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ESTIMATING SERUM POLYCHLORINATED BIPHENYL
LEVELS IN HIGHLY EXPOSED WORKERS:
AN EMPIRICAL MODEL

Philip R. Taylor
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Prevention and Control, National Cancer Institute,
Bethesda, Maryland '

Andrew A. Reilly, Jeanette M. Stelma, Charles E. Lawrence

Statistical and Computer Science Laboratory, Wadsworth
Center for Labs and Research, New York State
Department of Health, Albany, New York

A regression model estimating high-homolog polychlorinated biphenyl (PCB) serum
concentration on the basis of job exposure categorizations was developed. The model
assumes first-order kinetics with a half-life determined empirically and uses variables
that incorporate both intensity and duration of exposure over a 30-yr period. In order
to compare the efficiency of these regression-based exposure estimates relative to
often-used epidemiological parameters, models with dichotomized, ordinal, and con-
tinuous exposure surrogates were also investigated. Among the alternative exposure
categorizations the most straightforward measure, ever versus never direct, was a par-
ticularly poor predictor of serum PCB level (r? = .01). Nearly all of the candidate
exposure measures we tried predicted serum levels poorly. The best of these after the
fact was with total months employed in direct-exposure jobs (r* = .43). None of the
logical deductive models approached the predictability of the empirical model devel-
oped here (r? = .69).

INTRODUCTION

An idealized exposure estimate is based on actual measurements of a
putative exposure over some biologically relevant time. Studies of health
outcomes in occupational cohorts that lack actual exposure measures
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typically consider the entire cohort to be exposed or use a simple dichot-
omy such as “exposed” versus “unexposed” within the cohort.

In the present article we describe a two-stage approach to estimate
exposure to PCBs in an occupational cohort. First, a sample of the cohort
was selected for which both individual exposure measures and surrogate
exposure variables were available. These data were used to develop a
regression model for individual exposure based on surrogate exposure
measures, which was applied in the second stage to estimate exposures
for the whole cohort solely on the basis of the surrogate variables.

MATERIALS AND METHODS

Population

Between 1946 and 1977 two facilities of the same company located in
upstate New York manufactured capacitors using PCBs with Aroclors
1254, 1242, and 1016 as their primary dielectric fluid. In 1976 a study was
initiated to examine the possible human health effects of PCB exposure.
This was done by conducting an examination of all highly exposed work-
ers, those most likely to exhibit adverse health effects. One hundred
ninety-four individuals were evaluated, including all current employees
whose jobs required direct PCB contact in zones of high PCB air concen-
tration, were in the immediate periphery of the high-exposure zone, or
had high but intermittent exposure. The health evaluation has been de-
scribed in detail elsewhere and included serum PCB measurement (Law-
ton et al., 1985a). A similar evaluation was conducted in 1979 and 1983 on
participants still available for reexamination. Because of concern over a
laboratory error in the 1976 data, only the data from 1979 were used in
this analysis. Complete job history records through 1976 and serum Aro-
clor 1254 measurements from 1979 were available on 157 employees.
These records form the data base for the first stage. The half-life of Aro-
clor 1254 was empirically estimated as 3.32 yr by comparing serum levels
from 1979 with additional follow-up values obtained in 1983 on 150 par-
ticipants. Calculations assumed first-order kinetics (Morrow, 1977). Once
the half-life was determined, it was incorporated into all of the regres-
sion models described here in order to account for excretion of PCBs.

Variable Definition

Although additional data were gathered on participants, variables
used in the development of the prediction model were limited to items
available for the study subjects at the second stage: age, sex, job codes,
job description, and dates during which the job was held. The job de-
scription in combination with manufacturing process information and
industrial hygiene data was used to categorize all jobs into two broad
exposure groups and a total of four specific categories. Direct-exposure
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jobs were defined as those in which direct contact with PCBs occurred
during the manufacturing process. These jobs were further characterized
into subcategories as follows:

Low: air contact only
Medium: air contact plus occasional dermal contact
High: air contact plus frequent dermal contact

All other jobs within the plants, including office and manufacturing areas
where PCBs were not directly used, were termed indirect-exposure jobs.

Auxiliary information concerning exposure was available but not ex-
plicitly recorded in the company’s personnel records. The facility started
operation and began using PCBs in 1946. In 1954 use of the highly
chlorinated Aroclor 1254 was phased out and replaced by Aroclor 1242;
in 1965 major engineering changes occurred, including closed-process
filling of capacitors and improvements in ventilation, which presumably
resulted in substantial reduction in exposure to PCBs; and in 1971 Aro-
clor 1242 use was stopped in favor of Aroclor 1016. To account for the
potential influence of these changes, separate variables corresponding to
the periods 1946-1954, 1955-1965, 1966-1971, and 1972-1976 were incor-
porated into the model to indicate the era of exposure:

Era 1: 1946-1954 (25-33 yr before sampling)
Era 2: 1955-1965 (14-24 yr before sampling)
Era 3: 1966-1971 (8-13 yr before sampling)
Era 4: 1972-1976 (3-7 yr before sampling)

Sixteen variables corresponding to the four exposure levels by four time
intervals were created. Each of the 16 variables was defined as the num-
ber of months served in the corresponding job category within the rele-
vant era. People who changed job exposure categories within an era but
were continuously employed thereby contribute a number of exposure
months equal to the era’s length. Their contribution to a specific expo-
sure category is the number of months they worked at jobs of that
category. The resulting regression coefficients therefore have units
proportional to PCB concentration times (era-specific, exposure-
category-specific months)™". Details of serum PCB determinations have
been previously reported (Lawton et al., 1985b).

Regression Model

Classical multiple-regression techniques based on least squares were
employed with serum high-homolog PCB as the dependent variable and
era-specific exposure-category months as the independent variables. To
satisty the analytic assumptions of homoscedasticity and normality of the
error, weighting was performed using weights equal to the inverse of the
variance within deciles of predicted values. The amount of variation ex-



416 P. R. TAYLOR ET AL

plained by the regressions for various models was compared using the r*

statistic.

Potential elimination of PCBs from the body was evaluated by assum-
ing first-order kinetics and incorporating this into the regression model
(Appendix). Statistical analyses were conducted using the Statistical Anal-
ysis System (SAS) (SAS Institute, Inc., 1982).

Application to Reproductive Outcome Study (Second Stage)

The regression models were applied in a study of the birth weights
and gestational ages of the infants of female employees. Results of the
second stage are reported elsewhere (Taylor et al., 1989). In this report we
describe only the application of the exposure model developed here to
this second-stage study cohort. From among the 3,018 total women em-
ployees, groups with direct and indirect exposure were selected to evalu-
ate estimated PCB exposure at the time of reproductive outcome. The
direct-exposure group included a random sample of 200 women who
had ever held a direct exposure job, while the indirect-exposure group
included a random sample of 205 women who never held a job in the
direct-exposure areas. Clerical and management jobs were excluded
from both groups.

Alternative Models

A series of alternative univariate regression models using dichoto-
mous, ordinal, and continuous variables to estimate serum PCB levels
were also run for comparison. Examples of predictor variables examined
include ever having a direct-exposure job, highest level ever exposed
(from none to high), and duration of employment.

RESULTS

Population

The 147 individuals upon whom results are reported included 114
males and 33 females, ranging in age from 25 to 78 yr old (mean = 44) in
1979, who had a median serum high-homolog PCB level of 53 ppb.

Air Concentrations

Results of air sample monitoring performed in both direct- and
indirect-exposure job areas during the industrial hygiene surveys
showed that, in 1977, air concentrations of PCBs in the indirect-exposure
job areas were an order of magnltude below those in the direct-exposure
job areas (27 vs. 310 pg/m’, respectively). The indirect-exposure jobs, in
turn, had much higher PCB concentrations than did areas surrounding
the plants, where values averaging 6.2 ug/m’ were recorded prior to dis-
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continuation of PCB use. These concentrations all exceed previously re-
ported urban ambient air averages of 0.1 ug/m’ (Kutz and Yang, 1975).

Regression Model

The weighted least-squares regression model with 16 exposure-
month variables identified 10 influential outlier values (standardized re-
sidual = —2.5 or = 2.5). After review of the original data these records
were removed. The new regression resulted in an improvement in the r’
from .56 to .71. Description of the participants by era-specific exposure
category months variables is shown in Table 1. The “full” model with 16
independent variables was subsequently simplified by dropping the four
statistically insignificant variables from era 4 and the single additional
variable with a biologically implausible negative coefficient, era 2 low,
which was also insignificant. The final “reduced” model with 11 variables
is shown in Table 2 and is described in greater detail in the Appendix.
The r* for this reduced model was .69 based on 147 observations.

TABLE 1. Description of the Era-Specific Months Variables Used
in the Regression Models to Predict High-Homolog Serum PCB

Level (n = 147)
Number of subjects
with any time Range? Mean

Variable at given level (mo) (mo)
Era 1

Indirect 30 4-95 32

Low 8 1-84 1

Medium 13 1-14 6

High 6 3-17 8
Era 2

Indirect 73 1-132 96

Low 24 1-132 9

Medium 28 1-60 12

High 14 1-122 30
Era 3

Indirect 91 1-72 43

Low 27 1-70 5

Medium 59 1-69 22

High 24 1-70 Ey)
Era 4

Indirect 84 1-60 37

Low 35 ) 1-60 18

Medium 32 1-60 37

High 84 2-60 28

Note. See Materials and Methods for definition of variables.
#Among subjects with employment during the era specified.
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TABLE 2, Final, Reduced, Weighted Regression Model for Predicting High-Homolog Serum PCB
Levels (n = 147)

Variable Beta SE? t Value p Value
Intercept 24.71 2.63 9.37 0.0001
Era
Indirect 75.22 55.34 1.35 0.1763
Low 652.11 220.65 2.95 0.0037
Medium 882.68 521.89 1.69 0.0931
High 77.50 694.56 0.11 0.9113
Era 2
Indirect 6.58 3.44 191 0.0576
Medium 39.36 20.49 1.92 0.0569
High 95.84 15.94 6.01 0.0001
Era 3
Indirect 1.69 0.80 2.09 0.0382
Low 0.69 1.96 0.35 0.7256
Medium 7.28 1.48 4.9 0.0001
High 16.01 2.78 5.76 0.0001
r? = 69

Note. See Materials and Methods for definition of variables.
2Standard error.

Application to Reproductive Outcome Study (Second Stage)

Using the model derived in stage one from the 147 subjects in the
cohort (Table 2), estimated values ranged from 25 to 14,595 in the 200
women in the direct-exposure group, with a median of 52 ppb, while the
range in the 205 women in the indirect-exposure group was from 25 to
2,240 with a median of 53 ppb. An example illustrating application of the
final model to the work history of a single individual is shown in Fig-
ure 1.

Alternative Models

The predictability of the seven alternative models examined varied
widely. The least predictive was the simple ever versus never direct-
exposure model (r* = .01), while the most predlctlve used a single con-
tinuous variable, duration of employment in direct-exposure jobs (r* =
A43).

DISCUSSION

We considered ever-direct versus only-indirect exposure as the sim-
plest and most logical of the alternative exposure categorizations exam-
ined. However, it was a particularly poor predictor of serum PCB level
(r = .01). After the fact, the best we could do in predicting serum PCB
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using a priori deductive models was with total months employed in
direct-exposure jobs only (©" = .43). None of the logical deductive
models approached the predictability of the empirical model developed
here (©* = .69).

The coefficients observed in the final model generally show that time
spent in higher exposure categories resulted in higher predicted serum
PCB levels. They also indicate a substantial difference in exposure be-
tween eras, with increasing exposure for each subsequent era progress-
ing back in time, and very high exposure during the most distant era.
Individual coefficients should be interpreted with caution, however, in
particular those from distant eras where data are sparse. Nevertheless,
the indication of higher exposure in past eras is consistent with historical
data from the plants denoting process and/or engineering changes that
resulted in a reduction in exposure at the points in time used to demar-
cate eras for our analysis.
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FIGURE 1. Background serum high-homolog PCB level is assumed to be equal to the intercept
(24.71 ppb, Table 2). From era 3 coefficients shown in Table 2, each 1 mo of employment at a high-
exposure job results in an increase above background of 16.01 ppb, so that at the end of a full 12
mo, serum PCB level due to high exposure in the year passed would be 12 X 16.01 ppb = 192.12
ppb. Cumulative exposure at the end of the year would equal background (24.71 ppb) plus the
increment due to high exposure during the year (192.12 ppb) or 216.83 ppb. Similarly, a year at
medium expasure would add 12 x 7.28 ppb =~ 87.36 ppb, a year at fow exposure 12 x 0.69 ppb =
8.28, a year at indirect exposure 12 X 1.69 ppb =~ 20.28 ppb, and a year unemployed nothing.
Excretion is assumed to follow first-order kinetics with a half-life estimated at 3.32 yr. This means
that by April 1969 (3.32 yr later), half of the 192.12 ppb increment in serum PCB level due to the
high exposure in 1965 will have been excreted. Estimation of total serum high-homolog PCB level
at any point in time, therefore, takes into account level and duration of exposure as well as
excretion.
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The half-life of Aroclor 1254 estimated from serum measurements
and used in the subsequent model development described here (3.32 yr)
is in reasonably close agreement with the half-life of 4.8 yr estimated by
Phillips et al. (1989) for Aroclor 1254. While changes in the half-life used
in the model resulted in alteration of the relative magnitude of the coeffi-
cients between eras, with longer half-lives reducing the differences in
coefficients between eras, the overall predictiveness of the model as
measured by r* was little affected by changes in the half-life (data not
shown).

The model described here was developed based on serum levels
measured in 1979, 2-3 yr after exposure last occurred. Model develop-
ment in this setting was possible because appropriate data were available
to estimate the half-life of Aroclor 1254 (i.e., exposure measurements
from two points in time without interval exposure), the half-life was long
relative to the time since last exposure, and the exposure was high.

The model developed here is flexible and capable of estimating expo-
sure in different ways to accommodate different postulated mechanisms
of disease. Using information on estimated half-life from external data,
exposure at a given point in time can be estimated as was done for the
pregnancy study described. Similarly, by calculating exposure at multiple
points in time, peak exposure can be estimated. This might be useful if
the exposure under study was considered to act only above a certain
threshold. And finally, by assuming a half-life of infinity, cumulative expo-
sure up to any point in time can be estimated. Cumulative exposure
would typically be the exposure of most interest in studies of cancer
etiology.

In conclusion, we developed an empirical model that allows estima-
tion of serum PCB levels in a variety of circumstances. Application of this
empirical approach appears to offer substantial improvement to the al-
ternative deductive approach in accurately estimating and categorizing
exposure for epidemiologic studies.

APPENDIX

If we assume that PCBs introduced into a compartment are subject to
a single removal process and that the fractional removal rate from that
compartment is constant, then first-order kinetics may apply. The general
formula for first-order kinetics is

Y(T 6 = Y(the ™? )]

where Y(T; #) is the concentration at the time of interest T due to expo-
sure at time ¢, Y(t) is the concentration at time t due to exposure at time ¢,
and k is an elimination constant such that e~ indicates elimination
proportional to concentration at any given time. Cumulative concentra-
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tion in year (t — 1) to tis Yy(t) = {Y(t x) dx. Cumulative exposure at T is
cY(n = SY(T, ) dt = ), Ve " )

Let
Y0 = B, + DA, M, 3)

where B, is the background serum PCB level, A, , is the serum concentra-
tion resulting from an exposure of 1 month at level j in time (t ~ 1) to t
years, and M, , is the number of months exposure at level i in time (t — 1)
to t years. Concentration is therefore dependent on both level and time.
A total of four different levels of exposure and four different time pe-
riods were identified in which PCB exposure was believed to have dif-
fered, and coefficients must be estimated for each level and era. A de-
scription of these levels and eras as used in the cohort under study is
detailed in the Materials and Methods section.
Let

Ai, t = Bi(t) @

where B(f) is the era exposure factor for (t — 1) to t for the ith level of
individual exposure. Beta can be expressed as a function of time and
level of exposure as

B,ea: for 25 =t < 33
Bewy for 14 <t < 25
B(t) = (5)
B, ..; for 8=t< 14
B ... for 3=<t<38

where i = indirect, low, medium, and high exposure levels. All values of
t are years of employment before the time at which serum PCB level is
being estimated.

Substituting B(t) from Eq. (4) for A, in Eq. 3):

Yot) = By + 3, B(OM,, 6)

Substituting B, + LB(tHM,, from Eq. (6) for Yyt in Eq. (2) gives us the
model:

1A

IA

CYD = B, + Se™ S BOM,, @
t i

If M,, = 0 for t = 0-7 (there was no PCB exposure in yr 0-2, and the era 4
variables for yr 3-7 had no significant impact), then

33
CY(N = B, + Y e " "Y BOM,, ®)

t=8 i
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