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Cancer mortality among electric utility workers
exposed to polychlorinated biphenyls

Dana Loomis, Steven R Browning, Anna P Schenck, Eileen Gregory, David A Savitz

Abstract
Objectives-To assess whether excess
mortality from cancer, malignant
melanoma of the skin, and cancers of the
brain and liver in particular, is associated
with long term occupational exposure to
polychlorinated biphenyls (PCBs).
Methods-An epidemiological study of
mortality was conducted among 138 905
men employed for at least six months
between 1950 and 1986 at five electrical
power companies in the United States.
Exposures were assessed by panels com-
posed of workers, hygienists, and manag-
ers at each company, who considered tasks
performed by workers in 28 job categories
and estimated weekly exposures in hours
for each job. Poisson regression was used
to examine mortality in relation to expo-
sure to electrical insulating fluids contain-
ing PCBs, controlling for demographic
and occupational factors.
Results-Neither all cause nor total can-
cer mortality was related to cumulative
exposure to PCB insulating fluids.
Mortality from malignant melanoma in-
creased with exposure; rate ratios (RRs)
relative to unexposed men for melanoma
were 1.23 (95% confidence interval (95%
CI) 0.56 to 2.52), 1.71 (0.68 to 4.28) and
1.93 (0.52 to 7.14) for men with <2000,
>2000-10 000, and >10 000 hours ofcumu-
lative exposure to PCB insulating fluids,
respectively, without consideration of la-
tency. Lagging exposure by 20 years
yielded RRs of 1.29 (0.76 to 2.18), 2.56 (1.09
to 5.97), and 4.81 (1.49 to 15.50) for the
same exposure levels. Mortality from
brain cancer was modestly increased
among men with <2000 hours (RR 1.61,
95% CI 0.86 to 3.01) and >2000-10 000
hours exposure (RR 1.79, 95% CI 0.81 to
3.95), but there were no deaths from brain
cancer among the most highly exposed
men. A lag of five years yielded slightly
increased RRs. Mortality from liver can-
cer was not associated with exposure to
PCB insulating fluids.
Conclusions-This study was larger and
provided more detailed information on
exposure than past investigations ofwork-
ers exposed to PCBs. The results suggest
that PCBs cause cancer, with malignant
melanoma being of particular concern in
this industry.

(Occup Environ Med 1997;54:720-728)
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Polychlorinated biphenyls (PCBs) entered
commercial use around 1930 and were pro-
duced in large quantities for use as insulating
fluids in electrical transformers, capacitors,
and switches until health and environmental
concerns led to restrictions on their production
and use in the 1970s.'-5 PCBs produce various
adverse health effects in humans,' notably dis-
orders of the skin and liver, which were
described among occupationally exposed
workers as early as the 1930s,'6 7 as well as
cancer in animals.'

Despite actions to limit exposure to PCBs,
the question of whether chronic, low level
exposures are carcinogenic to humans has not
been resolved.8 Most people have measurable
accumulations of PCBs in their adipose tissue
and may receive further exposure from persist-
ent environmental sources.39 Workers exposed
to PCBs now or in the past are likely to have
acquired far greater cumulative exposures, and
electrical workers, in particular, continue to be
exposed to PCBs through servicing old devices
that still contain PCB insulating oils, removing
and destroying PCB insulating fluids, and
decommissioning contaminated equipment.

Electrical power company workers constitute
the largest group with past and present
exposure to PCBs.1' Cancer risks among these
workers have not previously been examined in
relation to exposures to PCBs. However, utility
workers have measurable PCB uptake reflected
by serum concentrations."12 Industrial hy-
giene data indicate that skin contact is the pri-
mary route of exposure for electrical
workers." 1' Such contact may come about
directly among those who work with PCB
insulating oils or, indirectly, through leakage,
explosions, and contamination of air, work
areas, tools, and clothing."
The most informative epidemiological data

on cancer among populations exposed to PCBs
come from retrospective mortality studies of
six cohorts of capacitor and transformer
manufacturing workers in the United States,
Italy, and Canada. `-20 Findings on specific
cancer sites are inconsistent, with excess
mortality from all cancers combined reported
in several studies,414618 20 but excesses of an
array of specific cancers reported in one or two
studies each. The results of the four most
informative studies'6 '" collectively suggest the
possibility of excess risks from cancers of the
liver and brain and malignant melanoma, and a
smaller effect on mortality from all cancers
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combined. These results receive additional
support from reports of increased mortality
from total cancer in one other, much smaller,
study of capacitor manufacturing workers in
Sweden,2' excess liver cancer in one other rea-
sonably large cohort study that lacked infor-
mation on exposures,' ' and a considerable
increase in mortality from malignant
melanoma in a small, early study.22
To advance knowledge about the carcino-

genicity of long term exposure to PCBs, we
analysed cancer mortality among a historical
cohort of 139 000 electric utility workers in the
United States. We considered mortality from
all cancers combined, and from brain cancer,
liver cancer, and malignant melanoma. These
cancers were selected based on the epidemio-
logical literature, with consideration given to
industrial hygiene studies indicating dermal
exposures" 1" and carcinogenicity studies in
animals,' 8 as well as the number of cases avail-
able.

Methods
COHORT DEFINITION AND ENUMERATION
The assembly and follow up of the cohort and
the assessment of exposures were undertaken
primarily to investigate the relation of cancer
mortality to exposure to magnetic fields. The
methods of enumerating and following up the
cohort have been described previously.23
Briefly, men employed full time at any of five
electric utility companies in the United States
at any time between 1 January 1950 and 31
December 1986 and with a total of at least six
months of continuous employment were eligi-
ble. Women were excluded because they rarely
worked in jobs with the exposures of interest.
The cohort was enumerated through personnel
records, with a complete history of jobs held at
the company collected for each worker. A total
of 138 905 eligible men were included in the
analysis. Occupational titles (over 25 000 in all)
for jobs that were similar with respect to
primary tasks, work environments, and respon-
sibility were collapsed into 28 occupational
categories."

MORTALITY FOLLOW UP AND CLASSIFICATION OF
CAUSES OF DEATH
Vital status on 31 December 1988 was sought
for all 76 934 workers who had retired or left
employment. For men who were still employed
on 1 January 1979 or later, we relied on the
National Death Index, whereas workers who
had left employment earlier were followed up
with several data sources, including Social
Security Administration Death Benefit
records, Health Care Financing Administra-
tion files, driving records, credit bureaux, and
state offices of vital records.23 Through this
effort, 55 423 cohort members were classified
as alive at the end of the study, 20 733 were
classified as dead, and only 778 were lost.
Death certificates were obtained from state

vital records offices for 20 068 (96.8%) men
identified as dead. The underlying cause of
death was coded by trained nosologists accord-
ing to the ninth revision of the international
classification of diseases (ICD-9).25 The 665

men for whom death certificates were not
found were included only in analyses of total
mortality. For analyses of mortality from
specific cancers within the cohort, liver cancer
was defined by ICD-9 codes 155.0 and 155.2-
155.9 for liver cancer excluding bile ducts,
brain cancer by ICD-9 code 191 for primary
cancers of the brain, and malignant melanoma
by ICD-9 code 172, for malignant melanoma
of the skin.

ASSESSMENT OF EXPOSURE TO PCBs
During the study period, PCBs were used in
insulating fluids in transformers, capacitors,
and switches. Capacitor grade insulating fluids
were pure PCBs, whereas transformer grade
insulating fluids were typically mixtures of
about 70% PCBs and 30% chlorinated ben-
zene solvents. Other transformers used mineral
oil insulating fluids, but these often became
contaminated with PCBs during maintenance
operations. None of the five companies in the
study had historical records of PCB exposures
during the study period. In the absence of
direct information, estimates from expert pan-
els and walk through industrial hygiene surveys
were used to assess exposures to PCBs for each
company.26
A separate expert panel was constituted for

each of the participating companies. The
members were industrial hygienists, safety per-
sonnel, managers, and long term workers who
were familiar with their company's operations
over extended periods. They were asked to
assess the potential for exposure to PCBs, sol-
vents, wood preservatives, and sunlight for each
occupational category in each decade 1950-
88. Panelists were individually given instruc-
tions and a form on which to record their
assessments. No information was provided
about identifiable individual workers or their
vital status. The members' assignments of
exposure were discussed in meetings of the
panel chaired by one of us (SRB), and the con-
sensus of the group concerning each occupa-
tional category and decade was used as the
estimate of exposure for their company.
The exposure assessment for PCBs focused

on workers' contact with insulating fluids con-
taining that agent, whether in pure form or
blended with other constituents. The panels
provided information that indicated, for each
occupational category and decade, the fre-
quency (in times a week) and duration (in
hours) of exposure to insulating fluids that
contained PBCs during the average working
week. The panels' assessments were used to
construct company and calendar time specific
job exposure matrices.27 For an individual
worker, exposure to PCB insulating fluids was
estimated cumulatively, by summing the prod-
uct of the frequency and duration of exposure
over a work history, yielding exposure estimates
with units of cumulative hours of exposure.

Information from the panels was supple-
mented by data collected through site visits and
walk through industrial hygiene surveys. A cer-
tified industrial hygienist and at least one other
member of the study staff visited selected
facilities at each company. Work processes were
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strongly associated with brain cancer in this
cohort,23 so we considered cumulative expo-
sure to magnetic fields within that time window
to control confounding most effectively.

Distribution of individual cumulative exposure to PCB in
electric utility workers.

observed, and workers and other personnel
were informally interviewed. The first hand
knowledge gained from these surveys was used
primarily to interpret the panels' assessments
of exposure.
As well as the company and decade specific

estimates of average weekly exposure to PCB
insulating fluids, each occupational category
was classified according to whether or not
workers employed in it were potentially ex-

posed to PCB insulating fluids. The following
categories were potentially exposed to PCB:
mechanics, electricians, linemen, cable splic-
ers, substation operators, riggers, materials
handlers, and labourers. These assessments
were based on a synthesis of the results of the
expert panel assessment, combined with infor-
mation obtained from the walk through indus-
trial hygiene surveys.

EXPOSURES TO OTHER AGENTS

The expert panels also assessed occupational
exposures to solvents, wood preservatives, and
sunlight. The data for solvents indicated the
typical frequency and duration of weekly expo-
sures. Solvents were used as thinners, degreas-
ers, cleaners, and lubricants. They included
1,1,1-trichloroethane, acetone, carbon tetra-
chloride, and Varsol.
The assessments of exposures to wood

preservatives and sunlight were less detailed. A
job was classified as potentially exposed to
wood preservatives if the panels indicated that
workers in it handled or climbed poles and
timbers treated with any wood preserving agent
in a given decade and company. Creosote, pen-
tachlorophenol, and chromate copper arsenate
were the principal preservatives used during
the study period. For sunlight, the panels clas-
sified each job as involving primarily indoor or

primarily outdoor work. Information on occu-

pational exposure to sunlight was collected
only at the three largest companies, so

exposures at the two smaller ones were
estimated.
Exposure to magnetic fields is associated

with mortality from brain cancer in the cohort
and was thus considered a potential con-

founder for that disease. Cumulative exposure

to magnetic fields was estimated from personal
measurements of randomly selected workers.28
Exposures to magnetic fields in the period two
to 10 years before observation are most

STATISTICAL ANALYSIS
The mortality experience of the cohort was
compared with that of the United States popu-
lation with a standard, modified life table
approach29 to produce standardized mortality
ratios (SMRs), indirectly adjusted for age, cal-
endar year, and race. For these comparisons,
underlying causes of death were grouped in
standard categories used by the United States
National Institute for Occupational Safety and
Health.29 In all analyses, men who were lost to
follow up were treated as lost from the time
they were last known to be alive, usually when
they left employment.

Exposure-response relations for total
mortality, all cancers, brain cancer, liver
cancer, and malignant melanoma were exam-
ined with Poisson regression to generate
adjusted mortality rate ratios (RRs) and
approximate 95% confidence intervals (95%
CIs). The generalised linear interactive mod-
elling (GLIM) program' was used for model
fitting. Exact methods were used to compute
upper confidence bounds for exposure catego-
ries with no deaths.32

Cancer risk was considered in relation to the
duration of employment in occupational cat-
egories with potential exposure to PCB insulat-
ing fluids by contrasting the mortality of men
with experience in one or more exposed job
with that of men who never worked in any
exposed job. We first modelled relations
between mortality and cumulative exposure to
PCB insulating oils treating them as an ordered
categorical variable. Plots of the cumulative
exposure distribution (figure) were examined
to find cut off points for categories of exposure
to PCB insulating fluids. We retained a control
group with 0 hours of exposure to PCB oil and
aggregated workers to form exposed groups
with >0-2000 hours, >2000-10 000 hours,
and >10 000 hours of exposure. To assess the
possible dependence of the results on this
choice of cut off points and to examine the lin-
earity of trends, we also conducted analyses
with a continuous quantitative variable in place
of categories for cumulative hours of exposure
to PCB insulating fluids. The values of this
variable were assigned from the midpoints of
deciles of the exposure distribution among all
men who had died, because Poisson regression
models are fitted to grouped, rather than indi-
vidual, data.
To account for cancer latent periods, cumu-

lative exposure estimates were lagged to
discount recent exposures. Although biological
latent periods are generally not known, they
can be approximated through trial and error by
examining an array of different lag intervals.33
The interval that maximises the cancer RR
should be the best estimate of the average
latent period because cancer incidence peaks
around the average time elapsed since first
exposure,34 which corresponds to the latent
period on the population level. Because
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Table 1 Standardised mortality ratios for cause specfic mortality of United States electric utility workers, 1950-88, relative
to United States men, estimated by modified lifetable approach

Observed Expected
Cause of death (ICD-9 codes) deaths deaths SMR 95% CIt

All deaths 20733 26779.5 0.77 0.76 to 0.78
All cancers (140-239)* 4833 5615.1 0.86 0.84 to 0.89
MN of buccal cavity and pharynx (142-149) 110 162.2 0.68 0.56 to 0.82
MN of stomach (151) 175 260.5 0.67 0.58 to 0.78
MN of intestine excluding rectum (152-153) 468 503.4 0.93 0.85 to 1.02
MN of rectum (154) 109 138.7 0.79 0.65 to 0.95
MN of liver, biliary passages, and gall bladder (155.0, 155.1, 156) 67 91.8 0.73 0.57 to 0.93
MN of liver, not specified (155.2) 35 44.3 0.79 0.55 to 1.10
MN of pancreas (157) 243 289.2 0.84 0.74 to 0.95
MN of trachea, bronchus, and lung (162) 1692 1859.5 0.91 0.87 to 0.95
MN of breast (174-175) 6 7.5 0.80 0.29 to 1.74
MN of prostate (185) 387 432.7 0.89 0.81 to 0.99
MN of kidney (189.0-189.2) 101 132.5 0.76 0.62 to 0.93
MNofurinary organs (188, 189.3-189.9) 129 151.9 0.85 0.71 to 1.01
MN ofskin (172-173) 116 111.9 1.04 0.86to 1.24
MN of brain and nervous system (191-192) 151 158.4 0.95 0.81 to 1.12
Neoplasms of lymphatic and haematopoietic tissue 439 532.4 0.82 0.75 to 0.91
Lymphosarcoma and reticulosarcoma (200) 69 89.6 0.77 0.60 to 0.97

Hodgkin's disease (201) 30 55.9 0.54 0.36 to 0.77
Leukaemia and aleukaemia (204-208) 164 217.0 0.76 0.64 to 0.88
Other lymphatic neoplasms (202-203) 176 169.9 1.04 0.89 to 1.20

Benign neoplasms of the eye, brain (224-225) 6 10.9 0.55 0.20 to 1.20
Neoplasms of unspecified nature of eye, brain (237.5-238.9, 239.6, 239.7) 39 33.3 1.17 0.83 to 1.60
Diabetes mellitus (250) 219 389.2 0.56 0.49 to 0.64
Diseases of the heart (390-429) 7768 10209.1 0.76 0.74 to 0.78
Cerebrovascular disease (430-438) 1244 1695.1 0.73 0.69 to 0.78
Diseases of the respiratory system (460-519) 1178 1716.8 0.69 0.65 to 0.73
Cirrhosis of the liver (571) 410 648.4 0.63 0.57 to 0.70
Transportation accidents (E800-848, E929.0-929.1) 810 1105.8 0.73 0.68 to 0.78
Accidental falls (E880-888, E929.3) 141 190.8 0.74 0.62 to 0.87
Suicide (E950-959) 536 661.3 0.81 0.74 to 0.88
Homicide (E960-978) 175 418.1 0.42 0.36 to 0.49

MN=malignant neoplasm; *Causes of death grouped by National Institute for Occupational Safety and Health category (Steenland
et al, 1990); t SMR, standardised mortalilty ratio adjusted for age, race, and calendar year.

random error may compromise the ability to
identify latent periods empirically,35 we also
assessed model fit to help evaluate differences
in lags.

All RRs in internal analyses were adjusted
for known predictors of occupational mortality,
including age and calendar decade at risk, race,
social class, and current work status. Race had
two categories-white and non-white-and
social class was represented by the job at hire,
assigned to one of four categories (upper white
collar, lower white collar, upper blue collar, and
lower blue collar). All other variables were time
dependent. Work status (active or inactive with
a two year lag) was included to help control for
the healthy worker effect.36 Continuous age
variables based on the midpoints of five-year
groups were used for compatibility with known
relations between age and mortality, as well as
for statistical efficiency. A log linear (Gom-
pertz) age function was used for total mortality,
and a power function relating the log of age
with the log of risk was used for cancer. This
model has been shown to fit age specific cancer
rates in humans and is compatible with
mathematical models of carcinogenesis."
However, we obtained similar results for PCBs
with models with nominal variables for five-
year age groups, which required fewer assump-
tions.

Occupational exposures to other agents were
also considered as potential confounders, but
were only retained in the model if they changed
the estimated RR for exposure to PCB insulat-
ing fluids by at least 10%. The occupational
agents considered were solvents and magnetic
fields in analyses of brain cancer, solvents in
analyses of liver cancer, and solvents, wood

preservatives, and sunlight in analyses of
melanoma. Exposure to sunlight was measured
cumulatively, by a categorical variable with lev-
els of 0, 1-9, 10-19, and 20 years, and
cumulative exposure to magnetic fields in the
previous two to 10 years was categorised as in
our previous study of that agent.23 Variables for
all other chemical exposures were binary indi-
cators for ever versus never having been
exposed.

Results
MORTALITY PATTERNS
The period of follow up included 2.66 million
person-years of experience, during which there
were 20 733 deaths (table 1). The cohort was
predominantly white (>90%), and relatively
young, with the patterns of all cause mortality
expected of an advantaged industrial
workforce.2' The favourable SMR of 0.77 for
all causes of death was largely attributable to
low mortality from cardiovascular diseases and
cancer (table 1). Among specific cancers, the
observed number of deaths was near expecta-
tion only for brain and skin cancers and a
group of miscellaneous lymphatic neoplasms
(table 1).

EMPLOYMENT IN POTENTIALLY EXPOSED JOBS
Total cancer mortality was not related to the
total duration of employment in jobs with
potential exposures to dielectric fluids contain-
ing PCBs, or to employment as an electrician,
labourer, and material handler (table 2). How-
ever, RRs of the order of 1.2 to 1.3 were found
among men with long employment as mechan-
ics, linemen, or cable splicers.
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Table 2 Relative risk of cancer mortality by duration ofemployment in jobs with potential exposure to PCBs, estimated by Poisson regression: United
States electric power utility study, 1950-88

Duration of Total cancer Duration of Brain cancer Liver cancer Malignant melanoma
employment employment
(y) Deaths RR t (95% CI) * (y) Deaths RR 95% CI Deaths RR 95% CI Deaths RR 95% CI

Any exposed occupational category:
0t 2297 1.00 - 0.00 68 1.00 - 27 1.00 - 45 1.00 -
>0-5 916 1.06 0.93 to 1.16 >0-5 32 1.30 0.76 to 2.22 13 1.08 0.51 to 2.27 25 1.25 0.59 to 2.62
>5-10 454 1.03 0.93 to 1.15 >5-10 15 1.36 0.72 to 2.55 5 0.80 0.30 to 2.18 9 1.10 0.46 to 2.66
>10-20 601 1.12 1.01 to 1.23 >10-20 17 1.29 0.70 to 2.36 13 1.75 0.85 to 3.62 11 1.38 0.58 to 3.28
>20 565 1.08 0.97 to 1.19 >20 12 1.09 0.55 to 2.16 5 0.68 0.25 to 1.85 8 1.55 0.58 to 4.16

Mechanics:
0.00 2297 1.00 - 0.00 68 1.00 - 27 1.00 - 45 1.00 -
>0-5 210 1.25 1.08 to 1.45 >0-10 11 1.84 0.90 to 3.78 6 1.77 0.68 to 4.58 8 2.57 1.06 to 6.20
>5-10 92 1.16 0.94 to 1.44 >10 0.00 0.00 0.00 to 1.62 0.00 0.00 0.00 to 3.34 3 3.16 0.92 to

10.85
>10-20 91 1.29 1.04to 1.59
>20 32 1.35 0.95 to 1.92

Electricians:
0.00 2297 1.00 - 0.00 68 1.00 - 27 1.00 - 45 1.00 -
>0-5 135 1.17 0.98 to 1.40 >0-10 13 2.55 1.30 to 4.99 1 0.40 0.05 to 2.91 2 0.61 0.13 to 2.90
>5-10 69 1.09 0.86 to 1.39 >10 3 0.83 0.25 to 2.76 3 1.21 0.35 to 4.15 1 0.49 0.06 to 3.87
>10-20 93 1.06 0.86 to 1.31
>20 86 1.12 0.90 to 1.40

Linemen and cable splicers:
0.00 2297 1.00 - 0.00 68 1.00 - 27 1.00 - 45 1.00 -
>0-5 200 1.01 0.87to 1.17 >0-10 13 1.26 0.64to2.50 5 1.00 0.36to2.76 11 1.14 0.14to8.96
>5-10 148 1.26 1.06 to 1.49 >10 15 1.72 0.90 to 3.25 6 1.22 0.48 to 3.10 4 0.52 0.05 to 5.46
>10-20 185 1.11 0.95to 1.29
>20 208 1.18 1.01 to 1.36

Labourers and material handlers:
0.00 2297 1.00 - 0.00 106 1.00 - 27 1.00 - 45 1.00 -
>0-5 798 1.10 0.99 to 1.22 >0-10 34 1.61 0.85 to 3.05 17 1.81 0.82 to 4.03 21 0.75 0.21 to 2.65
>5-10 196 0.93 0.79 to 1.09 >10 4 0.83 0.26 to 2.62 4 1.19 0.36 to 3.96 5 1.24 0.27 to 5.63
>10-20 218 1.08 0.93 to 1.27
>20 131 0.98 0.80 to 1.18

*All RRs adjusted for age, calendar time, race, social class, and active work status, with additional adjustment as follows. Brain cancer, magnetic fields and solvents;
liver cancer, solvents; malignant melanoma, occupational sunlight and wood preservatives.
tControl group for all RRs, 0 years in any exposed occupational category.

Relative to men who had never held jobs
with potential exposure to PCB insulating flu-
ids, mortality from brain cancer was increased
among men with up to 20 years experience in
potentially exposed jobs, but not among men

with longer employment (table 2). A similar
pattern of excess mortality restricted to men

with relatively short employment prevailed
among mechanics, electricians, labourers and
material handlers. Among linemen and cable
splicers, however, there was a suggestion of risk
increasing with longer employment.
There was little evidence of excess liver can-

cer among men who had worked in jobs with
potential exposure to PCB insulating fluids,
considered as a group (table 2). Among
labourers and material handlers, there was

some indication of higher risk, but again
primarily among those with shorter tenure.
By contrast, mortality rates from malignant

melanoma were increased among men with any
experience in potentially exposed jobs (table
2). Among mechanics, mortality from malig-
nant melanoma increased with longer employ-
ment (table 2), but the numbers of deaths
among men employed for more than 10 years
were small. There was no clear indication of
excess mortality from malignant melanoma
among workers who had held other specific
jobs with potential exposures to PCBs (table
2).

CUMULATIVE EXPOSURE TO PCBS
Estimated cumulative exposure to PCB insu-
lating fluids was unrelated to total mortality,
with RRs relative to unexposed men of 0.95,
1.04, and 0.89 for men with >0-2000,

>2000-10 000 and >10 000 hours of cumula-
tive exposure, respectively. The large size and
long follow up time yielded narrow 95% CIs,
but all included unity. Total cancer mortality
was not related to exposure to PCB insulating
fluids (table 3).

Mortality from brain cancer was increased
among men with 2000-10 000 hours of expo-
sure to PCB insulating fluids, but there were no
deaths among workers exposed for >10 000
hours (table 3). The RRs of 1.6-1.8 found in
the intermediate exposure categories when all
exposure in a worker's career was considered
(no lag) rose to about 2.0 with cumulative
exposure lagged by five years, but lags of 10
and 20 years diminished or eliminated the
association (table 3). The model with a
five-year lag also fitted the data somewhat bet-
ter than those with other lags, although the fit
of all the models was good.
Without controlling for exposure to solvents

(data not shown), there seemed to be a slight
excess of deaths from liver cancer among men
with intermediate levels of exposure to PCB
insulating oils, which was strongest with a lag of
five years (RR 1.18, 1.33, and 1.10 for men
with >0-2000, >2000-10 000, and >10 000
hours respectively). However, having worked in
a job with exposure to solvents was strongly
associated with mortality from liver cancer (RR
5.77, 95% CI 2.18 to 15.35 with no lag), giving
the potential for strong confounding. When
solvent exposure was included in the model as
a potential confounder, mortality from liver
cancer was no longer associated with exposure
to PCB insulating oils. The RRs for all
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Table 3 Cancer mortality by lag interval in relation to estimated cumulative PCB exposure, estimated by Poisson regression: United States electric power
utility study, 1950-88

Cumulative exposure
(h)

Total cancer Brain cancer Liver cancer Malignant melanoma

Deaths PR?* 95% CI* Deaths PR 95% CI Deaths RR 95% CI Deaths PR 95% CI

Total career exposure:

0.00
>0-2000
>2000-10 000
>10 000

5 y lag:
0.00
>0-2000
>2000-10 000
>10 000

10 y lag:
0.00
>0-2000
>2000-10 000
>10 000

20 y lag:
0.00
>0-2000
>2000-10 000
>10 000

778 1.00
3320 0.95
552 1.04
183 0.99

0.87 to 1.04
0.92 to 1.17
0.84 to 1.17

826 1.00 -

3316 1.04 0.95 to 1.12
524 1.14 1.01 to 1.28
167 1.07 0.90to 1.27

1048 1.00
3184 1.03
463 1.12
138 1.02

0.95 to 1.11
1.00 to 1.26
0.85 to 1.23

1816 1.00 -

2605 1.04 0.97 to 1.11
331 1.18 1.05 to 1.34
81 1.01 0.81 to 1.28

15
110
19
0.00

17
112
15
0.00

32
102
10
0.00

1.00
1.61
1.79
0.00

1.00
2.01
1.98
0.00

1.00
1.44
1.14
0.00

0.86 to 3.01
0.81 to 3.95
0.00 to 0.67

1.12 to 3.63
0.89 to 4.43
0.00 to 0.82

0.89 to 2.30
0.52 to 2.53
0.00 to 1.11

73 1.00 -

66 1.04 0.69to 1.56
5 0.73 0.28 to 1.90
0.00 0.00 0.00 to 2.57

11
42
8
2

11
43
7
2

16
39
6
2

30
29
3
1

1.00 -

0.55 0.23 to 1.21
0.63 0.23 to 1.74
0.45 0.09 to 2.18

1.00 -

0.70 0.32 to 1.50
0.72 0.25 to 2.05
0.60 0.13to2.83

1.00 -

0.58 0.30 to 1.13
0.62 0.22 to 1.70
0.60 0.13to2.71

1.00 -

0.50 0.28 to 0.90
0.42 0.12 to 1.43
0.44 0.06 to 3.02

10
73
12
3

12
72
11
3

26
62
8
2

47
42
8
1

1.00 -

1.23 0.59 to 2.52
1.71 0.68to7.14
1.93 0.52 to 7.14

1.00 -

1.61 0.83 to 3.13
2.26 0.93 to 5.51
3.24 0.97 to 10.9

1.00 -

1.06 0.62 to 1.79
1.28 0.54 to 3.04
3.86 1.54 to 9.66

1.00 -

1.29 0.76to2.17
2.56 1.09 to 5.97
4.81 1.49 to 15.1

* All RRs adjusted for age, calendar time, race, social class, and active work status, with additional adjustment as follows. Brain cancer, magnetic fields and solvents;
liver cancer, solvents; malignant melanoma, occupational sunlight and wood preservatives.

exposure categories were less than unity
regardless of the lag period (table 3).

Mortality from malignant melanoma in-
creased monotonically with increasing cumula-
tive exposure to PCB insulating fluids (table 3).
Simultaneous adjustment for occupational
exposure to sunlight and wood preservatives
altered the RR by a factor of >20%, so these
variables were retained in the model. Adjust-
ment for solvents had essentially no effect and
was omitted. Mortality from melanoma was

quantitatively associated with exposure to PCB
insulating fluids regardless ofwhich lag interval
was considered, but increased with longer lags,
from about twice the expected rate among the
most highly exposed men when latency was not
considered, to almost five times that expected
(RR 4.81, 95% CI 1.49 to 15.51) with a lag of
20 years. Varying the lag had little effect on

model fit, which was adequate for all models.
However, there was only one death in the high-
est exposure category after imposing the 20
year lag.

Because the numbers of deaths were small
among men with >10 000 hours of exposure,
the analyses for specific cancer sites were

repeated with the upper two exposure catego-
ries collapsed to form two exposed groups with
>0-2000 and >2000 cumulative hours. The
results were qualitatively similar to those
obtained with three exposure groups. The RRs

for brain cancer among men with >2000 hours
of exposure to PCB insulating fluids were 1.38
(95% CI 0.63 to 3.25) and 1.55 (95% CI 0.70
to 3.43) for lags of zero and five years, respec-
tively. The RRs for malignant melanoma in this
new exposure category were 1.74 (95% CI
0.71 to 4.22) and 2.52 (95% CI 1.09 to 5.81)
for lags of zero and 20 years.
When a continuous variable was used to

express cumulative exposure to PCB insulating
fluids, there was little or no indication of a lin-
ear trend in relative risk with increasing
exposure for total cancer, or for brain or liver
cancer, regardless of the lag interval (table 4).
Relative risks for malignant melanoma were

slightly higher, but the trend was weak for lags
of 0-10 years. With a 20 year lag, however, the
relative risk of melanoma increased 5%/2000
hours of exposure (table 4).

Discussion
Neither all cause nor all cancer mortality was

related to cumulative exposure to electrical
insulating fluids containing polychlorinated
biphenyls or to employment in potentially
exposed jobs. Mortality from liver cancer was

also unrelated to cumulative exposure to PCB
insulating fluids, to total employment in
potentially exposed jobs, and to most indi-
vidual exposed jobs.

Table 4 Trends in cancer relative risk by lag interval with respect to quantative change in cumulative PCB exposure:
United States electric power utility study, 1950-88

Total cancer Brain cancer Liver cancer Malignant melanoma

RRt 95% CI RR 95% CI RR 95% CI RR 95% CI

Total career exposure:
1.000 1.000 to 1.000 1.005 0.978 to 1.033 1.010 0.976 to 1.046 1.020 0.990 to 1.051

5 y lag:
1.000 1.000 to 1.000 0.993 0.961 to 1.027 1.011 0.975 to 1.049 1.018 0.984 to 1.054

10 y lag:
1.000 1.000 to 1.000 0.985 0.948 to 1.023 1.007 0.968 to 1.047 1.017 0.980 to 1.055

20 y lag:
1.000 1.OOOto 1.000 0.993 0.948to 1.040 0.981 0.924to 1.042 1.050 1.OlOto 1.092

t All RRs for 2000 hours ofPCB exposure, and estimated by Poisson regression with a quantitative exposure term, adjusting for age,
calendar time, race, social class, and active work status, with additional adjustment as follows. Brain cancer, magnetic fields and sol-
vents; liver cancer, solvents; malignant melanoma, occupational sunlight and wood preservatives.
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Excess mortality from brain cancer was
found for short term workers in some exposed
jobs and for workers with intermediate, but not
high, cumulative exposures. However, the lack
of either strong or consistent associations of
brain cancer with exposure to PCB insulating
fluids, coupled with a tendency for mortality
rates to decline with longer employment and
greater exposure, weaken support for a causal
relation with this disease.

In contrast, mortality from malignant
melanoma of the skin was increased among
men with the longest employment in jobs
potentially exposed to PCB insulating fluids,
and increased steadily with cumulative expo-
sure to PCB insulating fluids. Lagging cumula-
tive exposure by successively longer intervals
produced higher RRs, of the order of two to
five, among the most highly exposed workers.
Confidence in some of these results is,
however, limited by the small numbers of men
in the higher exposure groups, particularly with
long lags.

Repetition of the analysis with a continuous
variable and a categorical variable with differ-
ent cut off points for the level of exposure to
PCB insulating fluids produced qualitatively
similar results. This similarity suggests that the
findings are relatively robust, despite quantita-
tive differences related to units and assump-
tions about the shape of the exposure-response
relation.
Our results suggest that exposure to electri-

cal insulating fluids, the main constituent of
which is PCBs may cause malignant melanoma
of the skin. A causal relation is biologically
plausible in the light of the known carcino-
genicity ofPCBs to animals2`S and observations
that skin contact with insulating oils from elec-
trical equipment is the principal route of expo-
sure for workers who maintain oil filled electri-
cal equipment."
We found that mortality from melanoma was

highest among mechanics, who were poten-
tially exposed to PCBs when servicing oil filled
transformers, circuit breakers, and switches.
Tasks with potential dermal exposure included
changing bushes on oil filled equipment,
handling and replacing failed capacitors, and
inspecting, sampling, testing, and filtering
dielectric oils and cleaning up oil spills.
Our best estimate of the latent interval for

melanoma suggests the greatest risk may occur
two or more decades after exposure, consistent
with PCBs having an effect early in carcinogen-
esis. Such a latent interval would be similar to
Nicholson's estimate from toxicokinetic mod-
els that indicate that risk may be highest 15 or
more years after first exposure.'0 However, the
increased rate ofmelanoma with the longest lag
might also be explained by secular changes in
the qualitative or quantitative aspects of expo-
sure to PCBs. Our assessments indicated that
the frequency and duration ofexposure to PCB
insulating fluids declined substantially after the
1970s, when PCBs began to be withdrawn
from use. One study ofblood concentrations of
PCBs among California electric utility workers
in the 1980s'8 supports the panels' judgement
that exposures were low by that time. Secular

change in the formulation of PCBs is another
possible explanation for these patterns. Al-
though we did not formally assess the compo-
sition of PCBs used in the industry, regulation
and routine replacement probably began to
reduce the average chlorination level of PCBs
from the 1970s onward. However, existing
materials remained in use until they were
replaced through clean up programmes or nor-
mal maintenance, so any change in the qualita-
tive nature of PCB exposures is likely to have
been gradual.
Few other epidemiological studies provide

relevant information about malignant
melanoma among workers exposed to PCBs.
Excess risk was noted in two studies which did
provide data, with RRs of the order of
2.0-4.0.'9 22 However, neither study was large
enough for a detailed examination of latency or
exposure-response relations, as the larger had
only eight cases.'9
The epidemiological literature is inconsist-

ent on the relation of brain cancer and PCBs.
RRs from 2.0-5.0 relative to external control
populations have been reported in two
studies.'8 19 In analyses internal to one cohort,
mortality from brain cancer increased with
exposure score but not with duration of
employment in exposed jobs.'9 Another study,
in which a semiquantitative exposure score
based on an expert assessment was used,
reported no excess deaths from brain cancer
among directly exposed transformer assembly
workers. '7
The absence of any independent association

between exposure to PCB insulating oils and
mortality from liver cancer was unequivocal in
our study, but results from other epidemiologi-
cal investigations are inconsistent with each
other and with findings from the laboratory.
Greenland et al reported that, after controlling
for solvents, there was a roughly twofold
increase in mortality from liver cancer among
transformer assembly workers exposed to
PCBs.'7 Risk ratios of the order of two to three
relative to national populations were reported
in two other studies,'4 16 one of which excluded
workers exposed to solvents.'6 No excess of
liver cancer was found in three other cohorts,
however. 18-20

Polychlorinated biphenyls have been classi-
fied as probable human carcinogens,8 but
epidemiological studies provide little evidence
of highly specific associations between expo-
sures to PCBs and cancer at particular sites. As
well as the cancers we studied, increased risk of
cancers of the gastrointestinal tract,'4'6 cancer
of the pancreas,'5 20 leukaemias,'5 and
lymphomas'7 have been found. These diverse
findings contrast with the results of animal
experiments, in which excess liver cancer has
been found consistently. ' 8 Lack of specificity is
not necessarily evidence against causality.39
Different routes of exposure and differences in
metabolism between species may account for
differences between animal and human stud-
ies, and differences in population composition
may contribute to divergent results in human
studies. The level and qualitative nature of
exposures to PCBs may also vary due to differ-
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ences in chemical formulation or transforma-
tions during use.40
Among the principal limitations of this study

are several aspects of exposure assessment. Our
evaluation of PCBs and other chemicals was
indirect and based on judgement. Compari-
sons of assessments by experts with objective
measurements indicate that these two ap-
proaches can give comparable results,4' 42 and
for PCBs, biological monitoring of other
groups of workers performing similar tasks
confirms the potential for significant
exposure." 12 Nevertheless, confidence in our
results would be enhanced if more direct
measures of exposure were available.
We were unable to directly assess the use of

personal protective equipment. Unstructured
interviews with workers indicated that gloves
and long sleeves were sometimes worn for pro-
tection, but may not have been effective.43 Also,
we could not separate the effects of pure PCBs
from those of other consitituents of dielectric
fluids in actual use. Other constituents of these
fluids include mineral oils and chlorinated
benzene solvents that were added to PCBs in
producing some types of insulating fluids, as
well as polychlorinated dibenzodioxins and
dibenzofurans that may have been present as
contaminants or products of pyrolysis. For this
study, we had no information on the concentra-
tions or chemistry of these other substances or
about workers' exposures to them independent
of PCBs. Epidemiological evidence that these
other agents cause malignant melanoma is
relatively limited.44
The quality of our information on exposure

to sunlight, a potentially important con-
founder, is ofsome concern. We estimated data
for occupational sunlight exposures at two
companies. However, the three companies for
which sunlight exposures were directly as-
sessed were the largest ones that we studied,
contributing 82% of total person years and
91% of deaths from melanoma. Extreme
differences in the patterns of exposure at the
two smaller companies versus the three larger
ones would be required to alter the relations
found. We also lacked information about expo-
sure to sunlight during leisure time. A strong
association of melanoma with recreational
exposure to sun could distort our results, if that
exposure were differential by level of exposure
to PCBs. Other studies suggest that melanoma
from recreational exposure to sun is positively
associated with social class-such that non-
manual workers are at highest risk.45 We
adjusted for social class to help control for the
influence of such exposures. However, it is
likely that the complexity of class and its
relation to exposure to sun during leisure time
were imperfectly specified by the data available
to us, so the control of confounding may have
been incomplete.46
The use of data on cancer mortality, rather

than incidence, is another limitation of the
study design. Cancer subtypes could not be
examined in detail because the coding system
used on death certificates does not distinguish
cell types for brain or liver cancer, and the ana-
tomical site of most malignant melanomas is

unspecified. Also, diagnostic information on
death certificates may be inaccurate. It was not
feasible to obtain hospital pathology records for
cancer cases; however, a large study of the
quality of cancer data on United States death
certificates suggests that both false positive and
false negative indications of melanoma and
brain cancer are likely to be relatively rare on
death certificates when compared with hospital
pathology reports.47 The quality of death
certificate data was notably lower for liver can-
cer, so the potential for error involving this dis-
ease may be of greater concern.
The number of cancer deaths also remained

a limitation of this study, although it was larger
than previous epidemiological studies of work-
ers exposed to PCBs. The RRs for specific can-
cers among highly exposed and long term
workers must be interpreted with care, particu-
larly when long lag intervals were specified,
because the numbers of deaths in such groups
were generally small.

Despite some important limitations, this
study advances knowledge about the health
effects of PCBs. In particular, the combination
of large size and detailed exposure data provide
greater ability to examine details of exposure-
response relations and temporal aspects of risk,
relative to earlier efforts. Also, we controlled for
several potentially confounding occupational
exposures not considered in most previous
studies, as well as for known demographic
determinants of risk.

In total, our study adds weight to the epide-
miological evidence suggesting that polychlo-
rinated biphenyls are carcinogenic to humans,
with malignant melanoma being of greatest
concern. These findings support past actions
taken to reduce exposures to PCBs and suggest
that efforts to restrict exposures should con-
tinue. Although the manufacture of PCBs for
commercial use has been suspended in several
countries, electrical workers continue to be
exposed to them through the maintenance and
decommissioning of old equipment. The
judgement based exposure estimates in our
study are not sufficient to establish a safe level
of exposure to PCBs, so measures to limit
exposures to the lowest possible level would be
prudent until additional information can be
generated. Medical screening and surveillance
of workers with a history of dermal exposure
might also be warranted. Future epidemiologi-
cal research with improvements in exposure
measurement and detailed examination of
other cancers would facilitate risk assessment.
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