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Analysis of NHANES measured blood PCBs in the general US
population and application of SHEDS model to identify key
exposure factors
Jianping Xue1, Shi V. Liu1, Valerie G. Zartarian1, Andrew M. Geller1 and Bradley D. Schultz1

Studies have shown that the US population continues to be exposed to polychlorinated biphenyls (PCBs), despite their ban more
than three decades ago, but the reasons are not fully understood. The objectives of this paper are to characterize patterns of PCBs
in blood by age, gender, and ethnicity, and identify major exposure factors. EPA’s Stochastic Human Exposure and Dose Simulation
(SHEDS)-dietary exposure model was applied, combining fish tissue PCB levels from a NYC Asian Market survey with National Health
and Nutrition Examination Survey (NHANES) dietary consumption data, and then linked with blood biomarkers for the same
NHANES study subjects. Results reveal that the mean concentration of total PCBs in blood was higher with increasing age; however,
for the same age, gender, and ethnicity, the blood PCB concentrations measured in the later NHANES survey were significantly
lower than those in the earlier one. The decrease within an age group between the two survey periods lessened with increasing
age. Blood PCBs among different ethnicities ranked differently between the older and the younger age groups within each survey.
Non-Hispanic Blacks had significantly higher blood PCBs for the 430 year age group. For the 12 to r30 year age group, the ‘‘Asian,
Pacific Islander, Native American or multiracial’’ group had the highest values, with patterns fairly consistent with fish consumption
and modeled PCB exposure patterns. We conclude that for younger people, patterns correspond to reduced environmental
contamination over time, and are strongly associated with fish consumption and dietary exposures. Higher PCB concentrations in
blood of the older population may partially reflect past exposures to higher environmental PCB concentrations, particularly before
the ban.
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INTRODUCTION
Polychlorinated biphenyls (PCBs) are synthetic organochlorine
compounds representing an important class of anthropogenic
xenobiotics. PCBs released into the environment tend to bioac-
cumulate and persist in ecosystems for a long time.1 As lipophilic
compounds, PCBs often bioconcentrate in the food chain and
accumulate in the adipose tissues of animals.2–5 The exposure
to PCBs by the human populations is widespread and has been
associated with a variety of health risks.6 The US Environmental
Protection Agency (EPA) and the International Agency for
Research on Cancer classified PCBs as probable carcinogens.7,8

Other health risks include adverse effects on neurodevelopment,9

neuropsychological function,10,11 and contribution to metabolic
syndrome12 and diabetes13,14 have been reported.

In the US, PCBs were manufactured between 1929 and 1977 by
Monsanto and distributed under a trade name of Aroclor.15 PCBs
released from their industrial and residential applications moved
into environments via different routes16 and resulted in environ-
mental accumulation.1,17 As early as 1967, PCBs were detected in
the US human populations.18,19 While a ban of open use of PCBs in
1973 and a shutdown of PCBs production in 1979 in the US has

had a very significant role in curtailing the progression of PCBs
contamination,20–22 the persistence of PCBs23,24 still presents
health problems, and PCBs have been recognized as an important
class of persistent organic pollutants.25–28 Studies have shown that
much of the US human population is still exposed to PCBs.22,29–31

To better characterize the impact of PCBs in the general US
human population, US Centers for Disease Control and Prevention
began to include measurements of PCBs in serum samples of
human subjects participating the National Health and Nutrition
Examination Survey (NHANES) since 1999.32 Analyses of NHANES
data have yielded some interesting observations.9,32–36 For example,
PCBs detected in the blood of the general US population exhibit
an age-related trend, with older individuals displaying higher
concentrations.35 Higher total PCBs levels were associated with
older age and non-Hispanic Black race.33 Regression models were
used for estimating total PCBs and confirmed the pattern of
increasing blood PCBs with increasing age as well as some
ethnicity difference in the blood levels of PCBs.36

However, it has not been well addressed what exposure route(s)
and vehicle(s) have had major roles in shaping the observed levels
and patterns of the PCBs in the general US population at the
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post-ban era of PCBs. Human exposure to PCBs can happen from
inhalation of polluted air, dermal exposure to dusts, and ingestion
of contaminated food. Because the pollution of PCBs in the air
in the post-ban era of PCBs is limited to certain specific situations
and general population is more likely exposed to PCBs via
dietary consumption of foods contaminated by PCBs,37 we
focused our study in understanding the patterns of PCBs in
participants of NHANES by analyzing the food consumption
patterns of the US population and assessing their likely
contribution to the patterns of PCBs in the blood. We also used
the EPA’s Stochastic Human Exposure and Dose Simulation
(SHEDS) model38–40 to predict dietary PCBs exposures from fish
consumption. Our study helps to identify major exposure routes
and vehicles in the post-ban era of PCBs that contribute
significantly to the observed biomonitoring pattern of PCBs in
the blood of general US population.

METHODS
Collection and Analysis of Blood PCBs Data
We obtained blood PCBs concentration data from the NHANES (http://
www.cdc.gov/nchs/nhanes.htm) and performed our analyses by taking
into the account of the varying sampling weight for the respective
NHANES data sets. Four-year subsample weights were used in the analyses;
we tried both 2-year and 4-year subsample weights and results were very
similar. We used all congeners (30 congeners in Supplementary Table 3)
measured in each survey and combined their concentrations into the total
PCBs. Our initial analyses explored the total concentrations of blood serum
PCBs in the general US population between the 2001–2002 and 2003–2004
survey times and between two major age groups considered, that is, 430
years old and 12 to r30 years old at the time of the survey. The selection
of 30 years as a time division was based on the assumption that the ban on
open PCBs use in the US B30 years before the first survey might exert
some impact on the release of PCBs into the environment, and thus
exposure to PCBs by the US population.

Because the big difference in the limit of detection (LOD) between the
2001–2002 and the 2003–2004 NHANES measurements of blood PCBs
(Supplementary Table 3) may artificially impact the study of the changes in
blood levels of PCBs over the two survey periods, we adopted an approach
of reducing the impact of LOD difference on the change of levels of PCBs
between the two surveys. We hypothesized that, if we use the same sets of
LOD for both surveys, the calculated concentrations of PCBs would be
influenced by other factors other than a difference in LODs. Thus, we used
the maximum LOD for each congener of 30 congeners in the 2001–2002
survey as the reference values for selecting all the data of PCBs whose
2003–2004 levels are below the reference values and calculated their mean
values as ‘‘new adjusted LODs’’ for each congener. These new adjusted
LODs are used for filling in all the 2001–2002 and 2003–2004 values
reported as below their respective maximum LODs from 2001–2002. In this
way we ‘‘artificially increased’’ LODs of the 2003–2004 survey, which will be
consistent with LODs in 2001–2002 survey. New adjusted LODs were used
to fill values below detection limits (see Supplementary Table 3).
For example, in the NHANES blood PCBs data for 2001–2002, congener
66 has 17 measurements valued less than 2003–2004 NHANES maximum
LOD (0.0018 ng/g) for this congener. There are 1864 measurements that
have values between the 2003–2004 maximum LOD (0.0018 ng/g) and the
2001–2002 maximum LOD (0.059 ng/g) for the same congener. Thus, the
mean of those (17þ 1864) values were calculated to be 0.01 ng/g. This
mean value serves as the adjusted LOD of PCBs congener 66. This kind of
congener-specific adjusted LODs is used for filling PCBs congener blood
concentrations in the 2001–2002 and 2003–2004 NHANES data, which was
lower than 2001–2002 maximum LOD (see Supplementary Table 3).

The impact of using unadjusted LODs and using adjusted LODs is shown
in Supplementary Table 3a. For total PCBs, the mean and standard
deviation are 1.185 and 1.542 with the unadjusted LODs and 1.409 and
1.518 with the adjusted LODs, respectively. This represents a 20% increase
for the mean value and a 2% decrease in the standard deviation.

To examine the effect of ethnicity, we analyzed the blood total PCBs
within the two major age groups by combining the two NHANES survey
data sets. Regression and Tukey–Kramer analyses were conducted to
explore the upward age-related trend, ethnicity patterns in the blood
levels for the two age groups, and the degree of ethnicity-related
differences within each age group.

Collection and Analysis of Food Consumption Data
Because dietary exposure from fish, meat, milk, and fat consumption is a
major route for PCBs exposure by the general human population in the
post PCBs-ban era,41,42 we conducted an analysis to assess whether food
consumption differences may explain the varied blood PCBs among
different ethnicities and age groups. For dietary consumption inputs, we
used 1999–2006 NHANES data, containing instantly recorded consumption
of food and water by each survey participant. Recipe files in the US EPA’s
Food Consumption Intake Database (FCID) were used for breaking down
consumed foods reported in NHANES into raw agricultural commodities
(RACs), following methodologies detailed in previous publications.43,44

Because the food consumption surveys in NHANES are only snapshots of
food consumption in a short time window but the blood levels of PCBs
should reflect the end results of some long-term exposure, we used food
consumption data from all participants over a wider time window (1999–
2006) than that shown for the data on blood PCBs (2001–2004) to com-
pensate the lack of long-term observation of food consumption of the
same survey participants. More importantly, with a larger set of data used
in the analysis, the results are more stable and reliable.

Exposure Modeling
Because the fish consumption appeared to be a significant factor affecting
the blood PCBs in the studied US population, and we were able to use
available residue data, we applied the SHEDS dietary exposure model to
explore dietary contributions and patterns related to the observed blood
levels. SHEDS dietary is a probabilistic, population-based dietary exposure
assessment model that can simulate individual exposures to chemicals in
food and drinking water over different time periods (http://www.epa.gov/
heasd/products/sheds_multimedia/sheds_mm.html). Model inputs were
NHANES consumption data, FCID recipe files, and PCBs concentration
data in fish from a New York city Asian market survey.45 Detailed
descriptions of the SHEDS model methodology for estimating dietary
exposure can be obtained from previous publications.43,44 SHEDS modeled
results were compared against NHANES measurements of total PCBs in
blood. This model has undergone extensive review by expert panels, and
has been evaluated with comparison to both measured and modeled data
for various chemical classes. All statistical analyses were performed with
SAS 9.2.

RESULTS
Age and Ethnicity Patterns for Blood Levels in Different Time
Periods
While the age and ethnicity composition were similar between the
two NHANES survey time periods (see Table 1), the mean total
blood concentrations of PCBs (30 common congeners in two
surveys) in the study population decreased statistically signifi-
cantly from the earlier time period to the later one for a given age
group (Figure 1a; Supplementary Figure 1). Total blood PCBs of
the 2003–2004 survey decreased by 18 and 19% (mean) and 10
and 20% (geometric mean, GM) for the 12 to r30 years and
30þ year age groups, respectively, in comparison with the 2001–
2002 survey (Figure 1a).

Total blood PCBs for the 2003–2004 survey decreased by 8%,
26%, 25% and 20% (mean) and 5%, 16%, 23% and 22% (GM) for
the 12–19, 20–30, 31–49 and 50þ age groups, respectively, in
comparison with the 2001–2002 survey levels. Figure 1b shows
that blood PCBs concentrations increased as age increased in the
both surveys. For these four age groups, the absolute reductions
of total blood PCBs between the two surveys are 0.03, 0.16, 0.29
and 0.46 ng/g.

Because many PCBs congeners showed low detection rates in
the surveys, we analyzed the blood PCBs of two specific PCB
congeners (138 and 153), whose detection rates were the highest
and, which were comparable between the two surveys, to see if
our results on total blood PCBs reflect some genuine trends of
decreasing blood PCBs over time among different age groups. The
detection rates for PCB 138 are 79% and 100% and for PCB 153 are
84% and 100%, for the NHANES surveys 2001–2002 and 2003–
2004, respectively. Analysis on PCB 153 (Figure 1c and d) and PCB
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138 (Supplementary Figure 3) yielded similar results of decreasing
blood PCBs over time for the same age groups as seen for the
total blood PCBs.

Ethnicity Patterns for Blood Concentrations
The patterns of ethnicity rankings of total blood PCBs were
different between the two major age groups. For the older age
group (430 years at the survey time), non-Hispanic Black had the
highest blood total PCBs, followed by non-Hispanic White, other
Hispanic, Asian/Pacific Islander/Native American/other Multiracial
(A/P/N/M), and then Mexican American (Figure 2). For the younger
age group (12 to r30 years at the survey time), the ranking of
total blood PCBs from high to low concentration was: A/P/N/M,
non-Hispanic White, other Hispanic, non-Hispanic Black, and
Mexican American.

Figure 3 shows more linear regression analyses than Figure 2 to
emphasize that the concentrations of total blood PCBs exhibited
an upward age-related trend, the differences in ethnicity-related
patterns for the two age groups, and the degree of ethnicity-
related differences within each age group. A/P/N/M had signifi-
cantly higher blood PCBs for the younger age group (12 to r30
years at the time of the surveys) (Figure 3a), and had the highest
rate of change in total PCBs with age. Non-Hispanic Blacks had
significantly higher blood PCBs for the 430 year age group (see

Figure 3b), and the highest rate of change by age within that
group. The similar pattern is shown with log-transformed
measurement data (Supplementary Figure 4). General linear
model (GLM) analyses revealed that age group, survey year
(2001–2002 vs 2003–2004), ethnicity, and interaction of age group
with ethnicity are statistically significant factors for total blood
PCBs, whereas gender is not (Supplementary Tables 1 and 2).

Food and Fish Consumption Patterns, and Dietary Exposures by
Ethnicity and Age Group
Although the consumption of meat and of skin and fat was similar
among different ethnicities, the consumption of fish and milk
varied significantly (Figure 4). The greatest variation among
ethnicities occurred with the fish consumption. A/P/N/M showed
the highest fish consumption in both age groups, and the older
people (430 years) consumed larger amounts of fish than the
younger people (12 to r30 years).

The distribution of mean (Figure 5a) and 95th percentile
(Figure 5b) of SHEDS modeled PCBs exposures from fish consump-
tion, generated by 100 simulations for variability analyses,

Table 1. Age and ethnicity composition by survey year.

12–30 years old 30þ years old

2001–
2002

2003–
2004

2001–
2002

2003–
2004

Ethnicity composition (%)
Mexican American 31.2 27.2 19.4 19.1
Non-Hispanic
White

34.1 32.9 54.6 56.2

Non-Hispanic
Black

26.5 32.0 18.6 17.0

Other Hispanic 4.3 3.2 4.0 3.2
A/P/N/M 3.9 4.7 3.5 4.5

Averaged age (years) 18.2 18.5 53.8 55.2

Figure 1. Averaged total blood PCBs in NHANES by age group (years) and survey year.

Figure 2. Total blood PCBs by age group (years) and ethnic from
2001–2004 NIHANES data.
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displayed a predicted ethnicity ranking (from high to low) as: A/P/
N/M, non-Hispanic Black, other Hispanic, non-Hispanic White, and
Mexican American for the older age group; and A/P/N/M, other
Hispanic, non-Hispanic Black, Mexican American, and non-
Hispanic White for the younger age group. For the younger age

group (12 to r30), the ethnicity-specific PCBs blood concentra-
tion patterns in NHANES (Figure 2) are fairly consistent with
patterns for NHANES fish consumption (Figure 4) and SHEDS
modeled exposure estimates (Figure 5), but not for the older age
group.

Using the SHEDS model, we further analyzed the exposures of
total PCBs within each ethnicity (Table 2). The highest level of fish
consumption-contributed PCBs exposure was 0.015 mg/kg/day for
A/P/N/M females and 0.017 mg//kg/day for A/P/N/M males in the
450 year age group. The averaged PCBs exposures of males are
higher than those of females, and as age increased, the exposures
increased: A/P/N/M averaged exposures were 0.006, 0.009, 0.11,
0.015 mg/kg/day (female) and 0.011, 0.012, 0.016, 0.017 mg/kg/day
(male) for the 12–20, 21–30, 31–49, and 50þ year age groups,
respectively.

A side-by-side comparison between age group segregated and
ethnicity-specific total PCBs measured in blood and intake
estimated by SHEDS modeling is shown (Supplementary
Table 4). This comparison shows that with the increase in age
total PCB intake estimated with SHEDS modeling and total PCBs
measured in blood both increase. An interesting point is that for
the 50þ years age group, the non-Hispanic Black group has the
highest total PCBs in blood (3.08 ng/g) even though its estimated
intake is at the same level (1.05 mg/day) as the Tribal-Asian-Pacific
group, which has much lower blood total PCBs (1.78 ng/g).

Correlation analyses between fish consumption and concentra-
tions of total blood PCBs at participant level show a Pearson
correlation coefficient of 0.07 (P-value o0.01) between fish
consumption data from the dietary survey and blood PCBs
concentration data. However, there is no positive correlation
between consumption of either meat or milk with the blood PCBs.

DISCUSSION
Our analyses confirmed previous analyses of NHANES biomonitor-
ing data for PCBs, and revealed important new findings on how
age, ethnicity, and diet influence PCBs exposures and blood
concentrations. Within each of the two NHANES survey periods
considered, a trend of increased average total blood PCBs with
increased age group was observed; however, for the same age,
gender, and ethnicity, the blood PCBs measured in the later
NHANES survey were significantly lower than those measured in
the earlier one. Variations of PCB concentrations in blood among
different ethnicities ranked differently between the older and

Figure 3. Total blood PCBs by age group (a, r30; b, 430) and
ethnicity from 2001–2004 NHANES data.

Figure 4. Daily averaged fish, meat, fat, consumption by ethnicity and age group (years) from 1999–2006 NHANES data.
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younger age groups within each survey. Analyses of available food
and fish consumption data, and SHEDS dietary exposure modeling
helped to explain these differences and patterns for the younger
age group (12 to r30 years).

Age and Ethnicity Patterns for Blood Concentrations
Our analyses (Figure 1 and Supplementary Figure 3) confirmed
previous findings of apparent increase in PCBs in blood with
increasing age, and longitudinal studies that have shown
decreasing blood PCBs over time for given individuals.42 The
analyses on PCB congeners 138 and 153, whose detection rates
are very close between two NHANES surveys, indicate that the
observed trend of decreasing total blood PCBs over time for the
same age groups is not a measurement bias but a true reflection
of a decline, especially in the over-30-years-old groups. This trend
may be explained by one or several of the following possibilities:
(a) bioaccumulation naturally leads to higher body burden with
age, that is, persistence of higher concentrations of blood PCBs in
the older subjects might be a reflection of continued mobilization
of some internally stored PCBs;46 (b) people are eating more fish
as they get older, as shown in Figure 4; and (c) fish PCB
concentrations have declined in recent years, so older individuals
have higher blood levels because of higher exposures in the past
or disappearance of some exposure pathways.

While the blood PCBs decreased from the earlier to the later
NHANES survey period, the decrease between the survey times for
12–19 year olds is the smallest (8% for mean and 5% for GM;
Figure 1b). This implies that the body burden of PCBs is a key

contributor to the blood concentrations, especially for older
people. The relatively small change of absolute total blood PCBs
between the two surveys indicates long half-life of PCBs in human
body. Mobilization of internal PCBs may be accelerated with the
aging process.47

Our age-stratified analysis of the ethnicity variation in NHANES
blood PCBs showed different rankings between the older age
group considered (430 years at the survey time) and the younger
age group (12 to r30 years at the survey time) (Figure 2). This
suggests that some exposure pathway(s) changed after the ban of
PCBs. For the younger age group, A/P/N/M had the highest levels:
this new finding warrants follow-up investigation to determine
approaches for reducing exposures in this group.

For the older age group, non-Hispanic Black had the highest
blood total PCBs; this has been seen in previous studies that have
also reported ethnic/racial differences for PCBs body burden.33

Another study on two separate data sets of blood PCBs in the
NHANES also showed a consistent pattern of ethnicity ranking
between two survey times when all ages were combined.36

Food and Fish Consumption Patterns and Dietary Exposures by
Ethnicity and Age Group
Our analyses confirm that fish consumption is a key factor in PCBs
exposure, and reveal new findings on ethnicity- and age-related
patterns. Ethnicity-related fish consumption patterns were fairly
consistent with fish dietary exposure levels for both age groups.
For the younger age group, both the fish consumption and
modeled exposure patterns matched reasonably well with the
pattern and rankings of blood PCBs among the studied ethnicities.

Detailed analysis of PCBs exposure from specific fish species
would be useful as follow up research, but challenging due to
limited data. We did find that the distribution of PCBs concentra-
tions in fish tissue for various fish species is different than for
methyl mercury.44 Also, PCBs concentrations in bottom-dweller
fish are higher than predator fish, but the opposite is seen for
methyl mercury.

The SHEDS modeling predictions are consistent with other
studies showing that fish eaters usually have higher serum PCBs
than non fish eaters in the same region.30 Our study reveals that
A/P/N/M generally had higher PCBs exposures than other ethni-
cities because of the dietary exposure route via fish consumption.
Similar findings were reported in our earlier study,44 which
reported a SHEDS exposure modeling analysis for methyl mercury
and NHANES blood concentrations. However, the higher blood
total PCBs in the non-Hispanic Black group than the other
ethnicities (Supplementary Table 4) may indicate a higher earlier
environmental exposure to PCBs and the release of some
internally stored PCBs into the blood. It is possible that a dietary,
genetic, or other vulnerability factor is related to this disparity.

The fish PCBs concentrations used in our exposure model came
from a 2007 Asian market survey in New York City.45 This may
introduce some bias, as the types of fish consumed by other
ethnicities may be different.41 Owing to the lack of available
PCBs residue data in meat, skin, fat, and milk, we were not able to
model contributions to dietary PCBs exposures from these
foods.

Dynamic Model Evaluation, Considering Trends of PCBs in Fish
over Time
A WHO report has disclosed the decreasing trend of PCBs
exposure over time via dietary intake.37 Studies have shown that
overall, PCBs levels decreased in fish tissues over time from 1980
to 2004.20,48 Because SHEDS inputs for fish PCBs levels and
consumption data were from fixed time periods, we conducted
additional dynamic model evaluation analyses, using fish PCBs
data from EPA’s National Lake Fish Tissue study collected at
different years as exposure model inputs.

Figure 5. Distribution of modeled dietary PCBs exposure from fish
consumption, by ethnicity and age group: 100 SHEDS runs using
1999–2006 NHANES consumption data.
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The additional SHEDS simulations for dynamic evaluation
confirmed the decline in exposures because of lower levels of
PCBs in fish, and indicated that an accelerated decline started
in 1996. The mean modeled dietary PCBs exposures using
residue data from the National Lake Fish Tissue study was
0.0087 mg/kg/day, which is 1.3 times higher than the modeled
mean exposure using the 2007 NYC Asian market survey data;
the 95th and 99th percentiles were 1.2 times higher (see
Supplementary Figure 2).

CONCLUSIONS
The reduction in total blood PCB concentrations in each NHANES
age group over two survey periods (2001–2002 and 2003–2004) is
evidence of the effectiveness of the US control measures on PCB
release and production. Currently, the major route of PCBs
exposure is dietary via consumption of fish and other foods with
that tend to bioaccumulate PCBs present in the environment. This
is particularly evident in A/P/N/M populations. Analysis of food
consumption explained the blood concentrations of PCBs for the
younger (12 to r30 years) age group and the A/P/N/M ethnicity
group within that younger subpopulation. Dietary ingestion,
particularly via fish consumption, remains a major route of
exposure to environmental PCBs for the general human
population.

Additional research is also needed to consider cumulative
exposures of fish consumption (i.e., from multiple exposure routes
and chemicals including PCBs, methyl mercury, and other
persistent pollutants), vulnerable groups such as tribes and
children, and other PCBs sources (e.g., old schools, other food
types such as meat and dairy).
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Abbreviations: NHANES, National Health and Nutrition Examination Survey; PCBs, polychlorinated biphenyls; SHEDS, Stochastic Human Exposure and Dose
Simulation.

Key exposure factors for blood PCBs using SHEDS
Xue et al

620

Journal of Exposure Science and Environmental Epidemiology (2014), 615 – 621 & 2014 Nature America, Inc.



9 Needham LL, Barr DB, Caudill SP, Pirkle JL, Turner WE, Osterloh J et al.
Concentrations of environmental chemicals associated with neurodevelopmental
effects in U.S. population. Neurotoxicology 2005; 26: 531–545.

10 Schantz SL, Widholm JJ, Rice DC. Effects of PCB exposure on neuropsychological
function in children. Environ Health Perspect 2003; 111: 357–576.

11 Stewart PW, Lonky E, Reihman J, Pagano J, Gump BB, Darvill T. The relationship
between prenatal PCB exposure and intelligence (IQ) in 9-year-old children.
Environ Health Perspect 2008; 116: 1416–1422.

12 Lee DH, Lee IK, Porta M, Steffes M, Jacobs Jr. DR. Relationship between serum
concentrations of persistent organic pollutants and the prevalence of metabolic
syndrome among non-diabetic adults: results from the National Health and
Nutrition Examination Survey 1999-2002. Diabetologia 2007; 50: 1841–1851.

13 Lee DH, Lee IK, Jin SH, Steffes M, Jacobs Jr. DR. Association between serum
concentrations of persistent organic pollutants and insulin resistance among
nondiabetic adults: results from the National Health and Nutrition Examination
Survey 1999-2002. Diabetes care 2007; 30: 622–628.

14 Yard EE, Terrell ML, Hunt DR, Cameron LL, Small CM, McGeehin MA et al.
Incidence of thyroid disease following exposure to polybrominated biphenyls
and polychlorinated biphenyls, Michigan, 1974-2006. Chemosphere 2011; 84:
863–868.

15 Broadhurst MG. Use and replaceability of polychlorinated biphenyls. Environ
Health Perspect 1972; 2: 81–102.

16 Nisbet IC, Sarofim AF. Rates and routes of transport of PCBs in the environment.
Environ Health Perspect 1972; 1: 21–38.

17 Risebrough RW, De Lappe B. Accumulation of polychlorinated biphenyls in
ecosystems. Environ Health Perspect 1972; 1: 39–45.

18 Price HA, Welch RL. Occurrence of polychlorinated biphenyls in humans. Environ
Health Perspect 1972; 1: 73–78.

19 Yobs AR. Levels of polychlorinated biphenyls in adipose tissue of the general
population of the nation. Environ Health Perspect 1972; 1: 79–81.

20 Hickey JP, Batterman SA, Chernyak SM. Trends of chlorinated organic con-
taminants in great lakes trout and walleye from 1970 to 1998. Arch Environ
Contam Toxicol 2006; 50: 97–110.

21 Sun P, Basu I, Blanchard P, Brice KA, Hites RA. Temporal and spatial trends of
atmospheric polychlorinated biphenyl concentrations near the Great Lakes.
Environ Sci Technol 2007; 41: 1131–1136.

22 Fensterheim RJ. Documenting temporal trends of polychlorinated biphenyls in
the environment. Regul Toxicol Pharmacol 1993; 18: 181–201.

23 Hom W, Risebrough RW, Soutar A, Young DR. Deposition of DDE and poly-
chlorinated biphenyls in dated sediments of the Santa Barbara Basin. Science
1972; 184: 1197–1199.

24 Kuzyk ZZ, Macdonald RW, Johannessen SC, Stern GA. Biogeochemical controls on
PCB deposition in Hudson Bay. Environ Sci Technol 2010; 44: 3280–3285.

25 Isosaari P, Kankaanpaa H, Mattila J, Kiviranta H, Verta M, Salo S et al. Spatial
distibution and temporal accumulation of polychlorinated dibenzo-p-dioxins,
dibenzofurans, and biphenyls in the Gulf of Finland. Environ Sci Technol 2002; 36:
2560–2565.

26 Binelli A, Ricciardi F, Provini A. Present status of POP contamination in Lake
Maggiore (Italy). Chemosphere 2004; 57: 27–34.

27 Howel D. Multivariate data analysis of pollutant profiles: PCB levels across Europe.
Chemosphere 2007; 67: 1300–1307.

28 Schuster JK, Gioia R, Sweetman AJ, Jones KC. Temporal trends and controlling
factors for polychlorinated biphenyls in the UK atmosphere (1991-2008). Environ
Sci Technol 2010; 44: 8068–8074.

29 Kreiss K. Studies on populations exposed to polychlorinated biphenyls. Environ
Health Perspect 1985; 60: 193–199.

30 He JP, Stein AD, Humphrey HE, Paneth N, Courval JM. Time trends in sport-caught
Great Lakes fish consumption and serum polychlorinated biphenyl levels among
Michigan Anglers, 1973-1993. Environ Sci Technol 2001; 35: 435–440.

31 Robinson PE, Mack GA, Remmers J, Levy R, Mohadjer L. Trends of PCB, hexa-
chlorobenzene, and beta-benzene hexachloride levels in the adipose tissue of the
U.S. population. Environ Res 1990; 53: 175–192.

32 Centers for Disease Control and Prevention. Third National report on Human
Exposure to Environmental Chemicals. CDC: Atlanta, GA, 2005.

33 Cave M, Appana S, Patel M, Falkner KC, McClain CJ, Brock G. Polychlorinated
biphenyls, lead, and mercury are associated with liver disease in American adults:
NHANES 2003-2004. Environ Health Perspect 2010; 118: 1735–1742.

34 Axelrad DA, Goodman S, Woodruff TJ. PCB body burdens in US women of
childbearing age 2001-2002: an evaluation of alternate summary metrics of
NHANES data. Environ Res 2009; 109: 368–378.

35 Nichols BR, Hentz KL, Aylward L, Hays SM, Lamb JC. Age-specific reference ranges
for polychlorinated biphenyls (PCB) based on the NHANES 2001-2002 survey.
J Toxicol Environ Health A 2007; 70: 1873–1877.

36 Jain RB, Wang RY. Regression models to estimate total polychlorinated biphenyls
in the general US population: 2001-2002 and 2003-2004. Chemosphere 2010; 79:
243–252.

37 WHO. Polychlorinated Biphenyls: Human Health Aspects http://www.who.int/ipcs/
publications/cicad/en/cicad55.pdfGeneva, 2003.

38 Zartarian VG, Xue J, Ozkaynak H, Dang W, Glen G, Smith L et al. A probabilistic
arsenic exposure assessment for children who contact CCA-treated playsets and
decks, Part 1: model methodology, variability results, and model evaluation. Risk
Anal 2006; 26: 515–531.

39 Xue J, Zartarian VG, Ozkaynak H, Dang W, Glen G, Smith L et al. A probabilistic
arsenic exposure assessment for children who contact chromated copper
arsenate (CCA)-treated playsets and decks, Part 2: sensitivity and uncertainty
analyses. Risk Anal 2006; 26: 533–541.

40 Zartarian V, Xue J, Glen G, Smith L, Tulve N, Tornero-Velez R. Quantifying chil-
dren’s aggregate (dietary and residential) exposure and dose to permethrin:
application and evaluation of EPA’s probabilistic SHEDS-Multimedia model. J Expo
Sci Environ Epidemiol 2012; 22: 267–273.

41 Weintraub M, Birnbaum LS. Catfish consumption as a contributor to elevated PCB
levels in a non-Hispanic black subpopulation. Environ Res 2008; 107: 412–417.

42 Tee PG, Sweeney AM, Symanski E, Gardiner JC, Gasior DM, Schantz SL. A long-
itudinal examination of factors related to changes in serum polychlorinated
biphenyl levels. Environ Health Perspect 2003; 111: 702–707.

43 Xue J, Zartarian V, Wang SW, Liu SV, Georgopoulos P. Probabilistic modeling of
dietary arsenic exposure and dose and evaluation with 2003-2004 NHANES data.
Environ Health Perspect 2010; 118: 345–350.

44 Xue J, Zartarian VG, Liu SV, Geller AM. Methyl mercury exposure from fish con-
sumption in vulnerable racial/ethnic populations: probabilistic SHEDS-Dietary
model analyses using 1999-2006 NHANES and 1990-2002 TDS data. Sci Total
Environ 2012; 414: 373–379.

45 McKelvey W, Chang M, Arnason J, Jeffery N, Kricheff J, Kass D. Mercury and
polychlorinated biphenyls in Asian market fish: a response to results from mer-
cury biomonitoring in New York city. Environ Res 2010; 110: 650–657.

46 Goncharov A, Haase RF, Santiago-Rivera A, Morse G, McCaffrey RJ, Rej R et al. High
serum PCBs are associated with elevation of serum lipids and cardiovascular
disease in a Native American population. Environ Res 2008; 106: 226–239.

47 Liu SV. A theoretical framework for understanding biotic aging from molecule to
organism in multicellular life. Logical Biology 2005; 5: 109–116.

48 El-Shaarawi AH, Backus S, Zhu R, Chen Y. Modelling temporal and spatial changes
of PCBs in fish tissue from Lake Huron. Environ Monit Assess 2011; 173: 611–623.

Supplementary Information accompanies the paper on the Journal of Exposure Science and Environmental Epidemiology website (http://
www.nature.com/jes)

Key exposure factors for blood PCBs using SHEDS
Xue et al

621

& 2014 Nature America, Inc. Journal of Exposure Science and Environmental Epidemiology (2014), 615 – 621

http://www.who.int/ipcs/publications/cicad/en/cicad55.pdf
http://www.who.int/ipcs/publications/cicad/en/cicad55.pdf
http://www.nature.com/jes
http://www.nature.com/jes

	title_link
	INTRODUCTION
	METHODS
	Collection and Analysis of Blood PCBs Data
	Collection and Analysis of Food Consumption Data
	Exposure Modeling

	RESULTS
	Age and Ethnicity Patterns for Blood Levels in Different Time Periods
	Ethnicity Patterns for Blood Concentrations
	Food and Fish Consumption Patterns, and Dietary Exposures by Ethnicity and Age Group

	Table 1 
	Figure™1Averaged total blood PCBs in NHANES by age group (years) and survey year
	Figure™2Total blood PCBs by age group (years) and ethnic from 2001-2004 NIHANES data
	DISCUSSION
	Figure™3Total blood PCBs by age group (a, le30; b, gt30) and ethnicity from 2001-2004 NHANES data
	Figure™4Daily averaged fish, meat, fat, consumption by ethnicity and age group (years) from 1999-2006 NHANES data
	Age and Ethnicity Patterns for Blood Concentrations
	Food and Fish Consumption Patterns and Dietary Exposures by Ethnicity and Age Group
	Dynamic Model Evaluation, Considering Trends of PCBs in Fish over Time

	Figure™5Distribution of modeled dietary PCBs exposure from fish consumption, by ethnicity and age group: 100 SHEDS runs using 1999-2006 NHANES consumption data
	CONCLUSIONS
	A6
	A7
	ACKNOWLEDGEMENTS
	A8
	Table 2 




