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Abstract
Cross-sectional surveys of human blood and breast milk show increasing concentrations of
polybrominated diphenyl ethers (PBDEs) that parallel the expanded use in consumer products, but
longitudinal studies are lacking. We compared levels of major BDE congeners in archived 1994–
1995 blood samples collected from a cohort of frequent and infrequent Great Lakes fish consumers
with levels in the blood collected from the same individuals in 2001–2003 and 2004–2005. In mixed
linear regression models controlling for multiple measurements per individual and covariates,
statistically significant increases were seen from 1994–1995 to 2001–2003 for ΣPBDEs and BDE-47,
99, and 153 and from 1994–1995 to 2004–2005 for ΣPBDEs and BDE-99, 100, and 153, but ΣPBDEs
and BDE congeners did not change significantly between 2001–2003 and 2004–2005. Changes in
body burdens of ΣPBDEs and BDE-47, 100, and 153 in men were modified by BMI, with greater
increases in men with higher BMI. Increases in BDE-153 were greater for women than men, and a
greater increase in BDE-100 was found in older participants. There was a shift in the congener
distribution with a significant increase in the proportion of BDE-153 relative to BDE-47 from 2001–
2003 to 2004–2005.
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1. Introduction
Since the 1960s, polybrominated diphenyl ethers (PBDEs) have been added as flame retardants
to a wide variety of consumer goods including electronics, building materials, foams and
upholstery in furnishings, automobiles, and aircraft. There are three types of commercial PBDE
products referred to as pentaBDE, octaBDE and decaBDE. Although the manufacture of
pentaBDE and octaBDE was voluntarily discontinued by the U.S. manufacturer in 2004, and
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decaBDE will be phased out in the U.S. by 2013, treated materials will continue to be in use
for several years or decades posing an ongoing exposure hazard (Robinson, 2009).

PentaBDE is the major source of BDE-47 and BDE-99, and also contains BDE-100, BDE-153
and BDE-154 (Birnbaum and Cohen Hubal, 2006). BDE-153 and BDE-154 are also breakdown
products of BDE-209 (Soderstrom et al., 2004). Half-lives of these congeners vary, with
estimates of 1.8, 2.9, 1.6, 3.3, and 6.5 years for BDE-47, 99, 100, 154, and 153, respectively
(Geyer et al., 2004). The dominant congener in most people is BDE-47, although 10.5% of a
sample of the U.S. population had higher levels of BDE-153 than BDE-47 (Sjodin et al.,
2008). While the human exposure pathway for many persistent pollutants, such as dioxins, is
predominantly through contaminated food consumption, the indoor environment is a
substantial contributor to PBDE exposure (Wu et al., 2007; Imm et al., 2009). However, in
select individuals exposures may be higher from consumption of animal products and fish
(Jones-Otazo et al., 2005) and intake of red meat and poultry also contribute significantly to
PBDE exposure in the US, with a potentially stronger contribution from BDE-153 than other
congeners (Fraser et al., 2009).

PBDE levels in human serum have increased exponentially by a factor of about 100 from 1970
to 2002 (Hites, 2004), with the concentrations in residents in North America an order of
magnitude higher than those reported from Europe or Japan (Hites, 2004; Frederiksen et al.,
2009). Human PBDE body burdens have been monitored in both serum and breast milk.
Researchers in Sweden were alarmed to find a rapid rise in the PBDE levels in breast milk
collected between 1972 and 1997 (Meironyte et al., 1999). In response the Swedish government
halted PBDE production. Continued monitoring of PBDEs in breast milk from 1998 to 2002
demonstrated that concentrations of lower brominated PBDE levels, particularly BDE-47, have
decreased significantly, but concentrations of BDE-153 continue to increase (Fangstrom et al.,
2008). Similarly, increases in PBDEs have been found in pooled breast milk from the Faroe
Islands from 1987 to 1999 (Fangstrom et al., 2005) and Japan from 1973 to 1988 (Akutsu et
al., 2003). Serum PBDE increased in Japan from the early 1980s to the mid 1990s (Koizumi
et al., 2005) and in the US from 1973 to 2003 (Schecter et al., 2005) and 1985 to 2002 (Sjodin
et al., 2004).

Concern over human exposure to PBDEs stems from their structural similarity to PCBs, which
disrupt memory and learning, growth, endocrine function, and immune function, and is
supported by evidence of associations of PBDEs with congenital cryptorchidism (Main et al.,
2007), lower birth weight (Chao et al., 2007), neurodevelopmental delays (Roze et al., 2009;
Herbstman et al., 2010), increased time to pregnancy (Harley et al., 2010), and thyroid hormone
abnormalities (Turyk et al., 2008).

The Great Lakes Fish Consumption Study is a longitudinal cohort of frequent and infrequent
sport fish consumers that was established to assess exposure to persistent contaminants found
in Great Lakes sport fish in. In 1994–1995, PCB and p,p’-diphenyldichloroethene (DDE) levels
were highest among men who were frequent consumers of Great Lake sport fish and lowest
among women in the infrequent consumers group (Hanrahan et al., 1999). Reevaluations in
the early 2000s found decreases in PCBs, DDE, and Great Lakes sport fish consumption
(Knobeloch et al., 2009). In contrast to PCBs and DDE, PBDEs were not strongly related to
sport fish consumption, but multivariate models identified age, years consuming sport fish,
shellfish intake rates, and computer use as independent positive predictors and recent weight
loss as an independent negative predictor of PBDEs (Anderson et al., 2008). A follow up study
in which x-ray fluorometers were used to assess bromine levels in household furnishings and
automotive interiors identified foam bed pillows and automobile upholstery to be correlated
with serum PBDE levels among a sub-cohort of 44 individuals (Imm et al., 2009). The purpose
of this report is to summarize the temporal trends in body burdens in 168 frequent and
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infrequent sport fish consumers with 2 or 3 repeated PBDE measurements between 1994 and
2005.

2. Subjects and Methods
The protocol for this investigation was approved by the University of Wisconsin-Madison and
University of Illinois at Chicago Human Subjects institutional review boards. All subjects
provided informed consent authorizations before participation.

2.1 Study population and sampling in 1994–1995, 2001–2003, and 2004–2005
A cohort of 4,206 frequent and infrequent sport fish consumers was established in 1993–1994
that included charter boat captains on the Great Lakes (captain group), infrequent Great Lakes
fish consumers from similar geographic areas as the captains (referent group) and Wisconsin
anglers (angler group). Blood samples were collected in 1994–1995 from 445 frequent and 99
infrequent fish consumers for PCB and DDE analysis. Information about fish consumption
habits and demographics was obtained. In 2007–2008, 118 archived serum samples were
analyzed for PBDEs. In 2001–2003, participants who donated blood in 1994–1995 were
contacted. A survey on fish consumption was administered and blood samples were collected
analyzed for PCBs, DDE and PBDEs from 213 participants. In 2004–2005, 515 participants
provided a blood sample for exposure measurements and completed an additional survey on
fish consumption. Participants with 2 or 3 repeated PBDE measurements (n=168) were
included in the analysis. This includes 118 participants with paired samples from 1994–1995
and 2001–2003 and 112 participants with paired samples from 2001–2003 and 2004–2005
(Table 1). A total of 62 participants had measurements at all 3 time points.

2.2 Laboratory Analysis of persistent pollutants
Sera were analyzed at the Wisconsin State Laboratory of Hygiene (Imm et al., 2009). A sample
of 4 to 5 ml of serum was extracted with hexane/ethyl ether, with clean-up and fractionation
using florisil, silica-gel and concentrated sulfuric acid. PBDEs were analyzed by gas
chromatography-mass spectrometry (GC/MS) and PCBs and DDE by gas chromatography-
electron capture detector (GC-ECD). Quality control was monitored by the use of method
blanks, spikes of bovine serum, duplicates of bovine serum spikes or sample duplicates,
surrogate spikes, and confirmation of the analytes by second column or GC/MS as appropriate.
Mean PBDE recoveries for tri- to deca-BDE congeners ranged from 67 to 90%. Mean PCB
recoveries for di- to nona-PCB congeners ranged from 71 to 102%, while p,p’-DDE recovery
averaged 94%.

We analyzed 24 congeners (BDE 17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 126, 138, 153,
154, 156, 183, 184, 191, 196, 197, 206, 207, and 209), and quantified seven (BDE conge-ners
28, 47, 85, 99, 100, 153, and 154). BDE-154 was excluded because it was found to co-elute
with polybrominated biphenyl (PBB)-153, which is a concern because 35% of our cohort
resided in Michigan, where accidental contamination of meat, milk and poultry in the 1970s
lead to measurable general population PBB human body burdens not seen elsewhere in the US
(Wolff et al., 1982).

2.3 Stability of Stored Sera
Serum samples from 1994–1995 study participants were archived in long term cold storage at
−20ºC prior to analysis for PBDEs in 2007–2008. To examine storage-related changes, we
analyzed eight archived serum samples for PCBs and DDE in 2007–2008 and compared the
results with those determined in 1994–1995. To facilitate comparison with PBDE analyses,
we calculated annualized percent change in paired samples, assuming 13 years of storage
(1994–2007). Median annualized percent change during storage was: DDE=0.2%; PCB
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132/153/105=−1.0%; PCB 163/138=−0.6%; PCB 180=−1.1%. Using paired t-tests on natural
log-transformed analytes, original and archived serum measurements did not differ
significantly, with the exception of PCB 180 (p=0.05).

2.4 Measurement of Serum Lipids
Total cholesterol and triglycerides were measured by Quest Diagnostics (Auburn Hills, MI and
Wood Dale, IL) for samples collected in 2004–2005 and by Meriter Laboratories (Madison,
WI) for samples collected in 2001–2003. Lipids were measured in one third of the 1994–1995
samples by the Centers for Disease Control. Total serum lipids were calculated by the formula:

.

2.5 Statistical Methods
ΣPBDEs is the sum of BDE-28, 47, 49, 99, 100,138, and 153. When individual congeners were
below the limit of detection (LOD), we imputed the values below the LOD as the LOD/2.
Because ΣPBDEs followed a log normal distribution, we used a natural log transformation for
mixed-effect models. A natural log transformation was also use for fish meals, congeners and
the ratio of BDE-153:47; however a normal distribution was not achieved for BDE-99, 100
and 153.

Associations among ΣPBDEs and individual congeners were examined using Spearman’s
correlation coefficients. Non-parametric signed rank tests were used to assess differences in
exposures and demographics in paired samples.

Annual percent change was used to estimate changes in PBDEs over time (Knobeloch et al.,
2009).

Data across the three time periods was combined using mixed-effects models with random
intercepts (PROC MIXED, SAS version 9.1 for Windows; SAS Institute Inc., Cary, NC) to
evaluate effects of time and covariates on measures of ΣPBDEs, BDE congeners, the ratio of
BDE-153:47, and the percent contribution of BDE-47 and 153 to total PBDEs. These models
account for the lack of independence among measurements collected on the same individual.
Estimates of least square geometric means and 95% confidence intervals for exposures at the
three sampling times were derived from these models, with post hoc analysis using Tukey-
Kramer adjustment to assess differences in exposures between sampling times. All models
included age in 1994–1995, body mass index (BMI), and gender. Because previous studies
have found that PBDEs vary non-linearly with age (Sjodin et al., 2008; Toms et al., 2009), we
explored models which included categorical variables for age (26–44 years, 45–54 years, ≥ 55
years) as well as quadratic models with the variables age and age2. We also included fish
consumption variables in the models when significant (study group, annual sport fish meals,
and annual Great Lakes sport fish meals).

To determine if age at baseline, BMI, gender and fish meals affected changes in exposures
across time, we estimated interaction terms (the product of time with covariate) in mixed effects
models. When the beta estimate for an interaction was significant, exposure changes across
time were estimated in mixed effect models stratified by the median level of the effect modifier.
Estimates for effect modification by BMI were also modeled after stratification by gender.
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3. Results
3.1 Participants

A total of 74 women and 94 men who had at least 2 PBDE measurements were included in the
analysis. At recruitment, the participants had been consuming Great Lakes sport fish
consumption for 21 years on average and 90% were frequent fish consumers from the captain
or angler groups. Demographic characteristics of study participants at the times of the blood
collections are shown in Table 1.

3.2 PBDE Exposures
The most commonly detected congeners were BDE-47, 99, 100, and 153 (Table 2). ΣPBDEs
were most strongly associated with BDE-47 at all collections, while associations of BDE-99,
100 and 153 with ΣPBDEs became stronger at later sampling times (Table S1). Associations
of ΣPBDEs with individual congeners were generally weakest for BDE-153. The association
of ΣPBDEs measured in 2004–2005 and 2001–2003 (r=0.64, p<0.0001) was stronger than
associations of 1994–1995 levels with 2004–2005 levels (r=0.40, p=0.001) and 2001–2003
levels (r=0.27, p=0.0004) (Table S2). Similar patterns of associations were seen for BDE-47,
99, and 100, but associations of BDE-153 measured at the three time points did not differ to
the same extent (r=0.42 to r=0.57, Table S2).

3.3 Changes in PBDE Exposure
In this cohort the number of serum samples with detectable levels of BDE congeners increased
over time (Table 2). In univariate analyses, ΣPBDEs, BDE-47, 99, 100, and 153 increased
significantly from 1994–1995 to 2001–2003 in paired samples from 118 individuals, while
BDE-47 decreased significantly from 2001–2003 to 2004–2005 in paired samples from 112
individuals (Table 2). Annualized percent change and the proportion of participants with
increases in ΣPBDEs and BDE congeners between the sampling times are shown in Table S3.

Least square geometric means for ΣPBDEs and BDE congeners, adjusted for age in 1994–
1995, gender, and BMI are shown in Figure 1. In 2001–2003, ΣPBDEs and BDE-47, 99, and
153 increased significantly compared with 1994–1995 levels, while in 2004–2005 ΣPBDEs
and BDE-99, 100, and 153 increased significantly compared with 1994–1995 levels. However,
ΣPBDEs and BDE congeners did not differ significantly between 2001–2003 and 2004–2005.

Changes in ΣPBDEs and BDE congeners across time were modified by age in 1994–1995,
BMI and gender, but not by annual intake of Great Lakes sport fish or annual sport fish
consumption (not shown). Change in BDE-100 was modified by age, with significant increases
in older participants (p=0.01 for interaction term beta, not shown). Change in BDE-153 was
modified by gender, with significant increases seen in women but not men (p=0.01 for
interaction term beta, not shown). In both genders, greater increase in BDE-100 concentrations
were associated with higher BMIs (p=0.053 for interaction term beta, not shown). In gender-
stratified analyses, changes in ΣPBDEs and BDE-47, 100, and 153 were modified by BMI in
men, with significant increases in men with higher BMI (p<0.05 for male interaction term beta,
not shown).

3.4 Changes in BDE 47 Relative to BDE 153
The proportion of participants with higher body burdens of BDE-153 than BDE-47 increased
from 3.3% in 1994–1995 to 8.9% in 2004–2005 (Table 3). The ratio of BDE 153:47 across
time is shown in Table 3. The least square geometric mean ratio was significantly higher in
2004–2005 than in 2001–2003. The percent contribution of BDE-153 to ΣPBDEs increased
significantly between 2001–2003 and 2004–2005, while the percent contribution of BDE-47
to ΣPBDEs decreased significantly over this time period. Changes in the ratio of BDE153:47,
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percent BDE-153 and BDE-47 across time were not modified by demographic or fish
consumption variables.

3.5. Associations of PBDE Exposures with Demographics and Fish Consumption
In univariate analyses, age was positively associated with ΣPBDEs and BDE, and most
correlation coefficients reached significance (Table S4). BMI was inconsistently associated
with ΣPBDEs and BDE congeners, and several associations reached significance in 2001–2003
(Table S4). Serum lipids, fish consumption (Table S4) and gender (not shown) were not
consistently associated with ΣPBDEs and BDE congeners. In 2001–2003 and 2004–2005
BDE-153 levels varied by enrollment group, being highest in the captain group (p=0.05,
p=0.07, respectively, not shown).

In multivariate models examining exposure levels, and relative conger levels across time
(sections 3.3 and 3.4), age was modeled as a categorical variable. On average across all time
periods, ΣPBDEs, BDE-47, and BDE-100 were significantly higher in ages 45–54 and ≥ 55
years than 26–44 years, BDE-99 was significantly higher in ages ≥ 55 years than 26–44 years,
BDE-153 was significantly higher in ages 45–54 than ≥ 55 years and 26–44 years, BDE153:47
and percent BDE-47 were higher in participants ≥ 55 years than 26–44 years and 45–54 years,
and the percent BDE-153 was higher in participants 45–54 years than ≥ 55 years (not shown).
BMI was positively related to levels of ΣPBDEs, BDE-47, 99 and 100, and percent BDE-47
and inversely related to percent BDE-153 and BDE-153:47 (not shown). Gender and fish
consumption were not associated with exposures, with the exception the Wisconsin angler
group that had lower BDE-153 (p=0.06).

4. Discussion
We found that geometric mean levels of PBDEs increased significantly from 1994–1995 to
both follow up sampling times, but not from 2001–2003 to 2004–2005. Overall, PBDEs
increased in 67% of our participants between 1994–1995 and 2001–2003 and 69% of
participants between 1994–1995 and 2004–2005. The median annual percent change was 3.8%
from 1994–1994 to 2001–2003, 1.7% from 1994–1995 to 2004–2005, and −1.1% from 2001–
2003 to 2004–2005. We recently reported that geometric mean concentrations of serum PBDEs
decreased less than 2% between 2004–2005 and 2008 (p>0.05) in a subgroup of 44 participants
from this cohort (Imm et al., 2009).

Several investigators have examined temporal trends in PBDEs in serial cross sectional studies
of breast milk or serum in other populations. Few, if any, have examined intra-individual trends.
Increasing levels of PBDEs have been noted in individual Japanese blood samples from the
early 1980s to the mid 1990s (Koizumi et al., 2005) and in pooled US blood samples from
1973 to 2003 (Schecter et al., 2005) and 1985 to 2002 (Sjodin et al., 2004). However, pooled
blood samples in adults from Australia did not differ significantly in 2002–2003, 2004–2005
and 2006–2007 (Toms et al., 2009). PBDEs in pooled breast milk from the Faroe Islands
increased from 1987 to 1999 (Fangstrom et al., 2005). Several studies in Sweden suggest an
increase in PBDEs in pooled breast milk from the 1980s, with a peak in 1998 (Lind et al.,
2003) in one study, and 1995 in another (Fangstrom et al., 2008), although higher brominated
PBDEs have continued to increase (Fangstrom et al., 2008). Similarly PBDEs in Japanese
pooled breast milk samples collected from 1973 to 2000 peaked in 1998 (Akutsu et al.,
2003). PBDE concentrations in breast milk from Spain were similar in 2002 and 2007
(Schuhmacher et al., 2009). The trends from these world-wide studies, many of which tracked
PBDEs over several decades are consistent with the results of the current decade-long study
and show increasing PBDE body burdens, leveling off in the late 1990s and 2000s. This leveling
off preceded the 2004 discontinuation of pentaBDE use in the US and the European Union. It
is possible that manufacturers decreased use well before 2004 in anticipation of the phase out.
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Following the 1977 ban on the manufacture of PCBs, levels declined slowly, but remain
detectable in the environment, biota, and humans.

Previous studies have found that PBDEs vary non-linearly with age (Sjodin et al., 2008; Toms
et al., 2009), We found positive associations of PBDEs, and BDE-47, 99 and 100 across one
or more age categories, but an inverted U-shaped relationship of age with BDE-153. In the
2003–2004 NHANES cohort study of persons from 12 to 85 years of age, PBDE congeners
were inversely associated with age, although a small increase was noted in older adults (Sjodin
et al., 2008). The findings in the present study for PBDEs and BDE-47, 99 and 100, which
included only middle age and older adults, are consistent with the NHANES findings on age
and PBDE body burdens, and with our findings in the 508 participants sampled in 2004–2005
(Anderson et al., 2008). Changes in PBDEs across time were not modified by age at baseline,
with the exception of BDE-100, which increased more in older participants.

BMI was not consistently associated with PBDE body burdens in univariate analyses, nor did
we find an association in the 508 participants sampled in 2004–2005 (Anderson et al., 2008).
However, in the mixed-effects regression models incorporating all three sampling times, BMI
became significantly associated with PBDEs, and BDE-47, 99 and 100. In addition, BMI
modified temporal changes in BDE-47, 100, and 153 in males, but not females, with significant
increases in body burdens found only in men with higher BMI. Effect modification by BMI
may be related to differential metabolism or exposure.

Our current findings are not consistent with the weak positive association of PBDEs with years
of sport fish consumption in the 508 participants from this cohort sampled in 2004–2005
(Anderson et al., 2008). Only BDE-153 was related to fish consumption, with lower body
burdens in members of the Wisconsin anglers group. Predictors of changes in BDE-153 also
differed from those for BDE-47, 99 and 100 with respect to gender, with significant temporal
increases in BDE-153 for females but not males. Variation in either exposure or metabolism
could explain the effect of gender on BDE-153 changes, but it is unlikely to be related to sport
fish consumption, which is greater in men than among women in the study (Hanrahan et al.,
1999).

In addition to the differences in associations of age, BMI, and fish consumption with BDE-153
compared with the other BDE congeners discussed above, we noted an increase in the percent
of persons with higher BDE-153 than BDE-47 and a shift in the congener proportions over
time, with an increasing proportion of BDE-153 relative to BDE-47 between 2001–2003 and
2004–2005. Time trends may be related to differences in metabolism of BDE congeners, as
BDE-153 has been found to be more persistent than BDE-47 in mice (Qiu et al., 2009) and
humans (Geyer et al., 2004). Alternatively or additionally, relative levels of BDE-153 could
be increasing because of persistence in the food supply or higher levels in the indoor
environment related to the phase out of pentaBDE, but not decaBDE during the study period.
Differences in the relative proportions of BDE congeners have been noted in other studies. In
agreement with our findings, an increasing ratio of BDE-153 to BDE-47 was seen in breast
milk from the Faroe Islands (Fangstrom et al., 2005) and Stockholm (Fangstrom et al., 2008).
On the other hand, decreasing ratios of BDE-153, BDE-99 and BDE-100 to BDE-47 were
noted in Japanese blood samples from the early 1980s to the mid 1990s (Koizumi et al.,
2005).

This study is one of the first to investigate intra-individual changes in PBDEs over a decade.
However, the serum measurements were not equally spaced during this time period, increasing
the difficulty of evaluating temporal trends. Although some of the samples had been stored
longer than 10 years, we validated the use of archived samples for similar lipophilic
contaminants, and other investigators have successfully used archived serum samples for
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PBDE measurements (Koizumi et al., 2005; Schecter et al., 2005). BDE-47 was the most
commonly detected congener, with >95% of samples above the limit of detection. However,
a greater number of samples were below the limit of detection for other BDE congeners, which
increases the uncertainty in these measurements and the estimated time trends. Furthermore,
we were not able to evaluate changes in body burdens of the highly brominated BDE congeners.
Lipid measurements were insufficient to allow us to analyze lipid weight PBDEs, but we do
not expect that variations in lipid levels substantially altered our findings for several reasons.
First, the correlation between ΣPBDEs wet weight and ΣPBDEs lipid weight in our participants
is very strong (r=0.91, Spearman’s correlation coefficient). Second, lipid levels did not differ
significantly in the 13 paired samples from 1994–1995 and 2001–2003 and in the 102 paired
samples from 2001–3 and 2004–5 (Table 1).

5. Conclusion
In this investigation of PBDE body burdens in repeated serum samples from a cohort of Great
Lakes residents, we noted increasing geometric mean levels of PBDE and BDE congeners
between 1994–1995 and 2001–2003 and 1994–1995 and 2004–2005, but not from 2001–2003
to 2004–2005. These results were consistent with temporal trends in PBDEs from serial cross
sectional studies of breast milk or serum in other populations in North America, Europe and
Asia. Changes in body burdens of ΣPBDEs and BDE-47, 100, and 153 in men were modified
by BMI, with greater increases in men with higher BMI. Increases in BDE-153 were greater
for women than men and the increase in BDE-100 was greater in older participants. There was
a shift in the congener proportions over time, with an increasing proportion of BDE-153 relative
to BDE-47.
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Figure 1. Geometric Means for ΣPBDEs and BDE Congeners Across Time
Least square means estimated in mixed-effect models of natural log transformed ΣPBDEs and
BDE congeners, with post hoc analysis using Tukey-Kramer adjustment to determine
significant differences in exposures among sampling times. ΣPBDEs and all congeners
adjusted for age at 1994–1995, gender, and BMI; BDE 153 also adjusted for angler group
membership.
* = greater than geometric mean in 1994–1995 (p<0.05).
& = greater than geometric mean in 1994–1995 (0.05<p<0.10).
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