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Abstract—As part of the University of Michigan Dioxin Exposure Study, soil, household dust, and serum samples were collected from
more than 750 households in five populations around the city of Midland and in Jackson and Calhoun Counties, Michigan, USA.
Polytopic vector analysis, a type of receptor model, was applied to better understand the potential sources of polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans found in these samples and to quantify the contributions of the sources in each matrix across
populations. The results indicated that source signatures found in soil are similar to those found in dust, reflecting various combustion
profiles, pentachlorophenol, and graphite electrode sludge. The profiles associated with contamination in the Tittabawassee River, likely
related to historical discharges from the Dow Chemical Company facility in Midland, exhibited the largest differences among the
regional populations sampled. Differences in serum source contributions among the study populations were consistent with some of the
regional differences observed in soil samples. However, the age trends of these differences suggested that they are related to past
exposures, rather than ongoing sources. Environ. Toxicol. Chem. 2012;31:2191–2200. # 2012 SETAC

Keywords—Dioxins Environmental chemistry Multivariate statistics Organochlorines

INTRODUCTION

Polytopic vector analysis (PVA) is a multivariate statistical
technique that uses the relationships among congeners to extract
source profiles and their relative contributions, allowing the
identification of sources. This tool has been applied to a variety
of persistent organic pollutants, including polychlorinated
dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and polychlorinated biphenyls (PCBs), predomi-
nantly in soil or river sediment, air, and human serum. For
example, Ehrlich et al. [1] applied PVA to surface sediment
samples from Newark Bay, New Jersey, USA, and showed that
the sediments were impacted by multiple sources, including
combustion, municipal sewage, and paper mill effluent. Huntley
et al. [2] also analyzed sediments from Newark Bay and
determined that buried contaminants from historic sources were
not impacting surface sediments. Barabás et al. [3,4] used a
modified form of PVA to identify PCDD and PCDF sources and
a dechlorination signature in sediments in the Passaic River,
New Jersey, USA. Applications to PCB measurements in the
environment [5–7] and in human serum [8] have also been
reported. In a study of serum samples from 753 Akwesasne
Mohawk Indians, DeCaprio et al. [8] identified congener pro-
files of PCBs that were likely linked to lifetime background
exposure and a single profile consistent with a localized expo-
sure, volatilized Aroclor 1248. They also found that some of the
profiles extracted by PVA were probably linked to differential

elimination of various PCBs rather than particular exposure
sources, suggesting the need to account for elimination rates in
the treatment of the data or in the interpretation of results. The
results of this study suggest the value of applying PVA to unmix
complex source patterns, even when these patterns have been
altered by environmental or biological processes.

The Dow Chemical Company facility in Midland, Michigan,
USA, historically emitted PCDDs and PCDFs (PCDD/Fs) to the
environment. These emissions can be classified broadly into
two categories: (1) discharges to the Tittabawassee River and
(2) aerial emissions and deposition resulting from incineration
activities. Previous investigations have demonstrated that soils
in the floodplain of the Tittabawassee River contain elevated
levels of certain PCDD and PCDF congeners, with PCDFs as the
primary contributor to the toxic equivalent (TEQ). The aerial
depositional area in and around the city of Midland contains
elevated levels of PCDDs, PCDFs, and PCBs, with less-chlori-
nated PCDDs as the primary contributors to the TEQ [9–12].

The University of Michigan Dioxin Exposure Study
(UMDES) was undertaken to better understand the relationship
between PCDD/Fs in the environment and in serum. More
specifically, the study was designed to evaluate the extent to
which contamination from the Dow facility has impacted serum
levels of the population in the city of Midland and along the
Tittabawassee River. We used PVA to identify sources impact-
ing the soil and dust samples and to compare their profiles to
those found in the participants’ serum samples. The present
study was the first investigation in which PVA was applied to
soil, household dust, and serum samples from the same pop-
ulations. Because exposure to PCDD/Fs via incineration is
historical, the concentrations in serum have been impacted
by differential elimination. Therefore, the present study also
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explored two methods for pretreating serum data to account for
elimination processes.

METHODS

Sample collection and analysis

As part of the UMDES, soil (n¼ 2,081 from 766 properties),
household dust (n¼ 764), and serum (n¼ 946) samples were
collected from participants in four populations in Midland,
Saginaw, and part of Bay Counties and from a comparison
population in Jackson and Calhoun Counties—all in the state of
Michigan. The four Midland and Saginaw study populations
were as follows: (1) Tittabawassee River floodplain, properties
that included any land in the Federal Emergency Management
Administration–defined 100-year floodplain of the Tittabawas-
see River downstream of the Dow facility in the city of Midland
and upstream of the confluence of the Tittabawassee and
Shiawassee Rivers; (2) near floodplain, properties from census
blocks that contain a portion of the 100-year floodplain of the
Tittabawassee but in which the property itself is not in the
floodplain; (3) plume, properties from census blocks in the area
of deposition from emissions stacks at the Dow facility in
Midland, as defined by environmental modeling based on
historical emission data and current soil concentrations [13];
and (4) other Midland/Saginaw (MS), properties in Midland,
Saginaw, and part of Bay Counties outside the designated areas
for the floodplain, near floodplain, and plume populations and
outside the floodplain of the Shiawassee and Saginaw Rivers
[14]. Supplemental Data, Figure 1 shows a map of the locations

of the four study populations. A fifth population, drawn from
Jackson and Calhoun Counties, located approximately 180 km
to the southwest of the Midland/Saginaw study area, served as a
reference. Samples from each of three matrices were analyzed
for the PCDD/F and PCB congeners included in the World
Health Organization–designated 29 congeners [15] by Vista
Analytical in El Dorado Hills, California, USA, using U.S.
Environmental Protection Agency (U.S. EPA) methods 8290
and 1668 [16,17]. Details regarding respondent selection, sam-
ple collection, and summary statistical results for each matrix
can be found in Garabrant et al. [14,18], Hedgeman et al. [19],
and Demond et al. [10,20].

Data treatment

Preliminary multivariate analysis using all 29 congeners
indicated that the variability of the PCB congeners was greater
than the variability in the PCDD/F congeners and that infor-
mation related to the PCDD/Fs, particularly in serum samples,
was obscured. Therefore, the PCDD/F congeners were analyzed
separately from the PCBs. The present study presents only the
results of the PCDD/F analysis; the results of the PCB analysis
are reported in Towey et al. [21].

Concentrations below the limits of detection (LOD) can
affect correlations between congeners and, in turn, the results
of PVA. To decrease the impact of values below the LOD,
congeners with >50% of the values below the LOD were
excluded from the analysis. Samples where >50% of the
remaining congeners were below the LOD were also excluded.

Fig. 1. Congener profiles of endmembers (EMs) in soil (row1) and dust (row2), alongwith known sources from theU.S. Environmental ProtectionAgency (U.S.
EPA) Source Inventory [29] (rows 3 and 4). Profiles show the fraction of total polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs) (PCDD/Fs) contributedby the individual congener.VE¼ variance explained; 4D¼ 2,3,7,8-TCDD;5D¼ 1,2,3,7,8-PeCDD;6D1¼ 1,2,3,4,7,8-HxCDD;
6D2¼ 1,2,3,6,7,8-HxCDD; 6D3¼ 1,2,3,7,8,9-HxCDD; 7D¼ 1,2,3,4,6,7,8-HpCDD; 8D¼OCDD; 4F¼ 2,3,7,8-TCDF; 5F1¼ 1,2,3,7,8-PeCDF; 5F2¼
2,3,4,7,8-PeCDF; 6F1¼ 1,2,3,4,7,8-HxCDF; 6F2¼ 1,2,3,6,7,8-HxCDF; 6F3¼ 1,2,3,7,8,9-HxCDF; 6F4¼ 2,3,4,6,7,8-HxCDF; 7F2¼ 1,2,3,4,6,7,8-HpCDF;
7F3¼ 1,2,3,4,7,8,9-HpCDF; 8F¼OCDF [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.].
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For the PCDD/F data sets, these steps resulted in the exclusion
of no congeners and nine samples in soil, four congeners
(including both TCDD and 1,2,3,7,8-penta-CDD) and one addi-
tional sample in dust, and 6 of the 10 furan congeners (but no
dioxin congeners) and one additional sample in serum. After
eliminating the congeners and samples with large numbers
of nondetects, relatively few values below the LOD remained.
Of the remaining congener measurements, 5.6, 9.6, and 4.3%
were below the LOD in soil, dust, and serum, respectively.
These values were imputed as the LOD/H2. As a sensitivity
analysis, PVA was performed using the dust data set with all of
the samples with any value below the LOD removed. The result-
ing congener profiles were nearly identical to those produced
using the data set from which only congeners and samples
with >50% of values below the LOD had been removed.

Polytopic vector analysis

We performed PVA using the MATLAB programming
language [22]. The PVA algorithm begins with data trans-
formations. Samples are first transformed with a constant
row sum, in which each congener concentration is divided
by the sum of the total measured PCDD/Fs for that sample.
A range transformation is then applied so that the constant row
sum–transformed concentrations vary between 0.0 and 1.0 for
each congener. The range transformation reduces the influence
of the high-concentration congeners. Principal components
analysis is then performed on the transformed matrix. The
principal component axes are rotated with a varimax rotation
followed by an oblique rotation toward extreme values. Finally,
the axes are iteratively rotated until a nonnegativity constraint
is satisfied. Both the congener patterns (referred to as ‘‘end
members’’ [EMs]) and the contribution of each EM to each
sample (referred to as ‘‘loadings’’) must satisfy the nonnega-
tivity constraint. The additional rotations and the nonnegativity
constraint in PVA differentiate it from principal components
analysis and allow the resulting EMs to better represent real-
world sources. For each sample matrix, PVAwas repeated using
a range of different numbers of EMs. Determination of the
appropriate number of EMs to retain is based on a number of
criteria, including stability and interpretability of EMs, parsi-
mony, percentage of variance explained, coefficient of deter-
mination (reproducibility of each congener), and communality
(reproducibility of each sample). Further details regarding the
PVA algorithm can be found elsewhere [1,2,23,24].

A bootstrapping technique was applied to evaluate the
variability of the extracted profiles. For each matrix, PVA
was performed on 100 data sets formed by random resampling
of the original data set as described by Henry [25]. Based on the
100 outcomes of PVA, a standard deviation for each congener
fraction of each EM was calculated.

Cosine u calculations

The soil and dust congener patterns extracted by PVA
were compared to each other and to known source profiles
by computing the cosine of the angle between the vectors
formed by plotting the congener concentrations in multidimen-
sional space. The cosine u value between patterns i and j with n
congeners was calculated as

cos u ¼
Pn
k¼1

xikxjkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
k¼1

x2
ik

Pn
k¼1

x2
jk

s (1)

where x is the fraction of congener k of the total measured
PCDD/Fs. The cosine u value is a measure of similarity, like
a correlation coefficient. However, because it always yields
a positive number, it is a more intuitive metric for pattern
comparison [26,27].

Age adjustment for serum

Age may influence how serum congener profiles are
extracted because of both differential elimination and differ-
ential exposure over time. These factors can influence the
correlations among congeners and therefore impact the profiles
extracted by PVA. Two methods of adjusting for age were
evaluated. The first method was age stratification. The data set
was stratified into four age groups (18–29 years, n¼ 55; 30–44
years, n¼ 188; 45–59 years, n¼ 369; and �60 years, n¼ 309),
and PVA was applied to each group. This method allowed for
evaluating differences in congener profiles between the differ-
ent age groups, including how exposures may have changed
over time. A similar age-stratification method was applied in a
study using PVA on the serum PCB concentrations of Akwe-
sasne Indians [8]. The second method was to control for age,
sex, body mass index, breast-feeding, and smoking, as these
factors affect congener elimination rates. The methods pre-
sented in Milbrath et al. [28] were used to predict elimination
rates for each study respondent. A serum concentration was
calculated for each congener for each respondent using the
predicted elimination rates and a constant intake rate. Intake
rates were determined so that the median serum concentration
for each congener was reproduced. The constant intake rate was
not intended to be a realistic assumption; rather, it was applied
so that changes in the intakes of various source patterns over
time could be evaluated by examining age trends. Residuals
were calculated as the difference between the actual and
predicted values for each congener, and the residuals were then
shifted so that all values were greater than or equal to zero by
adding the minimum residual value. The PVA algorithm was
then applied to the positively shifted residuals. This method was
intended to adjust only for differential elimination so that
temporal exposure differences could still be evaluated.

RESULTS AND DISCUSSION

Soil and household dust results

Five- and six-EM models were selected for the soil and dust
PCDD/F PVA, respectively. Figure 1 shows the PCDD/F EMs
produced by these models. Figure 1 also includes known PCDD/F
source profiles from the U.S. EPA source inventory [29] that are
possible matches to the extracted EMs. Table 1 shows the cosine
u values between the soil EMs and dust EMs as well as between
the EMs and known profiles from the source inventory.

The soil EMs are ordered by their contribution to explained
variance, and the dust EMs are ordered to best match the
soil profiles. The five-EM soil model explains 98.8% of the
variability, and the six-EM dust model explains 99.4%. Boot-
strapping analysis indicates that the EMs are stable: the largest
standard deviation for any congener was 0.001 in soil and 0.004
in dust.

Many of the soil and dust PCDD/F EMs are likely related
to combustion processes; combustion profiles typically contain
variable but large fractions of more highly chlorinated PCDD/Fs,
particularly octa-CDD (OCDD) [29]. Photochemical synthesis
of OCDD from pentachlorophenol has also been suggested as
an important source of OCDD in the environment [30]. Of
the five soil EMs, four appear to be related to combustion or
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pentachlorophenol: EM1, which consists entirely of OCDD;
EM2, which is also high in OCDD but contains a higher relative
contribution from 1,2,3,4,6,7,8-hepta-CDD (HpCDD); EM4,
which is dominated by two more highly chlorinated PCDFs
(consistent with higher-temperature incineration sources such
as hazardous waste incineration); and EM5, which again con-
tains a large fraction of OCDD but includes contributions from
all of the PCDD congeners.

The EM that is present in both soil and dust samples but does
not appear to be associated with combustion or atmospheric
pentachlorophenol is EM3. This EM is composed only of PCDF
congeners in soil and PCDF congeners plus OCDD in dust. A
potential match for the soil and dust EM3 is graphite electrode
sludge [29]. This correspondence in profiles supports the
hypothesis that residues from chlor-alkali processes using
graphite electrodes at Dow in the early 1900s were a source
of the contamination in the Tittabawassee River [11,12]. The
cosine u value between soil EM3 and the known graphite
electrode sludge pattern is relatively low (0.68, Table 1).
The relatively low cosine u value is because EM3 has a much
lower contribution of octa-CDF than is present in the known
graphite electrode sludge pattern. This could be related to
dechlorination in the environment, which would tend to

decrease the contribution of more highly chlorinated congeners
and increase the contribution of less-chlorinated congeners.

Dust EM6, the EM that is present in the dust model but does
not have a matching soil EM, is dominated by HpCDD. A
possible explanation for the presence of this EM in household
dust samples is the influence of wood burning in fireplaces and
stoves. The ratio of HpCDD to OCDD varies across wood-
burning processes [28]. The HpCDD congener may vary inde-
pendently in dust because individual fireplaces burn different
woods and at different temperatures, creating a range of
HpCDD to OCDD ratios. Figure 1 shows the congener profiles
of fireplaces from two geographic regions. Neither is a good
match with EM6 (Table 1); however, they illustrate the range of
HpCDD to OCDD ratios that may be present in wood-burning
processes.

Figure 2 shows the distributions of EM loadings for soil and
dust in each study population. A comparison of the distributions
of loadings shows that differences among study populations are
apparent for EM3, particularly in soil. This is the PCDF profile
that appears to be linked to graphite electrode sludge, the likely
major source of PCDD/F contamination in the Tittabawassee
River. The loadings of soil EM3 show that this profile is present
in relatively high proportions in both the floodplain and near
floodplain soils. The 95th percentile of the loadings of dust
EM3 is also elevated in the floodplain and near floodplain.

Additional regional differences are observable in the load-
ings of PCDD/F soil EMs but not in dust. Specifically, the
plume had a higher median loading of PCDD/F EM1 (the
OCDD profile), Jackson/Calhoun had a higher distribution of
loadings of EM2 (OCDD and HpCDD), and all of the Midland/
Saginaw populations had higher loadings of EM5 (all PCDD
congeners) compared to Jackson/Calhoun.

Serum results

Serum PVAwith no adjustment for age yielded five EMs that
explained 98.1% of the variance (Fig. 3). The largest standard
deviation for any congener in the bootstrapping analysis was

Table 1. Cosine u values for the congener profiles shown in Figure 1

Comparison EM1 EM2 EM3 EM4 EM5 EM6

Soil to dust 1.00 0.96 0.38a 0.68 0.97 —
Soil to known profile 1b 0.99 0.99 0.69 0.98 0.99 —
Soil to known profile 2c 0.93 0.98 — — 0.88 —
Dust to known profile 1 0.99 0.98 0.30d 0.73 0.98 0.42
Dust to known profile 2 0.92 0.99 — — 0.88 0.77

a Soil to dust cosine u value for EM3 is 0.99 if octa-chlorinated dibenzo-p-
dioxin (OCDD) is excluded.

b Known profile 1 corresponds to row 3 in Figure 1.
c Known profile 2 corresponds to row 4 in Figure 1.
d Dust to known profile 1 is 0.74 if octa-CDD is excluded.
EM¼ end member.

Fig. 2. Endmember (EM) loadings in soil (row1) anddust (row2) by studypopulation. The line in themiddle of the box represents themedian, the box edges show
the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles. FP¼ floodplain; NF¼ near floodplain; PL¼ plume; MS¼Midland and
Saginaw counties general population; JC¼ Jackson and Calhoun counties [Color figure can be seen in the online version of this article, available at
wileyonlinelibrary.com.].
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0.0007. The distribution of the EMs was compared among age
groups. Several of the EMs showed noticeable trends with age.
To determine if age differences were linked to congener elim-
ination rate, a weighted half-life for each EM was calculated by
multiplying the adult reference half-life [28] for each congener
by its contribution to the EM. Figure 3 shows that loadings of
the EMs with the longest half-lives (EM2 and EM3) increased
with age, while the EM with the shortest weighted half-life
(EM4) decreased with age. This suggests that differential
elimination, rather than differential exposure, was a major
determinant in the congener correlations and, therefore, in
the extraction of profiles.

The age-stratified serum PVA yielded three EM models for
the 18 to 29 and 30 to 44 year age groups and four EM models
for the 45 to 60 and over-60 groups (Fig. 4). These models
explained 92.3, 95.2, 96.9, and 97.0% of the variability, respec-
tively. The EMs are ordered by the variance explained in the 18
to 29 year-old age group, and the EMs in the other age groups
are ordered so that the profiles best match that group. The
variability in the bootstrapping EMs is greater in the age-
stratified analysis, likely due to the smaller data sets. The
maximum standard deviations are 0.01, 0.006, 0.006, and
0.04 for the 18 to 29, 30 to 44, 45 to 60, and >60 year age
groups, respectively. The following three general profiles occur
in all of the age groups: a profile consisting entirely, or nearly
entirely, of OCDD (EM1); a profile that includes a large fraction
of OCDD and HpCDD (EM2); and a profile that includes all
of the PCDD and PCDF congeners, with a large contribution
from 1,2,3,6,7,8-hexa-CDD and a fraction of OCDD that varies
across age groups (EM3). In the 45 to 60 and >60 year age
groups, an additional EM that resembles EM3 but includes
larger contributions from TCDD and 1,2,3,7,8-penta-CDD
was also extracted. The consistency in EM composition
observed across the age strata suggests that the congener
profiles of some of the primary sources of human exposure
to PCDD/Fs have remained consistent over time. However,
the magnitude of those exposure sources has decreased
[31–33].

The elimination rate–adjusted serum PVA yields five EMs
that explain 99.5% of the variance (Fig. 5). These EMs were
also stable as 0.008 was the largest standard deviation calcu-
lated for any congener in the bootstrapping analysis. Two of the
EMs derived from the elimination rate–adjusted analysis are
similar to those from the age-stratified analysis: an EM domi-
nated by OCDD (EM1) and an EM with a large contribution
from 1,2,3,6,7,8-hexa-CDD (EM3).

Figure 6 shows the distributions of the loadings for the age-
stratified analysis of the serum. No notable differences in EM
loading across study populations were observed in the 18 to 29
year group. End member 1, which primarily consists of OCDD,
is slightly elevated in the plume population in the 30 to 44 year
age group. End member 1 is still slightly elevated in the plume
in the 45 to 60 year age group; however, the largest difference
among study populations is found in EM4. This EM is elevated
in all of theMidland/Saginaw populations compared to Jackson/
Calhoun. In the >60 group, these two differences among study
populations are still evident.

The distributions of loadings by study population of the
PCDD/F serum EMs from the elimination rate–adjusted PVA
are shown in Figure 7. As in the age-stratified analysis, the first
row shows that the loadings of some of the PCDD/F EMs vary
by study population. End members 1 and 5 vary most notably,
but the distribution of loadings in the plume differs from that of
the other populations for each of the EMs. End member 1 is
elevated only in the plume population, while EM5 is elevated
in all of the Midland/Saginaw populations compared to the
Jackson/Calhoun population. All of the other EMs have relatively
lower loadings in the plume population. Among the older age
groups, the plume population has higher OCDD and approxi-
mately average concentrations for many of the other congeners
(UMDES, ‘‘Dioxin Measurements in Blood, House Dust, and
Soil’’; http://www.sph.umich.edu/dioxin/BDSmeasure.html).
Because the loading values for each sample sum to unity,
the lower loadings in the plume for EM2, EM3, and EM4
are likely a result of the higher loadings for the OCDD profile
(EM1).

Fig. 3. Endmembers (EMs) extracted from unadjusted serum analysis, the distributions of the EM loadings for four age groups, and the half-life of the congeners
weighted by their contribution to each EM. The line in the middle of the box represents the median, the box edges show the 25th and 75th percentiles, and
the whiskers extend to the 5th and 95th percentiles. VE¼ variance explained; WHL¼weighted half-life in years. See Figure 1 for additional abbreviations
[Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.].

Polytopic vector analysis of soil, dust, and serum samples Environ. Toxicol. Chem. 31, 2012 2195



The profiles that exhibit differences in EM loading across the
study populations are largely consistent between the age strat-
ification– and elimination rate–adjustment methods. Using both
methods, the OCDD profile (EM1) is elevated in the plume
population. The congener composition of the other EM that
varies across study populations (EM4 in the age-stratified

analysis, EM5 in the elimination rate–adjusted analysis) is
somewhat different between the two methods. However, in
both methods the EM contains TCDD, 1,2,3,7,8-penta-CDD,
2,3,4,7,8-penta-CDF, and 1,2,3,4,7,8-hexa-CDF. Also, in both
methods it is the EM that contains the highest fraction of TCDD
and 1,2,3,7,8-penta-CDD.

Fig. 4. Congener profiles of endmembers (EMs) in serum fromage-stratified analysis: row1, 18 to 29years old; row2, 30 to 44years old; row3, 45 to 50years old;
and row 4, greater than 60 years old. Profiles show the fraction of total polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)
(PCDD/Fs) contributed by the individual congener. See Figure 1 for abbreviations [Color figure can be seen in the online version of this article, available at
wileyonlinelibrary.com.].

Fig. 5. Congener profiles of end members (EMs) in serum from elimination-rate adjusted analysis. Profiles show the fraction of total polychlorinated dibenzo-p-
dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) (PCDD/Fs) contributed by the individual congener. See Figure 1 for abbreviations [Color figure can
be seen in the online version of this article, available at wileyonlinelibrary.com.].
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Using age stratification, the differences in EM distribution
by study population are primarily present in the older age
groups (Fig. 6). To determine if age was also a factor in the
elimination rate–adjusted PVA, the EM loading for each study
population was plotted as a function of age, and a linear trend
line was fit (Fig. 7, second row). The age trend lines for EM1
and EM5 diverge with increasing age. Because this method
adjusts for both the elimination rate and the change in elimi-
nation rate with age, the divergence in trend lines suggests that
historic exposures are responsible for the differences in study
populations. If the exposure sources were current, the linear age
trends of EM loading for each population would be expected to
be closer to parallel, and some difference among the study
populations would be evident for the youngest study partic-
ipants. In fact, because background PCDD/F sources have
decreased dramatically since 1970 [31–33], older individuals

still have serum PCDD/F contributions from the peak emission
period, and EM loadings must sum to one for every individual,
the loadings resulting from a relatively constant, ongoing source
would be expected to be higher for young people.

Only two of the EMs exhibited regional variability; how-
ever, Figure 7 shows that several EMs varied with age. In the
case of EM2 and EM3, the age trends were consistent with the
weighted half-lives of the EMs in that the loadings of EMs with
longer weighted half-lives increased with age. Although the
congeners were adjusted for elimination rate prior to the PVA
application, differential elimination may still be a factor in
determining which congeners occur in stable patterns. This
is because the congeners with the longest half-lives would be
the most likely to have serum levels that continue to reflect
exposures from the peak emission period. However, EM1 and
EM3 increase more, or decrease less, with age than would be

Fig. 6. Distribution of endmember (EM) loading by study population for each age stratum. The line in themiddle of the box represents themedian, the box edges
show the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles. See Figure 2 for abbreviations [Color figure can be seen in the online
version of this article, available at wileyonlinelibrary.com.].
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expected based on a comparison of the weighted half-lives. This
suggests that the congeners in these EMs may have represented
a larger share of PCDD/Fs in historic exposures.

The two methods of adjusting for age, age stratification and
elimination rate adjustment, yielded partially consistent results;
and both proved valuable in the evaluation of PCDD/F profiles
in serum. Stratifying by age yielded EMs that are more intui-
tively interpretable because they are based on the original
concentrations, not residuals. However, dividing the data into
four age groups within each population resulted in relatively
few samples per population. On the other hand, the analysis of
residuals after adjusting for elimination rates allows for the use
of the entire data set, leading to less variable EM compositions
and more straightforward comparisons among populations.
Additionally, the method using elimination-rate adjustment
clearly demonstrated that the relative EM loading differences
among populations were age dependent and, therefore, likely
related to historical exposures.

Serum congener profiles may be affected by a number of
factors, particularly differences in diet and congener-specific
elimination rates. The observed regional differences in EM
loading could be related to these factors. However, the differ-
ences observed in the two serum EMs that vary by population
appear to be consistent with some of the differences in the soil
EMs that vary by population, which suggests localized exposure
sources. The difference in the OCDD-dominated EM1 loading
occurs only in the plume population in both soil (Fig. 2) and
serum (Figs. 6 and 7), suggesting that this impact may be related
to Dow emissions. The other serum EM that exhibits differences
in loading across populations (Fig. 3, EM4, and Fig. 4, EM5)
varies in composition, by both age strata and age-adjustment
method, but always contains the highest fraction of TCDD and
1,2,3,7,8-penta-CDD of any of the extracted EMs. Soil EM5
contains the highest fraction of these congeners among the soil
EMs (Fig. 1, first row), and the soil EM5 loadings are elevated
in the Midland/Saginaw study populations (Fig. 2). The load-
ings of soil EM5 decrease with distance from the Dow facility in
the samples collected from 0 to 1 inch, indicating that this

profile, along with that of EM1, may also be related to past
incinerator emissions. This conclusion is supported by a hier-
archical cluster analysis of the soil concentrations, which
indicated that Dow incinerator emissions are characterized
by a relatively higher fraction of TCDD compared to other
combustion sources in the study area [14].

The age trend of the loadings of the serum EM containing
TCDD and 1,2,3,7,8-penta-CDD (Fig. 7, EM5) suggests that
the source is historic. This hypothesis is consistent with Dow
incineration activities as a potential source: Dow made numer-
ous pollution-control improvements to its incinerator operations
during the period 1975 to 1988, including the addition of natural
gas to its incineration stream to increase combustion temper-
atures and the installation of a wet electrostatic precipitator
[11]. The elevated levels of this serum EM in the Midland/
Saginaw study populations and the indication that it may be
related to historic releases are also consistent with the linear
regression results reported by Garabrant et al. [14]. The regres-
sion found an association between having lived in Midland and
Saginaw Counties during the period 1960 to 1979 and higher
serum levels of TCDD and 1,2,3,7,8-penta-CDD. Both the PVA
and the linear regression results suggest that historic aerial
emissions from the Dow facility likely impacted the serum
PCDD/F levels of the population of Midland and Saginaw
counties.

CONCLUSIONS

The present study evaluated PCDD/F patterns in soil, dust,
and serum samples. The soil EMs are similar to the dust EMs
and can be linked to known source patterns. The loadings of
several EMs varied by study population in the soil samples,
including an EM dominated by OCDD, which is elevated in the
plume population; an EM dominated by PCDFs, which is
elevated in the soils of the populations in the floodplain and
near floodplain of the Tittabawassee River; and a combustion
EM with higher-than-typical fractions of TCDD and 1,2,3,7,8-
penta-CDD, which was elevated in all of the populations in

Fig. 7. Distribution and linear trends of end member (EM) loading by study population for elimination-rate adjusted analysis. In the boxplots in the top row, the
line in the middle of the box represents the median, the box edges show the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles.
See Figure 2 for abbreviations [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.].
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Midland and Saginaw Counties. In household dust, the 95th
percentile loadings of the PCDF-dominated EM are elevated
in the floodplain and near floodplain populations. However,
the other differences among populations observed in the soil
samples are not found in the dust samples.

Loadings of two-serum EMs varied among study popula-
tions, and both signatures may be related to historic emissions
from the incinerator complex at the Dow facility. The age trends
of the loading differences indicated that the exposures were
likely historic. This investigation did not find evidence that
contamination in the Tittabawassee River floodplain or in the
depositional area of the incinerator complex is currently impact-
ing serum PCDD/F profiles. However, because the number of
EMs is limited and large individual variability exists in terms of
current exposures, past exposures, and elimination rates, detec-
tion of relatively small differences in serum PCDD/F profiles
may not be possible using PVA.

SUPPLEMENTAL DATA

Figure S1. (418 KB PDF).
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