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Abstract A 14-year update to a previously published
historical cohort study of aluminum reduction plant
workers was conducted [1]. All men with three or more
years at an aluminum reduction plant in British
Columbia (BC), Canada between the years 1954 and
1997 were included; a total of 6,423 workers. A total of
662 men were diagnosed with cancer, representing a
400% increase from the original study. Standardized
mortality and incidence ratios were used to compare
the cancer mortality and incidence of the cohort to that
of the BC population. Poisson regression was used to
examine risk by cumulative exposure to coal tar pitch
volatiles (CTPV) measured as benzene soluble mate-
rials (BSM) and benzo(a)pyrene (BaP). The risk for
bladder cancer was related to cumulative exposure to
CTPV measured as BSM and BaP (p trends <0.001),
and the risk for stomach cancer was related to expo-
sure measured by BaP (p trend BaP <0.05). The risks
for lung cancer (p trend <0.001), non-Hodgkin lym-
phoma (p trend <0.001), and kidney cancer (p trend
<0.01) also increased with increasing exposure, al-
though the overall rates were similar to that of the
general population. Analysis of the joint effect of
smoking and CTPV exposure on cancer showed the
observed dose-response relationships to be indepen-
dent of smoking.
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Introduction

Aluminum is produced from bauxite by an electrolytic
process that results in the generation of coal tar pitch
volatiles containing polycyclic aromatic hydrocarbons
[2, 3]. Epidemiologic studies have previously shown
elevated risks of bladder [4-6] and lung cancer [7-9]
and raised questions about increased risk of other
cancers [4-11] in primary aluminum smelting workers.

We previously completed a study on mortality from
cancer and other diseases and cancer incidence over a
30-year period among a cohort of workers in the AL-
CAN vertical stud Soderberg aluminum reduction
facility in Kitimat, British Columbia (BC), Canada [1].
The study included all male workers who worked at
least 5 years between 1954 and 1985. Information on
health outcome was obtained from linkages with BC
provincial mortality and cancer registries. Exposure to
coal tar pitch volatiles (CTPV) was assessed and
smoking data were obtained to examine for potential
confounding. A total of 60,590 person-years, 338
deaths and 158 men diagnosed with cancer were ob-
served. Significantly elevated rates were observed for
bladder cancer incidence and brain cancer mortality.
The risk of bladder cancer was related to cumulative
exposure to CTPV. The risk for non-Hodgkin lym-
phoma also increased with increasing exposure to
CTPV, although the overall rate was similar to that of

@ Springer



940

Cancer Causes Control (2006) 17:939-948

the general population. A similar pattern was observed
for kidney cancer but the findings for this site and also
for non-Hodgkin lymphoma were based on small
numbers of cases. The lung cancer rate was similar to
that of the general population of BC, but showed an
association with CTPV exposure that was of borderline
statistical significance. The CTPV dose-response rela-
tionships for lung and bladder cancer remained
essentially the same after adjusting for smoking.

We recently completed a 14-year extended follow-
up of the same aluminum reduction facility with an
expanded cohort, national cancer incidence and mor-
tality follow-up and improved exposure assessment
methods. The focus of this study was on exposure to
coal tar pitch volatiles using two markers of exposure:
benzene soluble materials (BSM) and benzo(a)pyrene
(BaP).

Methods

As in the original study, a retrospective cohort ap-
proach was used. All male workers with three or more
years of work experience at the Kitimat plant or at the
power generating station in Kemano, BC, since oper-
ation began in 1954-1997, were included. Thus, all
members of the original cohort (worked at least
5 years between 1954 and 1985) were also included in
this study. It was possible to reduce the eligibility cri-
terion from five working years in the original study to
three working years in this study because of the better
follow-up with linkages using national databases.

Determination of vital status, cancer and smoking
information

The cohort members’ work histories up to 31 Decem-
ber 1997, including job title, department, starting date,
and stopping date for each job assignment, were ob-
tained from company records and supplemented with
information from the original study. In the original
study, the occupational histories had been obtained for
the period from 1954 to 1985. This information was
used in conjunction with computerized records avail-
able since 1989 and with data on paper records to ob-
tain all members’ work history.

Vital status follow-up for each cohort member star-
ted after three years of employment was attained and
ended on 31 December 1999. The cohort was linked
with the Canadian Vital Statistics Death Database to
identify those who died during the follow-up period
between 1957 and 1999 and to ascertain their cause of
death. Information from the tax files was incorporated
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in the linkage to help determine the vital status. The
cohort was also linked with the population-based
Canadian Cancer Registry to identify workers who were
diagnosed with cancer and to ascertain their diagnoses.

The Canadian Cancer Registry is a combined source
of information on cancer diagnoses since 1970 from all
the provincial cancer registries. Cancer incidence fol-
low-up for each cohort member started after three
years of employment was attained or in 1970 whichever
was later, and continued until 31 December 1999. The
Death Database and Cancer Registry are administered
by Statistics Canada where the linkages are performed
using the state-of-the-art probabilistic record linkage
methodology [12].

The vital status of the cohort members not found
through linkage was determined as follows. First, the
cohort was linked with the BC Client Registry to
determine their last known dates residing in BC. The
Client Registry, administered by the BC Ministry of
Health, keeps all records of health care recipients on
the provincial medical system since 1984. This infor-
mation was then combined with the members’ known
locations at the last contact obtained in the original
study, including union and pension records, to deter-
mine whether they should be censored at last date
known to be alive. Workers were censored at their last
contact dates if (i) they did not link to the BC client
registry and their locations at last contact were
“working at Kitimat” or ‘“not in Canada” or (ii) they
had been censored in the original study prior to 1985
and did not link to the Client Registry. Workers who
were not censored and did not die during the follow-up
period (1957-1999) were assumed to be alive at the end
of the study period of 31 December 1999.

Smoking information was obtained through a self-
administered questionnaire approach. Workers with
contact information (current workers and pensioners)
were sent a questionnaire to request information on
their smoking habit. The results were supplemented
with information collected in the original study. In that
study, smoking information for current employees was
also obtained through a mailed questionnaire. For
cohort members not employed at that time, attempts
were made to contact each person to ascertain smoking
information. For those who could not be contacted,
smoking information was obtained from next of kin,
from another employee who knew the person well, or
from the company health records.

Exposure assessment

Exposure to coal tar pitch volatiles was estimated using
two different measures of exposure: benzene soluble
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material (BSM) and benzo(a)pyrene (BaP). In the
original study, a BSM job exposure matrix (JEM) was
developed by a committee that included company
industrial hygienists and union health and safety rep-
resentatives [1]. In this current study, a new BSM JEM
was developed by enhancing the original JEM using
existing exposure personal measurements through a
sophisticated statistical modeling approach [13]. In
addition, a BaP JEM was also developed since it has
been suggested that BaP is a more specific marker of
the carcinogenic potential of the potroom fumes
[14-16].

The quantitative BSM and BaP JEMs were devel-
oped independently of each other using the same
methodological approach to maximize the use of the
exposure measurements and is described in more detail
elsewhere [13]. While a large number of personal BSM
and BaP measurements had been collected by the
company and the Workers’ Compensation Board of
BC from the mid-1970s onwards, exposure measure-
ments were not available for all exposed jobs. Thus,
different exposure assessment approaches were used
for different levels of exposure information.

Statistical models were developed to derive annual
arithmetic means for each potroom operations and
maintenance job for 1977-2000. Variables included in
the models were year, job, potroom group, season, and
time period. Time periods were determined using dates
of major technological changes. Within each time
period of similar technology, the annual mean expo-
sure was averaged to obtain the exposure estimate for
that time period. For non-potroom locations, mean
exposures were directly calculated. Exposure estimates
for jobs without exposure measurements were extrap-
olated from exposure estimates from the statistical
models after adjusting for the amount of time in ex-
posed areas. Estimating pre-1977 exposure levels in-
volved backwards extrapolation of 1977 exposure
levels.

Categorical exposure estimates were assigned for
jobs that had not been included in the statistical models
(non-potroom locations, jobs with no measurements).
Seven BSM exposure categories were used, including 0
(no exposed), 0.01-0.1, 0.1-0.2, 0.2-0.4, 0.4-1, 1-2, and
>2 mg/m°>. This scale was developed based on the four
categories in the original BSM JEM (None, 0.01-0.2,
0.2-1, >1 mg/m®) for finer discrimination of exposure
levels. For BaP, the exposure categories were deter-
mined from observing the range of predicted exposures
over time from the BaP statistical exposure models,
resulting in seven categories: 0, 0.05-0.5, 0.5-1, 1-3, 3—
7, 7-14, and >14 pg/m>. For calculating cumulative
exposure, the midpoints of the exposure categories

were used. The highest exposure categories were as-
signed a value of 2.5 mg/m® for BSM exposure and
18 pug/m? for BaP exposure, respectively.

Analysis

Standardized mortality ratio (SMR) and standardized
incidence ratio (SIR) analyses were used to compare,
respectively, the cancer mortality and incidence of the
cohort with the BC population [17, 18]. All cancer
diagnoses and mortality were classified using version 9
of the International Classification of Diseases coding
system (ICD-9). The follow-up period for the mortality
analysis was from 1957, the first year in which any
cohort members attained the minimum employment of
three years, to the end of 1999. BC mortality rates
calculated by 5-year age groups and 5S-year calendar
periods for each cause of death for the years
1955-1999, were provided by Statistics Canada. The
follow-up period for the cancer incidence analysis was
from 1970, the first year for which complete tumor
registry records were available, to the end of 1999.
Cancer incidence rates were calculated using data from
the population-based BC Cancer Registry by the same
S-year age and calendar periods for the years
1970-1999. Person years were calculated from the
point at which cohort members attain 3 years of
employment until the end of follow-up, death, cancer
diagnosis (for the incidence analysis), or date last
known to be alive. That is, when a specific cancer
incidence site was examined, information on other
cancer diagnoses was not used in censoring. Ninety-five
percent confidence intervals for the SMRs and SIRs
were calculated by comparison with the Poisson dis-
tribution. SMR and SIR analyses were performed
using the Life table Analysis System (PCLTAS)
developed by the US National Institute for Occupa-
tional Safety and Health (NIOSH) [19, 20].

Dose-response relationships were examined based
on the cumulative CTPV exposure. For each job-year
combination, the exposure level was obtained via the
JEM described above where the exposure level was
measured using the benzene soluble material index
(BSM) and benzo[a]pyrene index (BaP). At any given
time, the cumulative exposure level for each worker
was estimated by aggregating exposure estimates of all
job-year combinations from the date of starting
employment to that time. The analyses were per-
formed for cancer sites with at least 10 cases.

The cutpoints for the exposure categories were
chosen based on the current threshold limit value
(TLV) for BSM (0.2 mg/m?) [21]. The second cutpoint
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(Low/Low-Medium) is based on a 10-year exposure at
the TLV. Cutpoints for the higher categories are based
on a doubling of exposure. The lowest cutpoint iden-
tifies individuals with less than 10 years exposure at the
midpoint lowest exposure category ( <0.1 mg/m?). The
cutpoints for BaP are based on the approximate rela-
tionship between BSM and BaP in the plant. Insuffi-
cient person-years to ensure at least one expected case
for all cancer sites examined were observed in the
highest BaP category (>160 BaP-years), so this cate-
gory was combined with the previous one. The fol-
lowing exposure categories for BSM were used in the
analyses:

The following exposure categories for BSM were used in
the analyses:

No exposure—Less than 0.05 BSM-Year (mg/m? year)
Low—~0.05 to 2.0 BSM-Years

Low-Medium—2.0 to 4.0 BSM-Years

Medium—4.0 to 8.0 BSM-Years

Medium-High—8.0 to 16.0 BSM-Years

High—More than 16.0 BSM-Years.

The exposure categories for BaP used in the analyses
included:

No exposure—Less than 0.5 BaP-Year (ug/m’ year)
Low—a0.5 to 20 BaP-Years

Low-Medium—20 to 40 BaP-Years

Medium—40 to 80 BaP-Years

High—More than 80 BaP-Years.

Dose-responses analyses were performed using
Poisson regression with relevant parameters estimated
using maximum likelihood methods [15, 16]. The
internal analyses directly compared the exposed groups
to an unexposed group within the cohort, adjusting for
calendar period and age as potential confounding fac-
tors. These analyses were performed with and without
the smoking covariate to see if the health effects of
occupational exposure were influenced by smoking
(defined as never, ever or unknown). Specifically a
worker was classified as ever smoker if that was indi-
cated in either study. Smoking status specific analyses
were also performed with a test for interaction to
examine whether the trends differed between smokers
and non-smokers.

Five-year calendar period and age categories were
used. These categories were combined when necessary
(small number of cases) to improve precision. The
analyses were performed for selected cancer sites that
indicated elevated risks in the above analyses, as well
as those identified in the original study for both BSM
and BaP indices. Tests for trend were computed by
entering a single covariate with value computed as the
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midpoint of the cumulative dose category. For the
largest category, the approximate mean cumulative
exposure within the category was used—20 for BSM
and 200 for BAP.

The principal analyses were performed using a 3-
year lag time. Latency effects were examined by
repeating the dose-response analyses using different
lags including 10 and 20 years. The fits of the models
using different lags were compared by the magnitude
of the trend statistic.

The analyses of smoking as an effect modifier
examined the interaction between smoking and the
exposure trend in the Poisson regression model. All
Poisson regression analyses were done using the R
statistical software package [22].

Results

This cohort study included a total of 6,423 males con-
tributing 151,057 person-years at risk, of which 1,079
died during the mortality follow-up period between
1957 and 1999. This represents a 250% increase in
person-years and 300% increase in deaths from the
original study. Confirmed causes of death were avail-
able for over 98%. Most, 86.4%, were successfully
traced with 872 individuals lost to follow-up. The
majority of the men lost to follow-up worked in the
early years—576 out of 872 (66%) ceased working
before 1970.

During the cancer incidence follow-up period
between 1970 and 1999, 662 male members were
diagnosed with cancer. This represents a 400% in-
crease in the number of individuals with cancer from
the original study. Confirmed diagnoses were available
for about 98%.

Mortality

The mortality results are given in Table 1. The
mortality rate for all causes was significantly lower
than that of the BC population (SMR = 0.87; 95%
CI: 0.82-0.92), whereas the mortality rate for all
cancers was very close to that of the BC population
(SMR =0.97; 95% CI: 0.87-1.08). Non-significant
excess mortality risks were observed for oropharynx
cancer (SMR =2.38; 95% CI: 0.29-8.60), pleural
cancer (SMR = 1.98; 95% CI: 0.24-7.14), brain can-
cer (SMR = 1.54; 95% CI: 0.93-2.40), stomach cancer
(SMR =1.4; 95% CI. 0.90-2.09) and for bladder
cancer (SMR =1.39; 95% CI: 0.72-2.43). The mor-
tality rates for lung cancer (SMR = 1.07; 95% CI:
0.89-1.28) and non-Hodgkin lymphoma (SMR = 1.1;
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Table 1 Cancer mortality Cause of death ICD-9 Code Obs Exp  SMR 95% CI
All deaths 1079 124198 0.87  0.82-0.92
All cancer 336 34580 097 0.87-1.08
Oropharynx 146 2 0.84 238  0.29-8.60
Nasopharynx 147 1 152 0.66  0.02-3.66
Hypopharynx 148 1 0.67 148  0.04-8.24
Esophagus 150 6 1112 054  0.20-1.18
Stomach 151 24 1710 1.40  0.90-2.09
Colon 153 24 30.56 0.79  0.50-1.17
Rectal 154 7 948 0.74 0.30-1.52
Liver 155 2 582 034 0.04-1.24
Pancreas 157 23 1881 122  0.78-1.84
Other digestive 158-159 1 042 239  0.06-13.30
Nasal 160 1 043 231  0.06-12.90
Larynx 161 4 411 097  0.27-2.49
Lung 162 120 11226 1.07  0.89-1.28
Pleural 163 2 1.01 198 0.24-7.14
Connective 171 1 1.69 059  0.02-3.30

tissue

Malignant melanoma 172 3 521 058  0.12-1.68
Prostate 185 20 28.77 0.70  0.42-1.07
Other male genital 187 1 025 395  0.10-22.00
Bladder 188 12 8.62 139 0.72-2.43
Kidney 189 7 947 074 0.30-1.52
Brain 191-192 19 1234 154  0.93-2.40
Non-Hodgkin lymphoma 200,202 14 1273 110  0.60-1.85
Hodgkin lymphoma 201 2 203 099  0.12-3.57
Multiple myeloma 203 5 598 0.84 0.27-1.95
Leukemia 204-206, 207.0 207.2, 207.8, 208 12 1195 1.00 0.52-1.75

95% CI: 0.60-1.85) were slightly higher than those of
the BC population but the excess was not significant.
The mortality rate for kidney cancer was lower than
expected (SMR = 0.74; 95% CI: 0.30-1.52), but not
significant.

Incidence

The incidence results are given in Table 2. The cancer
rate for all causes was the same as that from the BC
male population (SIR = 1.00; 95% CI: 0.92-1.08). Sig-
nificantly increased cancer risks were seen for stomach
cancer (SIR = 1.46; 95% CI: 1.01-2.04) and bladder
cancer (SIR = 1.80; 95% CI: 1.45-2.21). Greater than
50% but non-significant increased risks were observed
for lip cancer (SIR = 1.58; 95% CI: 0.72-2.99), cancer
of the nasopharynx (SIR = 1.80; 95% CI: 0.58-4.20),
pleural cancer (SIR = 2.22; 95% CI: 0.89-4.58), male
breast cancer (SIR =2.11; 95% CI: 0.44-6.17), and
brain cancer (SIR = 1.48; 95% CI: 0.91-2.29). The lung
cancer rate was slightly higher (SIR = 1.10; 95% CI:
0.93-1.30) and the rate for non-Hodgkin lymphoma
was slightly lower (SIR = 0.93;95% CI: 0.61-1.35) than
expected. The kidney cancer rate was the same as that
from the male BC population (SIR = 1.00; 95% CI:
0.62-1.52).

Dose-response
BSM

Poisson regression results for selected cancer incidence
using the BSM index are presented in Table 3. Some
evidence of a dose-response association was observed
for stomach cancer. Excess risks were seen for the top
three exposure categories. The risks did not increase
monotonically, but a marginally significant trend was
observed (p = 0.051). A dose-response was observed
for lung cancer with a statistically significant trend
(p < 0.001). A doubling of risk was seen in the two
highest exposure categories (RR =2.01; 95% CIL:
1.14-3.57 for 8-16 and RR = 2.07; 95% CI: 1.16-3.68
for 16+). For bladder cancer, a dose-response associ-
ation was seen (p = 0.001). The highest risk was ob-
served in the penultimate exposure category (RR
= 2.04; 95% CI: 1.03-4.03); with a slightly lower excess
risk in the highest category (RR = 1.66; 95% CI: 0.80—
3.42). For kidney cancer, a greater than sixfold in-
creased risk was seen for the high exposure category
(RR =6.09; 95% CI = 1.16-31.93), with a significant
dose-response association (p = 0.009). For brain can-
cer, no association with exposure was observed. A
dose-response association was seen for non-Hodgkin
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Table 2 Cancer incidence

Cancer site ICD-9 Code Obs Exp SIR 95% CI
results

All cancer® 662 662.50 1.00 0.92-1.08
Lip 140 9 5.71 1.58 0.72-2.99
Tongue 141 3 4.95 0.61 0.12-1.77
Mouth 143.0-145.9 4 6.52 0.61 0.17-1.57
Oropharynx 146 3 3.79 0.79 0.16-2.31
Nasopharynx 147 5 2.78 1.80 0.58-4.20
Hypopharynx 148 3 2.89 1.04 0.21-3.03
Esophagus 150 7 10.65 0.66 0.26-1.35
Stomach 151 34 23.29 1.46 1.01-2.04
Colon 153 52 53.02 0.98 0.73-1.29
Rectum 154 39 40.28 0.97 0.69-1.32
Gallbladder 155 2 4.06 0.49 0.06-1.78
Pancreas 157 23 18.43 1.25 0.79-1.87
Nose 160 1 1.35 0.74 0.02-4.13
Larynx 161 10 12.72 0.79 0.38-1.45
Lung 162 147 133.36 1.10 0.93-1.30
Pleura 163 7 3.15 222 0.89-4.58
Connective tissue 171 4 4.13 0.97 0.26-2.48
Melanoma 172 22 22.67 0.97 0.61-1.47
Breast 175 3 1.42 2.11 0.44-6.17
Prostate 185 165 171.28 0.96 0.82-1.12
Testis 186 8 7.13 1.12 0.48-2.21
Bladder 188 (incl in situ) 90 49.97 1.80 1.45-2.21
Kidney 189 21 21.05 1.00 0.62-1.52
Brain 191-192 20 13.49 1.48 0.91-2.29
Non-Hodgkin lymphoma 200, 202 27 29.13 0.93 0.61-1.35
Hodgkin lymphoma 201 2 4.14 0.49 0.06-1.75
Multiple myeloma 203 8 8.61 0.93 0.40-1.83
Leukemia 204-206, 207.0 207.2, 13 14.57 0.89 0.47-1.52

#Except non-melanoma skin
cancer

207.8, 208

lymphoma (p < .001). Over a sevenfold increased risk
was seen for the two highest exposure categories (RR
=7.70; 95% CI: 1.62-36.60; RR = 7.10; 95% CI: 1.40-
36.00) exposure categories.

BaP

Poisson regression results for selected cancer incidence
using the BaP index are presented in Table 4. For all
cancer sites, except for bladder cancer, the dose-
response association observed for BaP was similar to
that observed for BSM. For bladder cancer, a stronger
dose-response association was observed for BaP than
for BSM (p < 0.001). A nearly doubling of risk was
seen in the highest exposure category (RR = 1.92;95%
CI: 1.02-3.65).

The dose-response relationships with BaP as the
exposure index were stronger and more consistently
monotonic (increasing risk with increasing exposure)
than with BSM as the exposure index. However, the
cumulative BaP and BSM exposures were highly cor-
related (r = 0.94), and the resulting conclusions did not
differ by the use of one index over the other. For the
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smoking adjustment and latency analyses, only results
using the BaP index are presented.

Smoking adjustment

Among the 6,423 male workers in the cohort, 3,682
workers (57%) were smokers; 1,218 workers were
never smokers (19% ); and no smoking information was
available for 1,523 workers (23%). Smokers had a
higher mean cumulative BaP exposure than non-
smokers  (30.9 ug/m® year vs.  20.9 ug/m’ year,
p < 0.001).

For kidney cancer, brain cancer and non-Hodgkin
lymphoma, there was little or no change in the ob-
served dose-response association or estimated relative
risks when smoking was added to the Poisson regres-
sion models for either BSM or BaP. For stomach
cancer and lung cancer, there was a weakening of the
dose-response associations with an approximately 10%
reduction in the relative risk observed in the highest
exposure categories. For bladder cancer, there was a
slight strengthening of the dose-response associations
with an approximately 10% increase in the relative risk
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Table 3 Cancer incidence by BSM-Years of exposure—Poisson regression

BSM-years 0-0.05 0.05-2 2-4 4-8 8-16 16+ Trend statistic

(mg/m? year) p-value
Stomach cancer Observed 5 11 2 7 4 5

RR 1.00 1.50 0.66 2.34 1.65 2.45 3.73

95% CI 0.52-4.34  0.13-3.40 0.74-7.44 0.44-6.18 0.70-8.58  0.054
Lung cancer Observed 23 41 16 18 25 24

RR 1.00 1.31 1.20 1.31 2.01 2.07 25.150

95% CI 0.78-2.18  0.63-2.28 0.70-2.44 1.14-3.57 1.16-3.68  <0.001
Bladder cancer Observed 16 20 8 14 18 14

RR 1.00 0.90 0.85 1.43 2.04 1.66 10.31

95% CI 0.47-1.75  0.36-2.00 0.69-2.95 1.03-4.03 0.80-3.42  0.001
Kidney cancer Observed 2 4 4 4 2 5

RR 1.00 1.33 3.14 3.14 1.95 6.09 7.48

95% CI 0.24-731 0.56-17.34  0.57-17.33  0.27-13.96  1.16-31.93 0.006
Brain cancer Observed 4 5 1 5 2 3

RR 1.00 0.87 0.41 1.93 0.87 1.51 2.29

95% CI 0.23-325  0.05-3.69 0.51-7.26 0.16-4.77 0.34-6.09  0.131
Non-Hodgkin lymphoma Observed 2 4 3 4 8 6

RR 1.00 122 2.06 2.96 7.70 7.10 18.041

95% CI 0.22-6.72  0.34-12.43  0.54-16.22  1.62-36.60  1.40-36.00 <0.001
observed in the highest exposure category. Results for ~ Latency

lung, bladder and stomach cancer, adjusted for smok-

ing are given in Table 5.

There was no evidence of an interaction between
smoking and exposure dose-response (p = 0.11 for
lung cancer, p > 0.5 for all other sites). For lung
cancer, there was a slightly lower dose-response
among smokers. All cancer sites had very small
number of observed and expected cases in the
non-smoking stratum, so the risk estimates for the
individual cumulative exposure categories were
unstable.

Dose-response relationships by both BSM and BaP
indices were examined for lags 3, 10 and 20 years for
all sites examined in the Poisson regression analysis.
For all sites, the dose-response relationships seemed to
be stable for different lag times with either BSM or
BaP index. The 20-year lag time provided the best
linear dose-response fit for stomach, lung, and bladder.
For kidney cancer and non-Hodgkin lymphoma all
latencies gave similar fits; a 3-year lag time giving the
best fit for kidney cancer and a 10-year lag time for

Table 4 Cancer incidence by BaP-years of exposure—Poisson regression

BaP years 0-0.5 0.5-20 20-40 40-80 80+ Trend statistic

(ug/m? year) p-value
Stomach cancer Observed 6 11 4 6 7

RR 1.00 1.18 0.98 1.58 224 5.45

95% CI 0.43-3.21 0.27-3.49 0.51-4.91 0.73-6.63 0.020
Lung cancer Observed 25 42 23 25 32

RR 1.00 1.20 1.41 1.46 1.97 28.18

95% CI 0.73-1.98 0.79-2.49 0.83-2.55 1.16-3.34 <0.001
Bladder cancer Observed 17 20 13 18 22

RR 1.00 0.83 1.16 1.50 1.92 2591

95% CI 0.43-1.59 0.56-2.39 0.77-2.94 1.02-3.65 <0.001
Kidney cancer Observed 2 5 4 5 5

RR 1.00 1.54 2.78 3.74 4.74 6.80

95% CI 0.30-8.04 0.50-15.29 0.72-19.42 0.90-24.82 0.009
Brain cancer Observed 4 5 3 5 3

RR 1.00 0.81 1.01 1.62 1.13 1.88

95% CI 0.22-3.04 0.22-4.56 0.43-6.05 0.25-5.09 0.17
Non-Hodgkin lymphoma Observed 2 5 5 6 9

RR 1.00 1.39 3.24 4.46 8.41 17.30

95% CI 0.27-7.23 0.63-16.78 0.89-22.25 1.77-39.90 <0.001
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Table 5 Cancer incidence by BaP-years of exposure—Poisson regression with smoking adjustment

BaP years 0-0.5 0.5-20 20-40 40-80 80+ Trend statistic p-value
(ug/m” year)
Stomach cancer Observed 6 11 4 6 7
RR 1.00 1.19 0.94 1.50 2.05 4.15
95% CI 0.43-3.24 0.26-3.37 0.48-4.70 0.68-6.23 0.041
Lung cancer Observed 25 42 23 25 32
RR 1.00 1.23 1.35 1.36 1.79 19.14
95% CI 0.74-2.03 0.76-2.40 0.78-2.39 1.04-3.01 <0.001
Bladder cancer Observed 17 20 13 18 22
RR 1.00 0.82 1.14 1.62 212 26.30
95% CI 0.43-1.58 0.55-2.36 0.83-3.17 1.11-4.06 <0.001

non-Hodgkin lymphoma. Table 6 gives the results for
the best fitting lag time for stomach cancer, lung can-
cer, bladder cancer and non-Hodgkin lymphoma.

Discussion

In comparison with the original study, small increases
were observed for both overall mortality and cancer
ratios [1]. The difference was probably due to the
better follow-up with linkages to national databases.
The overall cancer incidence and mortality rates for
the cohort were essentially the same as that for the
general population. However, a number of dose-re-
sponse relationships were observed.

A increased overall risk of bladder cancer was ob-
served in comparison with the general population, with
a dose-response relationship with exposure to CTPV.
This finding was consistent with the original study,
which was based on only 16 cases of bladder cancer [1].
Theriault and colleagues [4, 5] also found an increased
risk of bladder cancer in aluminum workers in Quebec.
Others have observed a dose-response relationship
with CTPV [14, 23]. Two smaller cohort studies of
aluminum workers in Norway [24] and in France [25]

have also found an excess risk of bladder cancer for
workers exposed to PAHs.

A significant dose-response relationship between
CTPV exposure and lung cancer was observed. The
original study of this cohort found a similar dose-re-
sponse relationship but non-significant, likely due to
the smaller number of cases (37) [1]. This current result
was consistent with the findings from cohort studies of
aluminum workers in Quebec, Canada [8, 9, 15] and in
Sweden [26]. These studies have observed significantly
increased lung cancer mortality risks with evidence of
dose-response relationships. However, two other
smaller cohort studies of aluminum workers in Norway
[24] and France [25] found no excess risk of lung cancer
with increasing exposure to PAHs.

A new finding in this study was the significantly
elevated incidence rate of stomach cancer, with evi-
dence of a dose-response relationship with exposure to
CTPV. No association was observed in the original
study based on only seven cases [1]. Although it is
believed that occupational exposures do not play a
major role in the gastric cancer, cohort studies of
workers with potential PAH exposure have indicated
an increased risk of stomach cancer, including metal-
products industries [27] and coke oven workers [28]. A

Table 6 Cancer incidence by BaP-years of exposure—Poisson regression, latency analysis

BaP years 0-0.5 0.5-20 20-40 40-80 80+ Trend statistic

(ug/m? year) p-value
Stomach cancer 20 year lag Observed 15 8 4 2 5

RR 1.00 1.03 1.25 0.67 3.08 10.00

95% CI 0.41-2.58  0.39-4.07 0.14-3.21 0.94-10.08 0.002
Lung cancer 20 year lag Observed 41 43 23 22 18

RR 1.00 1.34 1.48 1.45 2.26 49.78

95% CI 0.85-2.09 0.87-2.53 0.83-2.52 124412  <0.001
Bladder cancer 20 year lag Observed 26 18 16 17 13

RR 1.00 0.84 1.53 1.65 2.36 44.39

95% CI 0.45-1.58 0.79-2.95 0.85-3.18 1.14-489  <0.001
Non-Hodgkin lymphoma 10 year lag  Observed 3 5 7 4 8

RR 1.00 143 4.58 2.94 8.21 18.37

95% CI 0.34-6.05 1.16-18.01  0.63-13.64  1.99-33.78 <0.001
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nested case—control study in China found a fivefold
excess risk for coke oven workers with >15 year work
duration, after adjusting for important confounders
such as family history and diet factors [29]. The Que-
bec cohort study also found a significantly increased
risk of stomach cancer [9]. Exposure to asbestos has
also been suspected to link to stomach cancer devel-
opment due to an observed increase in asbestos
workers and exposure to asbestos may have occurred
at this facility (see pleural cancer below) [30].

No overall excess risk of non-Hodgkin lymphoma
was observed, but those with high exposure to BSM
(8+ BSM-Years) or BaP (80+ BaP-Years) have a
much higher rate than expected. There was also evi-
dence of a dose-response relationship due to a reduced
risk in non- or low-exposed categories. This finding was
consistent with the original study based on only seven
cases [1]. Another cohort study of aluminum workers
in Washington State also found an elevated mortality
for those exposed to CTPV [11]. A recent study of men
living near a coke oven plant in Italy found a 2.4 times
significantly increased risk of non-Hodgkin lymphoma,
suggesting a link between non-Hodgkin lymphoma
with exposure to PAHs [31].

No significant excess risk for kidney cancer was
observed although there was evidence of a dose-re-
sponse relationship with exposure to CTPV. The same
pattern was seen in the original study although it was
not significant perhaps due to the small number of
cases (7) [1]. Although exposure to PAHSs is a sus-
pected risk factor for kidney cancer, evidence in the
literature is inconclusive [32]. Two small case—control
studies have suggested a weak association [33, 34] but
other studies have not found an excess risk [35]

An overall non-significant excess risk of pleural
cancer was seen for male workers in this study. With all
seven cases being mesothelioma, the excess risk was
probably due to exposure to asbestos in early years.
This finding may have implications for the interpreta-
tion of the results for lung cancer and, potentially,
some other cancers that may be related to asbestos
exposure. A recent NIOSH study found small excess of
stomach, esophageal, and colorectal cancer among
industries with excesses of pleural cancer [36].

Non-significantly increased risks of brain cancer
incidence and mortality were observed, but with little
evidence of a dose-response relationship. This finding
was consistent with the original study based on only
eight cases [1].

Coal tar pitch volatiles measured as benzene soluble
materials comprise a mixture of particulate contami-
nants, including polycyclic aromatic hydrocarbons
(PAHs). One particulate PAH, benzo(a)pyrene (BaP)

has been suggested to be a more specific marker of the
carcinogenic potential of the potroom fumes than the
broad mixture of benzene soluble materials [12-14].
We found that BaP was highly correlated with most
particulate PAHs (Pearson r correlation range: 0.76—
0.99). However, each pitch type had a different profile
of particulate PAHs and thus the correlation between
BaP and other PAHs improved when we accounted for
pitch type. While benzo(b)fluoranthene has been sug-
gested as a more stable indicator of PAH environ-
mental exposure [37], it was very highly correlated with
BaP (r = 0.97) within this smelter. The high correlation
between the particulate PAHs and BaP suggests that
benzo(a)pyrene is an appropriate indicator for the
PAH mixture.

The study had a number of limitations. Besides
smoking, which was only identified as ever or never for
many workers, information on other potential risk
factors, including lifestyle, genetic, and occupational
exposure prior to or after employment at the Kitimat
plant, was not available and could not be adjusted for
in the risk estimation. As in other studies, there was
always the possibility that some excess risks could have
occurred by chance as a result of multiple comparisons.
This was especially relevant for sub-categories or cau-
ses with small numbers of cases. Exposure measure-
ment data were not available for the first 20 years that
the smelter was open and exposure estimates for this
period were extrapolated from exposure levels in the
late-1970s, which may underestimate the true exposure
levels. This and other limitations to the assessment of
exposure could result in an underestimation of the risks
associated with exposure or distort the shape of the
dose-response relationship.

However, the current update study had several
important strengths, particularly in comparison with
the original study. It had a much longer follow-up
period and an expanded cohort, resulting in substantial
increases (three to fourfold) in number of cases and,
hence, in power and the ability to explore dose-re-
sponse relationships. It had better follow-up with
linkages to the national databases, resulting in a
smaller number of workers being censored. Lastly, the
exposure assessment was based on sophisticated mod-
eling of measurement data combined with expert
opinions, resulting in more precise cumulative expo-
sure estimates.
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