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Abstract
Objective—To estimate historical expo-
sure levels at a coke plant for all agents
considered to be of importance for epide-
miological studies of mortality and cancer
incidence.
Methods—Time weighted average expo-
sure (8 h TWA) was estimated based on
personal measurements for polycyclic
aromatic hydrocarbons (PAHs) and car-
bonaceous particulates. Exposure to
quartz was estimated relative to the
concentration of carbonaceous particu-
lates. These estimates were adjusted for
the use of airstream helmets. Exposure to
other agents were estimated qualitatively
(asbestos, benzene, and arsenic) or semi-
quantitatively (carbon monoxide (CO)
and heat) based on measurements and
other indicators of exposure.
Results—Exposure to PAHs was highest
for those who worked at the top of the
ovens (300 µg/m3) in the period from
1970–6. The estimated PAH exposure was
reduced to an average of 65 µg/m3 after the
introduction of exposure control meas-
ures in 1976. The estimates for carbona-
ceous particulates ranged from 1 to 16
mg/m3, with the highest exposure for
workers at the top of the ovens and at the
coke screening station.
Conclusions—The exposure of greatest
concern in this study is to PAHs, but
exposures to carbonaceous particulates
and CO may also be of importance. The
major limitations of this study are the lack
of personal measurements before 1975
and the total lack of measurements for
some of the exposed categories of workers.
Despite these limitations, we think that
this assessment reflects the actual expo-
sures for most of the former employees.
The assessment thus provides a reason-
able tool for the subsequent epidemiologi-
cal study and for future epidemiological
follow up studies at the coke plant.
(Occup Environ Med 1998;55:616–621)

Keywords: exposure assessment; coke production; poly-
cyclic aromatic hydrocarbons

Recently, increased focus has been placed on
the estimation of exposure for use in epidemio-
logical studies, and several methodological
papers have been published.1–3 The need for
validation of the estimation procedure has been
pointed out, but validation is usually diYcult

owing to the lack of representative measure-
ments of historical exposures. A transparent
documentation of the estimation procedure
may add credibility to the results under such
circumstances.
This study concerns a Norwegian coke plant

which operated from 1964 to 1988. As in earlier
studies in coke production plants,4–8 consider-
able exposure to coal tar pitch volatiles (CTPV)
containing polycyclic aromatic hydrocarbons
(PAHs) has been reported from the study
plant.9 Previous epidemiological studies con-
cerning coke plants have considered PAH as the
only relevant exposure. In the present study we
also included exposure to asbestos, carbona-
ceous particulates, quartz, arsenic, benzene,
carbon monoxide (CO), and heat. The estima-
tion of exposure was part of a study of current
health, cancer incidence, and cause specific
mortality among the former employees.

Material and methods
THE PRODUCTION PROCESS

The study plant produced quartz coke for the
ferrosilicon industry and reactive coke for a pig
iron smelter. Coke is the residue from the
destructive distillation of coal in the absence of
oxygen. Ammonia, benzene, coal tar, and
sulphur are byproducts. The plant included a
coke production area (coke side) and a gas
refining area (gas side). The coke ovens were
charged from the side until 1970 when they
were rebuilt for top charging. After the coal had
been heated for about 17 hours, a ram car
pushed the coke sideways out of the ovens
through a coke guiding car and into a quench-
ing car. The coke was then transported through
a quenching tower where it was sprayed with
water to stop further combustion.
The coke gas was funnelled from the ovens

to the gas refining area where coal tar was
removed by cooling with water. Inorganic
sulphur was removed by scrubbing the gas with
a solution of arsenic and potash. Benzene was
extracted with a light oil. Methane and heavier
hydrocarbons were cracked and converted into
hydrogen and carbon dioxide (CO2). A synthe-
sis reactor transformed the remaining gas mix-
ture into ammonia (NH3) after compression
and the removal of CO and CO2, and the addi-
tion of nitrogen from air.

INDUSTRIAL HYGIENE DATA

Table 1 shows the available industrial hygiene
data. The personal measurements included
about 594 samples of particulate PAHs and
124 samples of total carbonaceous particulates.
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Polycyclic aromatic hydrocarbons were sam-
pled on membrane filters and analysed by gas
chromatography until 1980 when this method
was replaced by thin layer chromatography.9 10

Total carbonaceous particulates were collected
on filters and analysed by gravimetry. Quartz
and arsenic were analysed by infrared spectros-
copy and atomic absorption spectroscopy,
respectively. Benzene and CO were measured
with indicator tubes (Dräger). The representa-
tiveness of these previous measurements was
considered with respect to measurement strat-
egy and reason for sampling. Only personal
measurements of PAHs and total carbonaceous
particulates sampled for>4 hours were used to
quantify exposures directly. About 7% of the
samples of PAHs and carbonaceous particu-
lates were discharged due to possible worst
case sampling or short sampling time.

GROUPING OF JOBS

Of the 824 workers with >1 year of total
employment, who were alive in 1993, 628
answered a questionnaire and 515 were also
interviewed by an industrial hygienist (PRR). A
guide was constructed for the interview. Infor-
mation was collected about personal exposure
in diVerent jobs over time and about the use of
protective devices.
An exposure profile was constructed for each

job at the plant with information from the plant
records, the interviews, and the questionnaires.
The job exposure profiles and the relevant
industrial hygiene data were then used for the
grouping of jobs into exposure categories. We
estimated exposures for each category in
diVerent periods based on changes in the pro-
duction process, the work practices, and the
use of protective measures. In this study, the
term exposure category designates one ore
more jobs associated with a location—such as
coke oven top—an operation—such as coal
treatment—equipment—such as stamper
car—or a function—such as supervisor.

EXPOSURE TO PAHS

The exposure of the workers to PAHs at the
ovens was estimated from the arithmetic means
of personal measurements.11 Air stream hel-
mets were used from 1977 and onwards. Data
from personal measurements inside and out-
side the air stream helmets and information
from the interviews about their use made it
possible to adjust the exposure estimates. The
measurement of exposure to PAHs before 1970
had to be based on interview data and
supported by measurements from other coke
plants with side charging.7 8

The collection of repeated samples of PAHs
for the top oven workers and the side oven
workers permitted estimation of within worker
variance WWSy

2 and between worker variance
BWSy

2 with a one way analysis of variance
(ANOVA).11–14 The eVect of using air stream
helmets was also evaluated. The range of expo-
sures experienced among workers in each
category was estimated through the ratio of the
97.5 and 2. 5 percentiles of the log normally
distributed exposures as BWR0.95=exp(3.92
BWSy).

12

As the data fitted a log normal distribution,
the statistical analyses were performed with the
natural logarithm of the measurement data.
Geometric means were calculated by taking the
exponential of the mean of the logarithm of the
measurements.11 The 95% confidence intervals
(95% CIs) for the means were calculated
assuming a t distribution. SPSS/PC+, version
5.0 was used in all the statistical analyses.

OTHER EXPOSURES

Time weighted average exposures (8 h TWAs)
were estimated for carbonaceous particulates
with the arithmetic means of the personal
measurements for the diVerent exposure cat-
egories.
The content of quartz in carbonaceous par-

ticulates was measured in 78 samples. These
measurements were used to suggest quartz
exposure by exposure to carbonaceous particu-
lates.
The number of hours spent at mixing arsenic

at the sulphur cleaning department was
estimated for the exposure categories involved.
These estimates were used together with short
time personal measurements, to suggest the
likely arsenic exposure at the sulphur cleaning
department, assuming no exposure in periods
when arsenic was not mixed.

Table 1 Measurement data from the coke plant

Agent

Personal
samples
(n)

Area
samples
(n)

Sampling
period

PAHs 594 — 1976–87
— 66 1976

Carbonaceous particulates 124 — 1974–87
— 200 1970–75

Quartz content 31 47 1974,1979
Arsenic 9 33 1975–87
Carbon monoxide — 49 1975,1978
Benzene 17 34 1975,1978

Table 2 Descriptive statistics of personal measurements of PAHs (µg/m3) in diVerent periods for the coke oven categories at
the coke plant

Exposure category (period)
Measurements
(n)

Arithmetic
mean (SD) 95% CI

Geometric
mean
(GSD) 95% CI

Top oven:
1976 12 300 (254) 139 to 461 237 (2.1) 151 to 370
1978–87 221 125 (91) 113 to 138 100 (2.0) 91 to 110
Inside airstream helmets 1977–87 212 37 (32) 33 to 41 26 (2.5) 23 to 29

Side oven:
1976–87 75 44 (83) 25 to 63 25 (2.5) 20 to 31
Inside air stream helmets 1978–87 60 10 (10) 7 to 12 6 (3.0) 4 to 8

Ram car:
1976 5 30 (20) 5 to 55 25 (2.1) 10 to 60
1978 5 6 (9) 0 to 17 3 (3.3) 1 to 14
Quenching car, heater, and wharf station 1976 4 2 0 to 6 1 (4.8) 0.1 to 10
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When evaluating exposure to CO, the
categories were divided into exposed and not
exposed (less exposed) with the presence of
CO alarms at the workplaces as indicators of
exposure. Faintings related to CO were used to
define categories with peak exposures to CO.
The exposure to asbestos was assessed

relative to the time the workers reported having
been working in direct contact with the
material. The benzene exposure was assessed
with measurements and time spent in exposed
areas. Heat stress was assessed relative to the
time spent at the top of the ovens.

MAINTENANCE WORKERS

Measurements of PAHs and carbonaceous
particulates were not available for the mainte-
nance workers. The estimated exposures for
these were based on the time weighted averages
of coke oven workers after adjustments for the
mean time the maintenance workers spent at
the ovens. Time spent at the ovens was
estimated from information in the question-
naires and from the interviews.

Results
Table 2 shows the arithmetic and geometric
means of personal PAH measurements by
exposure category and period not adjusted for
the use of airstream helmets. Exposure to
PAHs was highest for workers at the top of the
ovens or close to its sides. Exposure control
measures introduced in 1976 led to a substan-
tial reduction in exposure for the top oven and
side oven categories.
Table 3 shows the arithmetic means of

personal measurements of carbonaceous par-
ticulates by exposure category and period. The
estimates for carbonaceous particulates ranged
from 1 to 16 mg/m3, with the highest exposure
for workers at the top of the ovens and at the
coke screening station.
Measures of variance in PAH exposure for

the top oven category and the side oven
category are shown in table 4. The within

worker or day to day variance was higher than
the between worker variance. This indicated a
larger diVerence in mean exposure between
days (shifts) than the diVerence in mean expo-
sure between workers in the same exposure
category. The between worker variances were
slightly higher inside the helmets than outside.

ESTIMATION OF EXPOSURES

Job exposure matrix
The job exposure matrix for the exposure
variables PAHs, particulates, CO, and benzene
is shown in tables 5–7 for the coke side, mainte-
nance, and gas side categories, respectively. The
estimates in the job exposure matrix do not
match the means shown in table 2 as the
estimates given in the matrix are adjusted for the
use of airstream helmets. The tables also show
the number of workers ever employed in the
exposed categories. The number of workers ever
employed in the other categories was 383.These
other categories, which included laboratory,
administration, and transport, were regarded as
unexposed as work in these departments nor-
mally entailed no or very low exposures.

Exposure to PAHs
The interviews in this study as well as the
measurement data from other plants7 8 indi-
cated that oven workers at the sides and on the
top experienced about the same exposure dur-
ing the period of side charging. The side oven
workers reported only minor changes in expo-
sure after the rebuilding to top charging. The
exposure estimates for the side oven category
were therefore applied to all oven categories
before 1970.
Exposure to PAHs was highest for the top

oven workers in the period 1970–6. Several
exposure control measures were introduced
towards the end of 1976. The sealing of the
ovens was improved and the larry car and the
ram car were equipped with filtered air. Air
stream helmets were used from 1977 onwards
by the workers at the top of the ovens and from
1978 onwards by the oven side workers. Top
oven workers reported a mean use of an air
stream helmet for about 75% (range 50%–
100%) of the time, whereas side oven workers
reported a mean use for about 50% (range
20%–80%) of the time. The mean eYciency of
the helmets was calculated to be 0.67 (SD
0.26) based on parallel sampling inside and
outside of the helmets (n=212). The mean eY-
ciency was calculated as the arithmetic mean
PAH concentration inside the helmet divided

Table 3 Descriptive statistics of personal measurements of carbonaceous particulates
(mg/m3) for the coke side categories at the coke plant

Exposure group period
Number of
measurements

Arithmetic
mean SD 95% CI

Top oven 1974–76 19 16.2 18.2 7.4 to 25.0
Side oven 1975–76,87 13 7.9 9.9 1.9 to 13.9
Ram car 1975–76 8 6 2.3 3.7 to 7.6
Quenching car 1975–76 3 0.9 0.4 0 to 1.8
Wharf station 1975 8 4.1 2.9 1.7 to 6.5
Coke screening 1974–81 48 13 17.8 7.8 to 18.2
Coal treatment 1975–79 25 3.8 2.5 2.5 to 4.5

Table 4 Components of variance of exposure to PAHs between and within top oven and side oven workers (measurements
outside and inside the airstream helmets)

Exposure category
(y)

Measurements
(n)

Workers
(n)

GSD between
workers (BWSg)

GSD within
workers (WWSg)

Ratio of the 97.5
and the 2.5
percentiles between
workers (BWR0.95)

Systematic diVerence
between workers (% of
total varience)
BWSy2/TSy2×100(%)*

Top oven 1978–87:
Outside helmet 221 80 1.3 1.9 2.6 13
Inside helmet 212 79 1.7 2.1 2.5 36

Side oven 1978–87:
Outside helmet 67 33 1.1 2.5 1.9 2
Inside helmet 55 30 1.2 2.3 2.0 7

*BWSy2 is the variance between workers from the log transformed measurements, TSy2 is the estimated total variance given by
(BWSy2+WWSy2) where the WWSy2 is the variance between workers from the log transformed measurements.12
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by the arithmetic mean concentration on the
outside. The reduction in exposure attributed
to the use of the helmets was estimated to be
50% (75%×0.67) for the top oven workers and
33% (50%×0.67) for the side oven workers.

Exposure to carbonaceous particulates and quartz
Most of the particulates, based on weight, in
the coal and coke treatment areas were
probably coarse carbonaceous particles from
the mechanical preparation of coal and coke. A
larger part of the particulates was respirable at
the coke ovens.9 The carbonaceous particulates
contained an average of 3% quartz (SD 1.5%).
Carbonaceous particulates were therefore used
as a measure for exposure to quartz. The work-
ers with the highest exposure to carbonaceous
particulates (16 mg/m3) would thus have a
quartz exposure of about 240 µg/m3.
Exposure to carbonaceous particulates was

not measured at the coke ovens after 1976. To
estimate exposure to particulates at the coke
ovens after 1976, the ratio between the particu-
lates and the PAH concentrations measured in
1976 at the coke ovens was multiplied by the
PAH exposures at the coke ovens after 1976.

Exposure to CO, arsenic, benzene, asbestos, and
heat
Measurements of CO were performed in 1975
but were of little value as exposure often was
due to occasional leakages and therefore varied
considerably. From 1967 there was a continu-
ous surveillance of leakages from 30 CO moni-
toring points. The surveillance points indicated
zones where exposure to CO was likely to
occur. All exposure categories were classified as
exposed to CO if they entailed work for more
than 10 hours a week in zones where CO sur-
veillance existed. Measurements suggested an
8 h TWA exposure for these categories of
between 10 and 30 ppm. At the area for
ammonia synthesis, at the cracking station, and
in the compressor hall, leakages from a gas pipe
containing 70% CO could lead to high
exposures to CO. Fourteen of a total of 20 self
reported faintings at the gas side of the plant,
occurred in these areas. The faintings indicated
peak exposures of several 100 ppm, and work-
ers in these areas were defined as exposed to
peak CO concentrations.
The potential for arsenic exposure was neg-

ligible except during the mixing of arsenic in
the sulphur cleaning department. The workers
used masks with dust filters and protective
clothing. Nine personal short time measure-
ments during arsenic mixing in the sulphur
cleaning department indicated a mean arsenic
exposure of 0.2 mg/m3 outside the mask.
Assuming 80% protection when using a mask
and 4.5 hours of mixing weekly, the workers
with the highest exposure received an 8 hTWA
exposure to arsenic of about 5 µg/m3. Exposure
categories involved in arsenic mixing were clas-
sified as exposed to arsenic.
Exposure to benzene was probably highest at

the benzene distillation area before 1969 and at
the top of the coke ovens after 1970. From
1969 the exposure at the benzene distillation
area was reduced due to automatisation of the
process. As no reliable measurements existed
for the exposed groups it was impossible to
measure the relative diVerences between the
exposure categories. These, and other catego-
ries where exposure was confirmed by benzene
measurements, were therefore classified as
exposed and all others as unexposed. The ben-
zene measurements suggested an exposure
between 0.1 and 3 ppm for the exposed
categories after 1970.
Bricklayers were exposed to asbestos (mainly

chrysotile) for an average of 2.5 hours a week
and were assigned as exposed to asbestos.
Maintenance personnel and the workers at the
gas cracking station reported a mean exposure

Table 5 Job exposure matrix for the exposure variables PAH, carbonaceous particulates,
CO, and benzene and number of workers ever employed in the respective categories at the
coke side of the plant

Exposure category
(y)

PAHs
(µg/m 3)

Carbonaceous
particulates
(mg/m3)

CO
(exposed = 1)

Benzene
(exposed = 1)

Workers ever
employed in the
category (n)

Top oven:
1964–70 45 2 1 1 106
1971–76 300 16 1 1
1977–88 65 3 1 1

Side oven:
1964–77 45 8 1 1 59
1978–88 35 5 1 1

Stamper and ram car:
1964–70 45 8 1 1 31
1971–76 30 6 1 1
1977–88 6 1 1 —

Heater and quenching car:
1964–88 2 1 — — 78

Wharf station:
1964–88 2 4 — — 27

General oven:
1964–70 40 5 1 1 99
1971–76 150 9 1 1
1977–88 40 6 1 1

Coal treatment:
1954–88 — 4 — — 74

Coke screening:
1964–88 — 13 — — 55

General coke side:
1964–70 20 6 1 1 64
1971–76 80 9 1 1
1977–88 20 5 1 1

Supervisor coke side:
1964–70 10 3 1 1 15
1971–76 40 5 1 1
1977–88 10 3 1 1

Exposure estimates based on measurements are indicated in bold characters and estimates
assigned are indicated in italics.
—=Regarded as unexposed.

Table 6 Job exposure matrix for the exposure variables PAHs, carbonaceous particulates, CO, and benzene and number of
workers ever employed in the maintenance categories

Exposure category (y)
PAHs
(µg/m3)

Carbonaceous
particulates
(mg/m3) CO (exposed=1)

Benzene
(exposed=1)

Workers ever
employed in the
category (n)

General maintenance 1964–88 3 1 — — 61
Coke side maintenance 1964–88 10 2 1 1 58
Bricklayers and oven rebuilders 1964–88 25 5 1 1 41
Gas side maintenance 1964–88 — 1 1 1 30
Insulators 1964–88 — 2 — — 7

— = Regarded as unexposed.
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to asbestos between half an hour to one hour
weekly and were also classified as exposed.
Heat stress was associated with heat radia-

tion from the coke ovens. Top side coke oven
workers and bricklayers were assigned a relative
level of five. As the workers in the general oven
category worked for about one fifth of their
time at the top, they were assigned a level of
one. Other workers were also exposed to heat,
but normally over shorter periods. These were
therefore assigned as not exposed to heat.

Discussion
In this study we have estimated the historical
exposure to PAHs, carbonaceous particulates,
CO, asbestos, benzene, heat, and quartz for
later use in epidemiological studies of cancer
incidence and mortality. The exposure of
greatest concern in this study is PAHs, but
exposures to carbonaceous particulates and
CO may also be of importance. The main limi-
tations of this study are the lack of measure-
ments before 1975, the total lack of measure-
ments for some of the exposed categories
(maintenance workers) and the lack of
representative measurements for some of the
agents (CO, arsenic, benzene, and asbestos).
The lack of measures for dermal uptake of
PAHs is also a weakness of this study. Despite
these limitations, we think that the exposure
estimates reflects the actual exposures for most
of the former employees. The exposure assess-
ment thus provides a reasonable tool for the
estimation of dose-response relations in the
subsequent epidemiological analyses and for
future epidemiological follow up studies.
Some degree of subjective evaluation is una-

voidable when estimating historical exposures
in the absence of measurement data. Studies of
the validity of subjective quantitative estima-
tions suggest that raters are able to rank the
diVerent jobs within a plant, but that quantita-
tive estimates are uncertain. Provision of a few
measurements improved the quantitative esti-
mation substantially.15 16 In the present study
some exposure levels were estimated on the
basis of a few measurements, on the time
exposed, and on subjective and qualitative
information. These estimates may be diYcult
to compare with estimates from other plants
and exposures elsewhere, but they may be use-
ful in distinguishing between diVerently ex-
posed people in an epidemiological study.

REPRESENTATIVENESS OF THE MEASUREMENTS

Polycyclic aromatic hydrocarbons were sam-
pled on membrane filters and analysed by gas

chromatography until 1980 when this method
was replaced by thin layer chromatography.
The change in method has probably not
aVected the results, as no notable change in
exposure could be found between 1978–9 and
1980–1.
Positive bias caused by the use of short time

sampling, worst case sampling, compliance
sampling, and deliberate contamination, has
been proposed as a special problem when
assessing historical measurements.17 18 Such
bias will vary under diVerent conditions and
between jobs and between exposure agents.
Some of the estimates in this study, especially
those in the smaller exposure categories with
few measurements, are probably aVected by
such bias. The use of only long term measure-
ments for measurement of exposure in the
present study, and the avoidance of measure-
ments sampled after spills or after complains
will however limit such bias. We conclude that
the sampling and analyses of both particulate
PAHs and carbonaceous particulates seemed
to be representative for the actual conditions
over time. The sampling of CO and benzene
were probably less representative for the actual
conditions due to few samples and due to
uncertain reasons for sampling.

EXPOSURE TO PAHS

The estimates of the exposures at the ovens
before 1971 are particularly uncertain because
no sampling was performed during the side
filling period.
The analyses of variance of exposures to

PAHs are based on the assumption of random
sampling and stationary conditions.19 As the
measurements were sampled over several years
(1978–87) there may be a problem of non-
stationary conditions, but the exposure and
production process did not change notably in
this period.
The assumption of random sampling may

also be a problem, but the measurements were
not sampled on special occasions nor on
specially selected people. Thus, the distribu-
tion of the measurements may be regarded as
representative for the actual variation of expo-
sure.
We adjusted the exposure estimates for the

use of air stream helmets. However, this may
underestimate the systemic dose as skin
contamination will also contribute.20 21

Owing to the work practices, the face piece of
the helmet had not always been locked during
measurements inside the helmet. The meas-

Table 7 Job exposure matrix for the exposure variables PAHs, carbonaceous particulates, CO, and benzene and number of
workers ever employed in the respective categories at the gas side of the plant

Exposure category (y)
PAHs
(µg/m3)

Carbonaceous
particulates
(mg/m3)

CO
(exposed = 1)

Benzene
(exposed = 1)

Workers ever
employed in the
category (n)

General gas side 1964–88 — — 1 1 62
Gas cleaning and tar destillery 1964–88 — — 1 1 127
Ammonia synthesis 1964–87 — — 1 — 85
Cracking station 1964–87 — — 1* 1 36
Compressor hall:
1964–78 — — 1* — 23
1979–88 — 1 —

*Peak exposure for carbon monoxide.
—=Regarded as unexposed.
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urements, therefore, indicated a lower protec-
tion factor than obtained under ideal use.
The assumption that all workers at the top of

the ovens and at the sides used the air stream
helmets for the same duration of time is
obviously incorrect. The between worker
variation of exposure may therefore have been
higher than estimated (table 4).
The uniformity of the categories as meas-

ured by BWR0.95 was 2.6 for the top oven
category and 1.9 for the side oven category.
These values suggest a high uniformity com-
pared with estimates of other occupational
groups with outdoor exposure to particulates,22

and are close to the definition made by Rappa-
port for uniformly exposed groups
(BWR0.95<2).

11

Benzene soluble organic material is used as a
measure for coal tar pitch volatiles (CTPV) in
the United States and in the United Kingdom.
Benzene soluble organic material can be com-
pared with particulate PAHs by multiplying the
concentrations of PAHs by a factor of 5, as the
PAH content in benzene soluble organic mate-
rial is 10%–40% with 20% as a typical value.9

Under this assumption, concentrations of coal
tar pitch volatiles at the study plant between
1970 and 1976 were about half those measured
at 10 coke plants in the United States in 1967.5

They were also lower than concentrations
measured at coke plants in the United
Kingdom.8 A more recent study from one
United States plant showed concentrations of
coal tar pitch volatiles comparable with those at
the study plant.6 The ranking of the exposed
jobs at the ovens is similar in the diVerent
studies.5 6 8 The reasons for the diVerences in
exposure between plants may be diVerent pro-
duction processes, diVerent climatic condi-
tions, and the unequal introduction of expo-
sure control measures. DiVerent methods of
sampling and analysis are also important
factors.23 A reason for the possibly higher con-
centrations of coal tar pitch volatiles in the
United States may be process factors—such as
higher oven wall temperatures, faster coking
rates and the use of coal with a higher content
of volatile matter, and less moisture.24

IMPACT ON THE EPIDEMIOLOGICAL STUDY

In the epidemiological study cumulative expo-
sure was chosen as a surrogate for dose and
calculated for each year under observation as
the product of duration and exposure summed
for all jobs held. Arithmetic means were used
for the calculation of cumulative exposure as
this measure probably reflects the dose accu-
mulated over time for a group of workers expe-
riencing relatively large day to day variations
compared with the variation between the peo-
ple in the exposure group.
A correlation analysis between the agents in

the diVerent exposure categories and between
cumulative exposure and duration of exposure
was performed to evaluate possible impacts on
the epidemiological study. The strongest corre-
lation between the agents was seen between
PAHs and carbonaceous particulates (correla-
tion coeYcient=0.7) and between PAHs and
heat (correlation coeYcient=0.6). The correla-

tion coeYcients between the other agents were
<0.35. The correlation coeYcients between
duration of work and cumulative exposure to
PAHs and carbonaceous particulates were 0.1
and 0.3, respectively. The correlation coeY-
cients between duration of exposed work and
cumulative exposure to PAHs and carbona-
ceous particulates were 0.6 and 0.8, respec-
tively.
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