19). A lag time 
of 20 years meant that exposure during the last 20 years 
prior to each year of observation was disregarded. 

Due to uncertainties in the quantitative exposure es- 
timates for the periods before 1970, we performed some 
additional analyses using the time (in years) employed 

Table 3. Ranges of exposure estimates of polycyclic aromatic 
hydrocarbons (PAH) and fluorides for selected exposure groups 
by calendar period. , 

Department Range of PAH Range 01 fluoride 
estimates (ug/m3) estimates (mg/m3) 

Open prebaked (OPB) 
Pot operator 
191 3-1 964 
1965-1 975 

HS-Ssderberg (HSS) 
Pot operator 
1939-1978 

VS-Ssderberg (VSS) 
Pot operator 

Stud puller 
1951-1 984 
1985-1 996 

Closed prebaked (CPB) 
Pot operator 
1969-1 996 

Anode production 
191 8-1 979 
1980-1 996 

Potlining 
191 3-1 996 
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in departments with PAH exposure and years of employ- 
ment in Sederberg potrooms as alternative dose meas- 
ures. 

Smoking 

We had information on individual smoking habits from 
3 of the 6 plants. The smoking habits were abstracted 
from medical files at the health departments of these 
smelters and supplemented with information from long- 
term employees. The smoking habits had been sampled 
in the time period from about 1960 to 1997, and the du- 
ration and ainount smoked were mainly unknown. The 
data were therefore categorized into never, current, and 
former smokers, and persons with unknown smoking sta- 
tus. Smoking status was determined for 46% of the total 
cohort and for 85% of the workers at the 3 plants for 
which smoking data was accessible. Of the 5107 work- 
ers with smoking data, 24% were never smokers, 55% 
were current smokers, and 21% were former smokers. 
Due to the lack of information on smoking cessation 
among the former smokers, they were treated as former 
slnokers throughout the analyses. 

Analysis of cancer incidence 
Because of the inclusion criteria of 3 years of employ- 
ment, the follow-up of cancer incidence started after 3 

Table 4. Observed and expected numbers of different types of 
cancer among 11 103 male Norwegian aluminum smelter workers 
in the follow-up period from 1953 to 1996, accompanied by 
the standardized incidence ratio (SIR). (95% CI = 95% confi- 
dence interval) 

Cancer site a Observed 
(N) 

All sites (140-204) 1503 
Upper respiratory (141,143-8, 161) 41 
Lip (140) 20 
Esophagus (150) 11 
Stomach (151) 122 
Colon (153) 126 
Rectum (1 54) 86 
Liver (1 55.0) 1 
pancreas (1 57) 46 
Larynx (161) ' 24 
Lung (162, exclus~ve of 162.2) 189 
Pleura (162.2) 1 
prostate ( i 77 j  
Testes (1 78) 
Kidnev (180) 
~ laddk r ' ( l 8 i )  130 
Malignant melanoma(l90) 25 
Other skin 1191) 48 
~ r a i n l ~ e r v o u s  system(l93) 33 
Thyroid (1 94) 11 
Uns~ecified (199) 67 
~odgk in ' s  lymphoma(201) 10 
Non-Hodgkin's lymphoma (200, 202) 35 
Multiple myeloma(203) 33 
Leukemia (204) 36 
All other sites 46 

Expected SIR 
(N) 

1453.8 1.0 
44.7 0.9 
18.5 1.1 
17.7 0.6 

119.8 1.0 
119.9 1.1 

76.4 1.1 
9.7 1.0 

49.5 0.9 
18.4 1.3 

183.1 1.0 
5.2 0.2 

275.9 1.1 
20.3 0.8 
52.2 1.1 

101.7 1.3 
49.8 0.5 
50.3 1.0 
39.0 0.9 

7.8 1.4 
57.4 1.2 

9.5 1.1 
39.6 0.9 
24.5 1.4 
34.5 1.0 
47.0 1.0 

a Codes of the International Classification of Diseases, 7th revision, in 
parentheses. 

years of einployment (net employment time) or from 1 
January 1953 if the 3-year date of employment was 
reached before that date. Observation continued until 3 1 
December 1996 or to the time of death or emigration. 
The cohort contributed 272 554 person-years at risk to 
the study. 

From 1953 on, the Cancer Registry of Norway has 
had complete coverage of all incident cancers in the to- 
tal population except basal-cell carcinoma of the skin, 
which was omitted in the present analysis. The registra- 
tion system has been built on multiple reporting from 
pathological laboratories and hospital departments with 
compulsory reporting from physicians. The coding of 
cancers was based on a modified version of the 7th revi- 
sion of the International Classification of Diseases. 
Standardized incidence ratios (SIR) were calculated as 
ratios between the observed and the expected numbers 
of cancer cases, the latter having been calculated from 
national incidence rates in 5-year periods by 5-year age 
groups. In an additional analysis of lung and bladder can- 
cer we also used the local county incidence rates to cal- 
culate the expected values. The 95% confidence inter- 
vals (95% CI) were calculated on the assumption of a 
Poisson distribution of the observed numbers. 

Poisson regression analysis was used to determine the 
internal dose-response relations and for the exploration 
of potential confounding from smoking. Age was includ- 
ed in the models in 6 age groups (<55,55-64,65-69, 
70-74,75-79,280 years), and period of diagnosis was 
included in 3 calendar periods (1953-1970, 1971- 
1984, 1985-1996). To investigate potential residual 
confounding due to the relatively wide age intervals, we 
performed sensitivity analyses using 8 and 10 age groups 
to evaluate possible effects on the effect estimates. We 
also performed supplementary analyses with indicator 
variables for plants to investigate potential confounding 
by factors related to region of residence. 

Trend tests for the investigation of potential dose-re- 
sponse relations were performed by assigning scores (1- 
4) or applying the arithmetic mean of cumulative PAH 
exposure ("PAH dose") to the exposure categories. Cor- 
relation coefficients between exposure to PAH and fluo- 
rides were calculated by weighting the person-years 
through follow-up. 

The calculations of the SIR values and the Poisson 
regression analyses were performed with the program 
package EPICURE (20). 

Results 

The total number of observed cancers (N=1503) was 
close to the expected (N=1454), calculated from nation- 
al rates giving an overall SIR of 1.03 (table 4). Urinary 
bladder cancer was in excess, with an SIR of 1.3 (95% 
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Table 6. Subanalyses of lung and bladder cancer risk with restriction to those with known smoking habits (Poisson regression) by 
smoking status and cumulative exposure to polycyclic aromatic hydrocarbons (PAW) lagged by 20 and 30 years, respectively, and 
controlled for age and calendar period. (95% CI = 95% confidence interval, Ref = reference category) 

Lung cancer Bladder cancer 

Smoking included Smoking not included Smoking included Smoking not included 
-- 

Cases (N) Rate ratio 95% CI Rate ratio 95% CI Cases (N) Rate ratio 95% CI Rate ratio 95% CI 

Smoking status 
Never 1 1.0 Ref 2 1.0 Ref 
Former 5 3.4 0.4-29.6 . 16 5.1 1.2-70 
Current 59 21.0 2.9-151 . 33 5.6 1.3-23.2. . 

Cumulative PAH exposure 
0 pg/m3. years 18 1.0 Ref 1 .O Ref 29 1.0 Ref 1.0 Ref 
0.1 - 499 pg/m3 . years 14 1.7 0.9-3.1 1.9 1.0-3.4 5 0.8 0.3-2.2 0.9 0.3-2.3 
500 -1999 pg/m3. years 22 1.1 0.6-2.1 1.1 0.6-2.2 8 1.1 0.5-2.4 1.1 0.5-2.5 
22000 yg /m3.  years 7 0.3 0.1-0.9 0.3 0.1-1 .O 9 2.6 1.1-5.9 2.8 1.2-6.4 
Trend test P-value P-value P-value P-value 
Scores (1,2,3,4) 0.1 0.2 0.09 0.06 
Mean dosea 0.02 0.03 0.001 0.003 

a The arithmetic mean cumulative exposure in each exposure group was used. 

272 554 person-years, and over 1500 incident cases of 
cancer. The results showed an association between ex- 
posure to PAH and bladder cancer. No positive associa- 
tion was observed between cumulative exposure to PAH 
and the risk of lung cancer. 

Lung cancer 
The lack of a positive association between PAH expo- 
sure and lung cancer in the present study is in contrast to 
the results of a Canadian study, which showed an asso- 
ciation between lung cancer mortality and exposure to 
CTPV or work in Sgderberg departments, on the basis 
of 338 lung cancer deaths (10). Other investigations of 
lung cancer among primary aluminum workers have 
shown conflicting results (4,6, 11). 

PAH has been established as one of the most signifi- 
cant groups of lung carcinogens in various industrial and 
environmental settings (21). As exposure to PAH in the 
Sgderberg departments far exceeded exposures in many 
other workplaces, with the possible exception of gas and 
coke works (22), a positive association with lung cancer 
was to be expected also in this study. Differences in du- 
ration, level, and chemical composition of exposure may 
in part explain the conflicting findings. The estimates of 
PAH exposure in the Norwegian plants were somewhat 
lower than the exposure estimated in the Canadian study 
(lo), when a PAH content of benzene-soluble material 
(BSM) of about 20% or a benz(a)pyrene content of about 
5% in PAH was assumed. Furthermore, the workers in 
the Canadian studies seemed to have been employed for 
longer periods in "PAH-exposed jobs" than the workers 
in our study (on the average). This difference is reflect- 
ed by the lower "dose" estimates in our study than in the 
Canadian study (10). The upper exposure category in our 

study was restricted downwards by 2000 pg/m3 PAH- 
years or approximately 10 mg/m3 BSM-years. In the Ca- 
nadian study the upper-exposure category was restricted 
downwards by 30 mg/m3 BSM-years (10). However, as 
we found no indications of an elevated risk of lung can- 
cer, even among workers with >20 years in jobs with high 
PAH exposure, differences in the duration of exposure 
are not a likely explanation for the discrepancy. Further- 
more, the increased risk of lung cancer in the Canadian 
study appeared to be present already for the 3rd expo- 
sure group, which was restricted downwards by 10 
mg/m3 BSM-years. 

The rate of lung cancer is considerably higher in Can- 
ada than in Norway, while the incidence of bladder can- 
cer is similar (23, 24). It is, therefore, also possible that 
part of the inconsistency may be related to differences in 
historical smoking habits and diet between the popula- 
tions (14). 

Asbestos has been mentioned as a potential confound- 
er in studies of lung cancer among aluminum workers 
(10). However, as the exposure to asbestos at these plants 
in general has been low, and there was also a deficit of 
mesotheliomas in our study, negative confounding from 
asbestos exposure seemed unlikely. 

The first Norwegian study of aluminum workers re- 
ported an elevated risk of lung cancer (3). Still, later stud- 
ies have been published that have not confirmed an ele- 
vated risk of lung cancer. Nor have they indicated any 
association between PAH exposure and lung cancer 
(12-14). The excess risk found in the first study could 
mainly be attributed to workers employed for <4 years 
and to plants situated in counties with low local rates of 
lung cancer. 

A methodological problem in studies of this type is 
the choice of an external reference population for the es- 
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timation of expected rates. When we used local county 
rates instead of national rates, the overall SIR for lung 
cancer increased from 1.0 to 1.4, while the overall SIR 
for bladder cancer only showed a modest increment, from 
1.3 to 1.4 (table 7). The comparison of industrial work- 
ers in small industrial communities with local rates, dom- 
inated by surrounding farming, fishing and forestry com- 
munities, is, however, probably just as questionable as 
the use of national rates. As the use of Norwegian na- 
tional rates has the advantage of robustness when com- 
pared with the more unstable local rates, the national 
rates were our primary choice for the SIR analyses. This 
use may have biased the overall SIR of lung cancer 
downwards. Still, it should not have affected the dose- 
response evaluations, as the additional internal analysis 
including plant as an indicator variable for regional resi- 
dence did not alter the effect estimates. In our study in- 
ternal analysis was regarded to be the most important fac- 
tor in the evaluation of possible associations and causal 
risk, and more attention has been focused on dose-re- 
sponse evaluations than on overall incidence rates in the 
cohort when compared with an external reference popu- 
lation. 

Urinary tract cancers 
Although clearly present, the association between PAH 
exposure and bladder cancer in our study was weaker 
than in a Canadian case-referent study (9), which report- 
ed a clear increase in the smoking-adjusted OR (odds ra- 
tio) with increasing cumulative benz(a)pyrene or BSM 
exposure when based on 138 cases of bladder cancer. The 
risk also increased with increasing years of employment 
in S~derberg potrooms, reaching 5.2 (95% CI 3.1-8.8) 
after >20 years of exposure (9). Another Canadian study 
has also found associations between bladder cancer and 
CTPV exposure (1 1). In summary these studies strongly 
support a causal factor being present in the Seiderberg 
departments of aluminum smelters. However, identifica- 
tion of such causal factor(s) is difficult. It seems practi- 
cally impossible with epidemiologic methods to disen- 
tangle the risk posed by individual PAH or related com- 
pounds in CTPV, principally because the substances al- 
ways occur in mixtures and because they are often ad- 
sorbed on particles of different size and origin. It has been 
proposed that the true cause might be found among the 
minor components of CTPV, such as aromatic amines 
and nitro-PAH, which are known or suspected bladder 
carcinogens (9). 

Fluoride exposure has also been implicated as a po- 
tential bladder carcinogen (25). However, in most stud- 
ies, the risk of bladder cancer seems to be more related 
to work in Seiderberg potrooms than to work in prebaked 
potrooms (9, 26), the main difference between the pot- 
rooms being CTPV exposure and not exposure to fluo- 
rides. 

Table 7. Observed and expected cases of l u n g  and bladder 
cancer and thestandardized incidence ratio (SIR) by use of 
national or local county reference rates. (95% CI = 95% 
confidence interval) 

Use of national ratesa Use of local ratesb 

Type Observed Ex- Ex- 
of (N) pected pected 
cancer (N) SIR 95% CI (N) SIR 95% CI 

Lung 189 183.1 1.0 0.9-1.2 139.6 1.4 1.2-1.6 
Bladder 130 101.7 1.3 1.1-1.5 92.5 1.4 1.2-1.7 

a The expected numbers were based on 5-year age- and period-specific 
male national rates. 
The expected numbers were based on 5-year age- and period-specific 
male local county rates (fylke). 

It has been suggested that the heat exposure experi- 
enced by these workers may be a co-factor in the devel- 
opment of urinary tract cancer (27). Exposure to heat 
leads to dehydration, which in turn may lead to prolonged 
retention of concentrated urine containing carcinogens 
(28). Recently a large prospective study has shown a de- 
creased risk of bladder cancer in association with high 
fluid intake, and the finding lends some support to this 
hypothesis (29). 

The results on PAH exposure and kidney cancer in 
our study were difficult to evaluate (table 5). There 
seemed to be a trend toward a lag time of 30 years. Pre- 
vious studies of this industry have also shown increased 
risks of kidney cancer (2,4,26), but in these studies the 
risk seemed less related to PAH exposure. However, as 
our study has the advantage of using incidence data, as 
compared with the use of mortality data in most previ- 
ous investigations, the results obtained may warrant fur- 
ther investigation. The bladder and kidney may share 
some common risk factors for CTPV that might be of 
less importance for lung cancer risk. 

Other types of cancers 
Several studies have indicated an elevated risk for pan- 
creatic cancer among aluminum plant workers, includ- 
ing 2 recent Norwegian studies that indicated an associ- 
ation between PAH exposure and pancreatic cancer (4, 
12, 13). The findings have, however, been based on few 
cases, and, in the 2 Norwegian studies, the association 
could partly be explained by a deficit of cases among the 
unexposed group. On the basis of the unclear findings in 
our combined study, we believe that the evidence of an 
association between PAH exposure and pancreatic can- 
cer among Norwegian aluminum workers is weak. 

The deficit of malignant melanomas observed in the 
present study may be related to less sun exposure in as- 
sociation with socioeconomic status (recreational habits) 
and geographic residence. Five of the plants with a defi- 
cit of malignant melanomas were situated in narrow val- 
leys surrounded by tall mountains on the west coast of 
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Norway, while a single plant (Eydehavn) with elevated 
rates was situated in the southern part of Norway. There 
is a large variation in the incidence of malignant melano- 
ma in Norway, the incidence doubling from the north to 
the south. 

Residual confounding by age 

The sensitivity analysis investigating potential residual 
confounding by age indicated that the 6 age groups used 
by us were probably sufficient to control for age in the 
internal analysis since the inclusion of additional age 
groups had minor i~npact on the effect estimates. 

Exposure 

Despite a substantial number of measmements, the esti- 
mation of exposure was inevitably encumbered with con- 
siderable uncertainty, particularly in the period before 
1970, and for the plants with few measurements. Further- 
more, no account was taken of the use of respiratory pro- 
tection or the potential dermal uptake of PAH. The use 
of cumulative PAH exposure as a dose measure should 
be viewed as a surrogate since the potential etiologic 
agent(s) in CTPV is unknown. In addition, differences 
in the qualitative composition of the coal tar pitch and 
the different bioavailability of various forms of PAH (ad- 
sorbance on particles) may be of importance. Thus non- 
differential misclassification of exposure is a potential 
threat to the study, as it may lead to the attenuation of 
dose-response associations and to reduced power. How- 
ever, misclassification probably does not explain the lack 
of association between lung cancer and PAH exposure. 
The size of our study, the additional investigation using 
alternative exposme indicators, and the use of internal 
analyses all add credibility to the observed lack of asso- 
ciation. Furthermore, we believe that the precision of our 
exposure estimates compares favorably with those of 
most retrospective epidemiologic studies. 

Smoking habits 

Although the smoking variable was crude, the well- 
known associations between cancer of the lung and blad- 
der and smoking habits were observed in the subanalyses. 
The relative risk for lung cancer among smokers, when 
compared with never smokers, was estimated to be about 
20 in this study, and it was compatible with risk found 
in other studies. Since the internal regression analyses 
showed only minor changes in the effect estimates after 
control for smoking, one could probably exclude smok- 
ing as a major confounder in our study. However, the lack 
of association for lung cancer and the weaker associa- 
tion found for bladder cancer, in comparison with the 

corresponding results of the Canadian studies, may still 
be partially caused by general differences in smoking 
habits. The mean number of cigarettes smoked a day by 
our cohort varied roughly between 7 and 15 between the 
plants while the respective mean in one of the Canadian 
studies (10) was reported to be 18 cigarettes a day (aver- 
age value for referents). 

Concluding re marl^ 

The robustness and results of our study add further evi- 
dence to the established association between bladder can- 
cer and exposure to CTPV in the aluminum industry. The 
most important etiologic agents for bladder cancer prob- 
ably derive from CTPV (eg, particulate PAH, nitro-PAH, 
or arylarnines) which are released during the use of 
Soderberg anodes and, to a less degree, during the man- 
ufacture of anode material in the carbon and anode de- 
partments. The generally held view of an association be- 
tween PAH exposure and lung cancer in the aluminum 
industry was, however, not supported. 
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