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Abstract
The elimination kinetics of polychlorinated biphenyls (PCBs) in humans is difficult to assess in
observational studies, because PCB exposure is never completely abolished. In a community with
high dietary PCB exposures from whale blubber, we examined two groups of children with increased
body burdens from breast-feeding. Follow-up was from ages 4.5 years to 7.5 years (99 subjects) and
7 to 14 years (101 subjects). The calculations were performed by the use of structural equation
models, with adjustment for body weight and dietary blubber intake as the main source of postnatal
exposure. As a likely result of background exposures, apparent elimination half-lives were
unexpectedly long when based on results from all cohort members. Subjects with exposures above
the median and in the highest quartile showed half-lives of about 3-4 years for CB-138, and 4.5-5.5
years for CB-105 and CB-118; 6.5-7.5 years for CB-156, CB-170, and CB-187; and 7-9 years for
CB-153 and CB-180. The longest half-lives correspond to elimination of the parent PCB solely with
a daily fat excretion rate of 1-2 g, while shorter half-lives assume metabolic break-down.
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Introduction
Human studies of exposure to polychlorinated biphenyls (PCBs) often include measurement
of serum PCB concentrations as dose estimates. Because the stability of individual PCB
congener concentrations over time depends upon the toxicokinetic fates, including elimination
half-lives (1), the congener concentrations present in a serum sample at the time of clinical
assessment may or may not represent the causative substances and their amounts at the time
of toxic impact (2).
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Elimination is thought to follow an approximate first-order process, and biological half-lives
have been calculated for several congeners in laboratory animals (3-5). Food-mediated human
exposures mainly involve persistent congeners, and the ‘weathered’ congener pattern differs
substantially from the PCB products originally released into the environment. Thus, more
highly chlorinated congeners, such as the hexachlorinated CB-153 and CB-180, are particularly
prevalent congeners in food as well as in human serum.

Human data on PCB half-lives are based mainly on studies of small numbers of subjects with
high exposures followed over time after cessation of exposure from a poisoning incident (6,
7) or after occupational exposure (8,9). Reports of unusually short half-lives may reflect
distribution processes, rather than elimination alone. Other studies have reported very long
elimination half-lives, although assumptions may not be fulfilled that PCB exposure was
negligible after cessation of a particular source, thereby disregarding continuing background
exposures. The most carefully controlled study (10) was based on only three highly-exposed
subjects.

PCB exposures during development are of particular concern, because accumulation of PCBs
from prenatal exposure and breastfeeding can be substantial in comparison with subsequent
dietary exposure levels during childhood and adolescence. Thus, a breastfed infant's daily dose
on a body weight basis may be 100-fold higher than the mother's (11,12). An additional factor
is that metabolic breakdown of PCBs may be less effective in infants (13). On the other hand,
early growth will expand the lipid compartment volume, in which the PCBs are distributed,
thereby leading to a decrease in serum concentrations (14). However, PCBs sequestered into
fat tissue may be unavailable for metabolic elimination processes, thereby prolonging the
elimination half-lives (15). For congeners not amenable to break-down, elimination primarily
occurs via fecal lipid excretion (16). Elimination of fecal lipids may be greater in infants relative
to their body weight, thus resulting in shorter half-lives of persistent lipophilic chemicals
(16). The overall effect of these parameters on PCB half-lives in children is poorly known.

In the Faroe Islands, the main route of PCB exposure is the consumption of pilot whale blubber,
which forms part of traditional diets. With average PCB concentrations in human milk fat of
1-2 μg/g lipid, the daily PCB intake of a Faroese infant has been calculated at about 8 μg/kg
body weight (17). This exposure level is orders of magnitude higher than weaned Northern
European children's average daily PCB intakes below 50 ng/kg (12,18). Hence, in Faroese
adolescents aged 14 years, the serum concentrations of persistent PCB congeners remains
significantly associated with the duration of breastfeeding (19). The rate of decrease in serum
concentrations after cessation of breast-feeding may therefore allow calculation of elimination
half-lives during childhood. For this purpose, we have used two sets of PCB data from Faroese
birth cohorts, where serum PCB concentrations were determined on two occasions (19,20).

Materials and methods
Study populations

The first cohort of 1022 singleton births was assembled in the Faroe Islands during a 21-month
period during 1986-1987 (21). When the cohort members were about 7 and 14 years old, they
were invited for a thorough health examination with voluntary venipuncture. Height and weight
were recorded as part of the physical examination. At both ages, questionnaire information
was obtained about the frequency of whale meat dinners and blubber consumption. At age 7
years, 917 of the children completed the examinations, but sufficient serum for PCB analysis
was available only for 124 children. Seven years later, a blood sample was obtained from 795
out of 878 subjects examined. Serum PCB analysis was conducted for a total of 101 subjects
(53 boys and 48 girls) examined at both occasions (Table 1).
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A second cohort was recruited during a 12-month period in 1994-1995 and included 182
singleton term births from consecutive births at the Faroese National Hospital (20). Blood
samples were obtained at 4.5 years and again at 7.5 years of age from 167 and 153 children,
respectively, with sufficient serum for PCB analysis from 119 and 145. A total of 99 children
had serum PCB results from both occasions. In cohort 2, the child's height and weight were
recorded at 3.5 years, but not a year later. The values for age 4.5 years were therefore determined
by interpolation between 3.5 and 7.5 years (Table 1).

Laboratory measurements
After collection of the blood samples, the blood was allowed to clot for approximately 30
minutes, spun at 10,000 rpm for 30 min to separate the serum portion of the blood, and
transferred to clean cryovials. The frozen samples were hand-carried to the Centers for Disease
Control and Prevention (CDC) laboratory in the United States, where they were stored at -70°
C until analyzed for PCB congeners and lipid content as previously described (19). Samples
were analyzed using gas chromatography-high resolution mass spectrometry with isotope
dilution calibration. Ions representing the most abundant clorine-35 and chlorine-37 isotope
peaks were measured for each congener and their ratios were within ± 20% of the theoretical
ratios. Approximately 20% of the samples analyzed were quality control materials (positive or
negative controls). Samples from runs in which a quality control material violated one of the
Westgard multirules were repeated until a valid quality control result was obtained. Data which
violated any quality control parameter (e.g., quality control material out-of-control, ion ratios
outside 20% of theoretical ratio, retention times not matching with labeled standards, excessive
background levels in negative control) were not reported. Relative recoveries for all congeners
were between 90% and 111% and the relative standard deviations of the measurements were
less than 20%.

For the present study, we selected individual congeners on the basis of their detectability in
the chemical analyses. For congeners 118, 138, 153, 170, 180, and 187, all subjects had
concentrations of at least 0.05 μg/g lipid, thus providing assurance that analytical variability
was low. Further, because of the toxicological interest in mono-ortho congeners, such as
CB-118, we also included congeners 105 and 156, with the caveat that added attention to results
near the detection limit would be needed.

All protocols were reviewed and approved by the Faroese ethical review committee and the
institutional review board at Harvard School of Public Health; the analysis of coded samples
at the CDC laboratory was determined not to require additional approval for human subjects
research.

Data analysis
The two sets of paired serum PCB concentrations are thought to follow an exponential decay
model:

where Yt is the concentration at time t and εt is a normally distributed error term. In this model,
the half-life is given by

[1]

An estimate of the half-life can therefore be obtained by first estimating k. For the two sets of
observations, the analysis is based on the log-transformed difference in concentrations between
the two examinations, which is then given by
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where t1 and t2 denote the child's age at the first and second examinations, respectively. Thus,
k can be estimated as the coefficient of the age increase in a simple regression model without
an intercept. For each PCB congener, we developed a joint regression model that included data
from both examinations. As a starting point, the regression coefficient k and the variance of
the error term εt1 - εt2 were allowed to depend on the cohort. The similarity of the regression
coefficient k in the two cohorts was then tested. Assuming that they were identical, a joint
estimate of the half-life was obtained. Confidence limits for the half-life was calculated from
the confidence limits for k using the transformation given by equation [1].

These calculations were initially carried out without any cofactors. To adjust for possible
confounding effects caused by age-related differences in distribution volumes, the body mass
index (BMI) was taken into account by including the difference in log-transformed BMI as an
additional predictor of the difference in log-transformed PCB concentrations, i.e.,

In this model, -ln(0.5)/k can be interpreted as the half-life for PCB concentrations in children
with a constant BMI. Alternatively, this model can be interpreted as an exponential decay
model in Xt = Yt ⋅ (BMIt)c were c is a constant independent of t. To test if BMI provided an
adequate description of the changes in distribution volume, the difference in log-transformed
weight was entered as an additional covariate, i.e.,

If this covariate had a negligible effect, the model only including BMI as a covariate was
considered adequate.

Serum PCB concentrations are usually expressed in reference to the serum lipid concentration.
While this tradition may be appropriate, the significance of the serum lipid concentration was
tested by using the serum-lipid concentration as a covariate in calculations using the volume-
based PCB concentrations. Thus, we fitted the model

where Zt1 and Zt2 are volume-based concentrations at the two time points and lipid is the serum-
lipid concentration.

In regard to postnatal exposures, consumption of pilot whale could be a non-negligible PCB
source in the children, depending on when they started eating this traditional food item. Two
different approaches were taken to allow for this problem. First we stratified the analysis to
include only those children who, according to the questionnaire, had not eaten whale. Then, to
avoid problems with small numbers of subjects after the exclusions, we also adjusted for whale
intake using a regression approach by including as a continuous covariate the number of
monthly whale dinners that the child consumed at the time of the examination

In this model, -ln(0.5)/k can be interpreted as the half-life in children with no postnatal PCB
intake from whale blubber.

To assess the robustness of these findings, we carried out additional calculations after exclusion
of subjects with an initial PCB concentration below the median, where the impact of analytical
imprecision may be relatively greater, and where dietary PCB exposures between the two
examinations may have played a proportionately greater role. We also repeated the calculation
for subjects with a total PCB concentration in the highest quartile.
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Results
Descriptive results for the paired serum concentrations and their ratios are shown in Table 2.
The lipid-based concentrations generally decreased between the two examinations, with
substantial variability between subjects and among congeners. Two sets of paired results of
PCB congener concentrations are shown graphically in Figure 1.

Half-lives were first calculated in structural equation models without any adjustment for
covariates. However, with overall averages approaching 10 years, these results were considered
unreliable and possibly affected by confounders. The BMI increased between the
examinations; e.g., in Cohort 1 by 23% from age 7 to 14 years. Increases in BMI were associated
with decreased serum congener concentrations; the negative association between BMI and
PCB concentrations was clearer at age 14 than at age 7 years (data not shown). BMI was
therefore included in the model, assuming that the BMI reflects the distribution volume
(addition of body weight to the equation did not cause any changes). In addition, as previously
reported (19), some cohort subjects had started eating whale blubber, and dietary intake during
the observation period could therefore have added to their serum PCB concentrations.
However, these adjustments changed the estimates only marginally (data not shown).

Stratification was therefore used to rule out possible impact of background exposures that might
cause an apparent increase of half-lives at lower concentration ranges. Calculations based on
subjects with a total PCB concentration above the median are shown in Table 3. All elimination
half-lives now averaged less than 10 years. A repeated calculation for the subjects in the highest
quartile (Table 4) resulted in a further, though less certain, decrease in half-lives.

Because postnatal PCB intake may be inaccurately reflected by the dietary questionnaire
response, additional analyses were carried out on data only from subjects who did not eat whale
blubber at all (Figure 1). This restriction did not affect the findings (data not shown). Expression
of PCB concentrations in relation to the lipid concentration may have some limitations;
therefore, the same calculations were repeated using the volume-based serum concentrations,
while the lipid concentration was entered as a covariate. This adjustment also rendered very
similar results (not shown). Stratification by sex showed no differences in half-lives between
boys and girls.

Overall, the half-lives for CB-138 were about 3-4 years; for CB-105 and CB-118, 4.5-5.5 years;
for CB-156, CB-170, and CB-187, 6.5-7.5 years; and for CB-153 and CB-180, the half-lives
were 7-9 years.

Discussion
The present study extends the data on temporal decay of children's serum PCB concentrations.
The material is unique, because a high PCB accumulation by the time of weaning resulted from
the occurrence of highly increased maternal PCB body burdens from the traditional habit of
eating pilot whale blubber. As calculated by the European Food Safety Authority (12), daily
intakes from breast-feeding may be two orders of magnitude higher than background dietary
exposures. Under most circumstances, the exposure during the post-weaning period will be
close to negligible. In agreement with this notion, Barr et al. found that the duration of the
breast-feeding period remained a significant predictor for serum-PCB concentrations in
Faroese adolescents at age 14 years, although this association was not statistically significant
for some less chlorinated congeners (19). This study also reported that postnatal blubber intake
was associated with increases of serum PCB concentrations. Accordingly, adjustment or
stratification for dietary PCB exposure from traditional food was necessary in the calculation
of elimination half-lives. Further, adjustment for body size as an indicator of the lipid
compartment size was also included. The impact of continuous background exposures was
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controlled for by relying on the results obtained at higher average PCB exposures that would
be less amenable to bias from comparatively low background exposures.

These findings should be considered in the light of what is known about PCB elimination
mechanisms. PCB excretion with lipids in the stool is thought to represent the major non-
metabolic excretion route for persistent, lipophilic substances (16). Based on this elimination
route only, and given the average fecal lipid excretion rate, a maximum half-life of 9.5 years
can be calculated for adults (16). Assuming that proportional lipid excretions levels are similar
in children, calculated half-lives substantially in excess of this level would therefore likely be
biased. Half-lives of this magnitude would correspond to a fecal fat excretion of about 1-2 g/
day in children.

More rapid elimination may occur if metabolic conversion takes place. Phase-1 conversion by
P450 enzymes may constitute the major rate-limiting step for certain PCB congeners (1). The
present study shows that elimination half-lives in the subjects with PCB levels above the
median were similar to those observed in the subjects from the highest quartile. These findings
do not support a deviation from first-order kinetics, whereby increased elimination would occur
at higher exposure level.

The results obtained coincide with data from previously published studies of adults. Follow-
up of occupational cohorts have resulted in CB-118 half-lives of 5.8 years (9) and 9.6 years
(8), although overestimation due to continued background exposures cannot be ruled out.
Similarly, Masuda (6) reported a half-life above 9 years for this congener in a recent follow-
up study of poisoning victims, while Ryan et al. (10) had calculated a shorter half-life of 1.2
years in highly exposed Yu-Cheng patients during the first decade after the incident. Using
measured intakes in the diet as an indicator of daily exposure, and assuming steady-state
conditions, the half-life for CB-118 was calculated at between 3.8 years and 6.3 years (7). Our
calculated half-life of about 5 years concurs with this magnitude.

Half-lives for PCB congeners 138, 153, and 180 were estimated to be of 3.4 years, 3.8 years,
and 4.3 years in Yu-Cheng patients during the first decade after the toxic exposure (10).
Somewhat greater values of 6-7 years for CB-138 and 12.4 years for CB-153 were based on
follow-up of workers after cessation of occupational exposure (9). Long-term half-lives of at
least 9 years for CB-138, CB-153, and CB-180 were reported by Masuda (6) and Wolff et al.
(8). As previously indicated, these results may have been biased by continued background
exposures. Our data on children suggest that CB-138 is less persistent than CB-153, which has
a half-life about twice as long. Our results for CB-180 are affected by the less robust findings
from Cohort 2 likely from analytic variation, but suggest that its half-life is similar to the one
of CB-153.

For related lipophilic substances, such as tetrachlorodibenzo-p-dioxin, young children
reportedly exhibit shorter elimination half-lives than adults (16). An age dependency was also
supported by the findings in an 11-month follow-up study of exposed children (22), where
serum-PCB concentrations decreased by half, thus suggesting half-lives of about one year.
However, the first serum sample could perhaps reflect PCB concentrations in more superficial
compartments before complete redistribution within the lipid phase, and the lipid phase may
have expanded due to growth during the observation period. The elimination rate may therefore
have been overestimated. In the present study, the calculated half-lives of PCB congeners did
not differ between the two cohorts, despite the difference in age. Also, the results obtained are
in better agreement with findings from exposed adults than with the limited short-term studies
in children. This finding suggests that fecal lipid excretion is of the same proportional
importance in children and adolescents as in adults.
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Metabolic elimination of PCBs involves conversion into polar hydroxylated metabolites, which
are more easily excreted in urine and feces. P450 enzymes contribute to this Phase I
metabolism. For the most relevant enzyme P450 1A2, small children below about 6 months of
age have a reduced activity in comparison with adults, while the activity is relatively increased
during later childhood and early adolescence (13). A recent study from the Faroe Islands
showed that, in comparison with their mothers, 7-year-old children had higher blood
concentrations of OH-PCB-107, which is a metabolite formed from either PCB-105 or
PCB-118; the three other main OH-PCB congeners were of comparable magnitude (23). This
evidence would suggest that the half-life of these two congeners could be shorter in children
than in adults. Although this possibility cannot be decided from the present data, both PCB-105
and PCB-118 had half-lives of 4.5-5.5 years that clearly were lower than those observed for
PCB-153 and PCB-180.

These data therefore point to the degree of chlorination as an important predictor of biological
persistence, with a tendency of longer retention in heptachlorinated congeners (CB-170,
CB-180, and CB-187) than in less chlorinated substances, especially the pentachlorinated
CB-105 and CB-118. The retention of CB-138, CB-156 and CB-170 would likely be
intermediate between these two groups. The latter five congeners share the property of
possessing two vicinal, unsubstituted carbon atoms, thereby providing easier access for
metabolizing enzymes. However, the hexachlorinated CB-153 does not share that property and
also has a fairly long half-life. Thus, prediction of PCB congener persistence seems insufficient
from these two aspects of chemical structure.

In conclusion, the present study utilized a large data set on serum-PCB concentrations from
prospective studies of Faroese birth cohorts. Highly chlorinated congeners CB-153 and CB-180
persist in the body and show an apparent half-life averaging about 7-9 years, which can be
explained by elimination with fecal lipids. CB-138 (3-4 years) and CB-105 and CB-118 (about
5 years) clearly had shorter half-lives. No indication was found that half-lives in children aged
4-14 years are shorter than in adults, thus supporting the notion that fecal fat elimination may
represent a fairly constant proportion in regard to body size.
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Figure 1.
Paired serum concentrations (μg/g lipid) of congeners CB-138 (circles) and CB-153 (crosses)
at ages 7 and 14 years in 32 Faroese subjects not consuming whale blubber. The two regression
lines are parallel and suggest a faster elimination of CB-138 than of CB-153. Apparent
elimination at lower concentrations appears to be relatively slower, but is likely affected by
background exposures between the two examinations.
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Table 1
Characteristics of children from two birth cohorts (mean ± standard deviation, unless otherwise indicated).

Variable Cohort 1 (N = 101) Cohort 2 (N = 99)

Obstetric and neonatal data
 ΣPCBb concentration in pregnancy serum (μg/g lipid)c ND 1.22(0.71-1.87)a
 Duration of exclusive breast-feeding (months) 3.5 ± 1.9 3.5 ± 2.1
 Duration of total breast-feeding (months) 7.0 ± 4.3 7.7 ± 5.5
First examination Year 1986/7 1994/5
 Age (years) 6.7 ± 0.2 4.6 ± 0.1
 Weight (kg) 24.8 ± 4.0 19.0 ± 2.4
 Height (cm) 123 ± 5 107 ± 4
 Body mass index (kg/m2) 16.4 ± 1.8 16.5 ± 1.4
 ΣPCB concentration in serum (μg/g lipid)c 1.71 (1.06-2.66)a 0.95 (0.50-1.79)a
Second examination
 Age (years) 13.8 ± 0.3 7.6 ± 0.1
 ΣPCB concentration in serum (μg/g lipid)c 0.86 (0.47-1.62)a 0.79 (0.46-1.43)a
 Body weight (kg) 54.0 ± 10.8 26.3 ± 4.3
 Height (cm) 163 ± 7 126 ± 5
 Body mass index (kg/m2) 20.2 ± 3.3 16.4 ± 1.8

a
Geometric mean with 50% range in parenthesis.

b
Sum of the major polychlorinated biphenyl congeners 138, 153, and 180 multiplied by 2.0.
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Table 2
Geometric mean serum concentrations of six chlorinated biphenyl (CB) congeners in ng/g lipid (25th-75th percentiles
in parenthesis) at two examinations of two birth cohorts.

Variable Cohort 1 (N = 101) Cohort 2 (N = 99)

First examination
 CB-105 12.7 (7.9-20.9) 7.9 (4.4-16.2)
 CB-118 58.6 (36.1-95.8) 47.6 (26.1-92.5)
 CB-138 216 (141-360) 148 (82.5-265)
 CB-153 337 (196-518) 213 (113-402)
 CB-156 24.3 (14.9-37.9) 13.8 (7.2-24.9)
 CB-170 79.6 (49.1-130) 45.1 (24.4-84.5)
 CB-180 194 (110-315) 113 (58.5-210)
 CB-187 89.3 (55.7-157) 51.5 (28.1-99.2)
Second examination
 CB-105 5.4 (2.9-10.6) 6.6 (4.3-11.0)
 CB-118 30.6 (17.3-57.8) 38.2 (24.5-63.7)
 CB-138 74.1 (44.1-134) 90.8 (58.3-161)
 CB-153 210 (112-401) 181 (107-333)
 CB-156 13.8 (7.2-24.9) 12.5 (7.3-24.4)
 CB-170 42.1 (22.2-76.8) 41.7 (24.8-80.9)
 CB-180 128 (70.4-237) 119 (69.0-225)
 CB-187 52.6 (28.4-103) 53.8 (33.8-98.8)
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