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Research Article

Dietary exposure to brominated flame retardants
correlates with male blood levels in a selected group
of Norwegians with a wide range of seafood
consumption

Helle K. Knutsen, Helen E. Kvalem, Cathrine Thomsen, May Frgshaug,
Margaretha Haugen, Georg Becher, Jan Alexander and Helle M. Meltzer

Norwegian Institute of Public Health, Oslo, Norway

This study investigates dietary exposure and serum levels of polybrominated diphenyl ethers (PBDEs)
and hexabromocyclododecane (HBCD) in a group of Norwegians (n = 184) with a wide range of sea-
food consumption (4—455 g/day). Mean dietary exposure to Sum 5 PBDEs (1.5 ng/kg body weight/day)
is among the highest reported. Since concentrations in foods were similar to those found elsewhere in
Europe, this may be explained by high seafood consumption among Norwegians. Oily fish was the main
dietary contributor both to Sum PBDEs and to the considerably lower HBCD intake (0.3 ng/kg body
weight/day). Milk products appeared to contribute most to the BDE-209 intake (1.4 ng/kg body weight/
day). BDE-209 and HBCD exposures are based on few food samples and need to be confirmed. Serum
levels (mean Sum 7 PBDEs = 5.2 ng/g lipid) and congener patterns (BDE-47 > BDE-153 > BDE-99)
were comparable with other European reports. Correlations between individual congeners were higher
for the calculated dietary exposure than for serum levels. Further, significant but weak correlations were
found between dietary exposure and serum levels for Sum PBDEs, BDE-47, and BDE-28 in males. This
indicates that other sources in addition to diet need to be addressed.
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1 Introduction

Brominated flame retardants (BFRs), such as polybromi-
nated diphenyl ethers (PBDEs) and hexabromocyclodode-
cane (HBCD), have been used extensively in consumer
products such as foam cushions, carpets, and electronic
equipment in Norway as in the rest of the western world.
Several of the BFRs are lipophilic, persist in the environ-
ment over long periods of time, and have the potential to
bioaccumulate, and may thereby reach high levels in the
food chains, particularly in the aquatic food chain.

Human exposure routes to BFRs have not been estab-
lished, but both diet and house dust are suspected routes of
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i  InterScience’

exposure [1, 2]. The relative impact of these exposure
routes may differ in different parts of the world, depending
on usage of commercial mixtures of BFRs and different
dietary habits. PBDEs have been found at considerably
lower levels in human blood and breast milk from Europe
compared to those found in North America. Little is known
about the dietary exposure in the general Norwegian popu-
lation or in subgroups with special dietary habits.

Fish generally contains higher levels of PBDEs and
HBCD than other food groups. Norwegians on average
have a high fish consumption; the consumption is among
the highest reported in Europe [3]. This study presents diet-
ary exposure to PBDEs and HBCD in a group of Norwe-
gians with a wide range of fish consumption. Furthermore,
correlations between dietary exposures and blood levels are
studied in the same group. Some of the food items with the
highest content of persistent organic pollutants are eaten on
a seasonal basis and often only by a small part of the popu-
lation. The food frequency questionnaire (FFQ) used in the
present study aimed to register food consumption during
the last 12 months, including food that people gathered and
caught themselves [4]. In order to investigate the range of
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possible dietary PBDE and HBCD exposures, we selected a
group of participants with a wide range of consumption of
food known to contain relatively high background levels of
pollutants, and included a reference group covering the gen-
eral population.

The purpose of the study was (i) to calculate dietary
exposure to PBDEs and HBCD in a group of Norwegians
with a wide range of seafood consumption and in a refer-
ence subgroup with average seafood consumption, (ii) to
find the relative contribution to exposure from different
food groups, (iii) to characterize the serum levels, and (iv)
to investigate correlations between dietary exposure and
PBDE levels in serum.

2 Materials and methods

2.1 Study group

Participants were recruited from “The Norwegian Fish and
Game Study.” This study, with 5499 participants from
coastal and inland areas in Norway, included a semi-quanti-
tative FFQ with questions on consumption of seafood
(different fish species living in saltwater and freshwater,
fish liver, crustaceans, seagull eggs) and game. None of the
participants was living in areas with known contamination
of persistent organic pollutants or heavy metals above a
level that can be considered as background. Based on con-
centrations of different contaminants in the actual foods, a
rough estimate of the individual intake of PCBs, dioxins,
mercury, and cadmium was established for the participants
in this study. Based on their estimated high exposure to
dioxins and PCBs, mercury or cadmium, 420 subjects were
invited to participate. In order to constitute a reference
group, 282 subjects were drawn randomly from the remain-
ing population and invited to participate. Of a total of 702
subjects invited, 193 gave informed consent, of which 78
belonged to the reference group. All participants answered
a 12-page semi-quantitative FFQ. The logistics of the study,
carried out in the spring of 2003 and including the gathering
of blood and urine samples, is described in more detail else-
where (H.M. Meltzer et al., manuscript in preparation). The
reference group (n = 78) did not have significantly different
means from all participants in the Norwegian Fish and
Game Study (n =5499) with respect to place of living
(coast/inland), age, gender, body weight (bw), body mass
index (BMI), smoking, and total fish consumption. The
reference group can be considered representative for the
Fish and Game Study, which again was country representa-
tive.

2.2 Dietary exposure

Dietary exposure was assessed using a 12-page semi-quan-
titative FFQ consisting of 340 questions organized into 40
groups according to the Norwegian meal pattern. Three of

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52,217 —227

the groups had questions about dietary patterns and 23
about the use of 255 specific food items, with the goal of
monitoring energy intake, nutrients, non-nutrients, foods,
and food groups. The frequency of consumption was given
per day, per week, and/or per month depending on the food
item and covered consumption over the last 12 months. The
FFQ was originally developed for use in the Norwegian
Mother and Child Cohort Study and is described in detail in
a report by Meltzer et al. [4]. The questionnaires were opti-
cally read and food frequencies were converted into con-
sumption (grams/day) by multiplying with standard gender-
specific portion sizes. For contaminant calculations Food-
Calc was used (available at http://www.ibt.ku.dk/jesper/
foodcalc). Nine of the 193 participants were excluded from
analysis of dietary exposure on the basis of unlikely energy
intakes (less than 1000 or more than 4000 kcal/day), leav-
ing 184 participants for the final dietary exposure analyses.
Of'these, 73 belonged to the reference group.

The FFQ has been subject to a thorough validation in a
pregnancy subcohort, where the reference method was a
4-day weighed food diary (FD) in addition to blood and
urine biomarker [5]. The average correlation coefficient
between the FFQ and FD for daily intake was 0.48 for foods
and 0.36 for nutrients, which is comparable to other preg-
nancy validation studies. The FFQ was able to distinguish
between high and low consumers (Q1 vs. QS) for all the FD
estimates as well as for urinary nitrogen, urinary iodine,
plasma 25(OH)D, and serum folate. The degree of misclas-
sification was small, while around two-thirds of the subjects
were classified into the same or adjacent quintile according
to the FFQ and reference measures. Classification into the
same or adjacent quintile according to the two dietary meth-
ods was similar to that reported for a questionnaire used for
assessment of diet in pregnant women in Finland [6] and for
the questionnaire used in the Danish National Birth Cohort
[7]. In general, correlation coefficients between a test
method and reference method tend to be lower in pregnancy
cohorts than in non-pregnant, adult populations, because of
the large intra-individual variations due to pregnancy com-
plications that may influence eating habits, e.g., nausea,
vomiting, constipation, and bed rest.

A database was built comprising available concentrations
of PBDEs and HBCD in Norwegian foods. For the majority
of food items, data on levels of the three major stereoisom-
ers of HBCD, namely, a-, -, and y-HBCD, were available.
For the rest, only total HBCD was determined by GC-MS.
The samples collected were from the period 2002 to 2006
with a few older samples dating back to 1995 for seagull
eggs and wild trout in order to make the database more
complete for all congeners. Data were obtained from the
Norwegian Food Safety Authority, the National Institute of
Nutrition and Seafood Research, the Norwegian Institute
for Water Research, the Norwegian Institute of Public
Health, the Norwegian Pollution Control Authority, and the
Norwegian Veterinary Institute as well as from a conference
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proceeding [8]. Most analytical data are on composite sam-
ples except for fish and seagull eggs.

Dietary exposure to BFRs was calculated using mean and
median levels of the individual congeners calculated as
lower bound (LB; analyzed concentrations below LOQ are
set to 0), medium bound (MB; analyzed concentrations
below LOQ are set to > LOQ), and upper bound (UB; ana-
lyzed concentrations below LOQ are set equal to LOQ). For
food items for which no analytical data were available, con-
tamination levels were estimated from similar foods
adjusted by the fat%.

2.3 Demographic information

Of the 184 remaining participants (83 male, 101 female)
after exclusion of those with unlikely energy intakes, the
average age was 54 years (range 21—80 years) and the aver-
age bw was 74 kg (range 36— 115 kg). Among the 73 partic-
ipants remaining in the reference group (32 male, 40
female), average age was 51 years (range 21-75 years),
and average bw was 76 kg (range 53—-115 kg).

2.4 Serum analyses

Concentrations of PBDEs were determined in 126 partici-
pants of which 44 belonged to the reference group. Serum
sample volume was the selection criterion for serum analy-
ses. All participants having serum sample volumes above
4.5 mL were analyzed, except for the eight with highest
sample volume below 4.5 mL.

The individual PBDE congeners BDE-28, -37, -47, -85,
-99, -119, -153, -154, -181, and -183, as well as HBCD,
were from Cambridge Isotope Laboratories (Andover, MA,
USA). BDE-18, -51, -103, and -138 were obtained from
AccuStandard Inc. (New Haven, CT, USA), while BDE-
100 and -156 was from Wellington Laboratories (Guelph,
Ontario, Canada). All solvents used were of pesticide grade
from SDS (Peypin, France), and sulfuric acid, silica gel, and
sodium sulfate were from Merck (Darmstadt, Germany).
The polychlorinated biphenyl CB-207 (AccuStandard Inc.)
was used for calculation of the absolute recovery.

The serum samples were extracted using manual solid
phase extraction on columns of Isolute 101, a highly cross-
linked polystyrene-divinylbenzene polymer (200 mg from
International Sorbent Technology, Mid Glamorgan, UK)
after minor modifications of a previously described method
[9]. An additional clean-up on sulfuric acid-silica columns
was performed. The extracts were analyzed using GC-MS
(6890/5973, Agilent, Avondale, PA, USA) equipped with a
7683 series autosampler according to a previously
described method [9]. In brief, the separation was perform-
ed on a DB-5MS column (30 m length, 0.25 mm id,
0.25 um film thickness, Agilent Technologies Inc., CA,
USA) connected to a deactivated retention gap of 1.5m
length and 0.32 mm id fused silica (Agilent). The MS was
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operated in electron capture negative ionization mode
(ECNI) using methane (99.99%, Aga, Norway) as buffer
gas. The PBDEs were monitored on m/z 79 and m/z 81 and
the recovery standard (CB-207) on m/z 464. All measured
ions were used for identification and quantification. The
calibration solutions covered the concentration range 0.6—
120 pg PBDEs/g serum and 2.4—6000 pg HBCD/g serum.
Internal standard calibration was used for quantification as
described elsewhere [10]. BDE-156 was used as internal
standard for semi-quantitative determination of HBCD.
The LOD was about 0.6 pg/g serum (~0.1 ng/g lipids) for
the PBDEs, based on the lowest level in the calibration
curve. Twenty procedural blank samples were included in
the analysis series, BDE-47 and BDE-99 were found in
almost all, at levels in accordance with those found in pro-
cedural blanks in other series of serum analysis performed
at our laboratory. Due to lower absolute recovery and less
GC-MS response, the analysis uncertainty of the procedural
blanks (water) was higher compared to the serum samples.
The mean blank level exceeded the level found in about
one-fourth of the samples, indicating that the actual blank
level was lower. The concentrations of BDE-47 and BDE-
99 were thus corrected by subtracting half of the blank level
from all the individual measurements. The LOQ was set to
a level equal to LOD for the other PBDEs. Compounds not
detected were assigned the value 0 (“LB” approach). The
uncertainty of the analysis was found to be about 25%.

The lipids were determined enzymatically at the National
Hospital of Norway (Oslo, Norway) and the total lipid con-
tent of the samples calculated according to the method
described by Grimvall et al. [11].

2.5 Statistical analysis

Dietary intake and serum concentrations of PBDEs and
HBCD were not normally distributed. Hence these data are
presented as medians, min, and max in addition to the 95"
percentile. To be able to weigh our dietary intake and serum
concentrations data against data from other countries, mean
values of intake and serum concentrations are also pre-
sented. Spearman's ko was used to calculate correlations
and the Mann—Whitney U-test was used to test for differen-
ces between groups. All p values below 0.05 were consid-
ered statistically significant. Statistical analyses were per-
formed using SPSS, version 14.0.2.

3 Results and discussion

3.1 Levelsin food

Figure 1 shows average LB levels of Sum 5 PBDEs, BDE-
209, and HBCD in Norwegian foods, whereas data in
Table 1 present congener-specific average LB and UB lev-
els and the number of analyses on which exposure calcula-
tions are based. The congeners comprising Sum 5 PBDEs
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Figure 1. Occurrence of brominated flame retardants in Nor-
wegian food. Please note different scaling of the axes in the
two panels. A: Levels in fish and other seafood. B: Levels in
meat, dairy products (milk, yoghurt, cheese, butter), eggs, and
vegetable fat.

(47, 99, 100, 153, and 154) were determined in practically
all samples, and the highest concentrations were found in
sea gull eggs (not included in Fig. 1 due to scaling, see
Table 1), fish liver, and fish fillet. BDE-47 was the most
abundant congener in fish (Table 1). In hen eggs and meat,
BDE-99 was equally abundant as BDE-47, although at a
substantially lower level than in fish. Of samples analyzed
for BDE-209, the highest levels were found among the
above-mentioned food items and in addition in dairy prod-
ucts, which include milk, cheese, and butter. Among the
HBCD stereoisomers, a-HBCD was definitely the most
abundant one, and again the highest concentrations were
found in seagull eggs, cod liver, and fish.

Sum 5 PBDE levels measured in Norwegian foods were
by and large within the range as those reported from Finland
[12], Sweden [13], Spain [14, 15], Belgium [16], Japan [1]
and lower than those reported from the USA [17, 18]. Very
few studies have been published on BDE-209 levels in
foods, but based on the limited analyses in the present study,
the levels seem higher in Norway than in the USA and Spain
[15, 17]. Knowledge of HBCD levels in foods is very
scarce, but levels in fish in the present study seem to be
within the range found in various environmental studies in
Europe [19].

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Calculated dietary exposures

Among all the participants, including the reference group,
the mean and median exposure to Sum 5 PBDEs (sum of
BDE-47,-99, -100, -153, and -154) based on LB occurrence
levels in food were 1.4 and 1.1 ng/kg bw/day, respectively
(Table 2). The mean dietary exposure of Sum 5 PBDEs con-
sisted of 69% BDE-47, 14% BDE-99, 11% BDE-100, 4%
BDE-154, and 2% BDE-153. The contribution from BDE-
47 to Sum 5 PBDE intake in the present study is higher than
reported in the total diet baskets from Finland (47% BDE-
47) and Sweden (52% BDE-47), perhaps due to different
diet compositions in the Nordic countries [12, 13]. The cal-
culated exposure to BDE-209 was 1.5 (mean) and 1.4
(median) ng/kg bw per day, which is higher than the expo-
sure both to Sum 5 PBDEs and Sum 7 PBDEs (Sum 5
PBDEs + BDE-28 and BDE-183). The range of exposures
was wider for Sum 5 PBDEs than for BDE-209. Dietary
exposure to HBCD, with a mean of approximately 0.3 ng/
kg bw per day, was considerably lower than that to the Sum
5 PBDEs. Dietary exposures to PBDEs and HBCD were
skewed, with a long “tail” on the high end intake as
reflected in the fact that the mean levels were 1.1- to 1.3-
fold higher than the median levels for Sum 5 PBDEs, BDE-
209, and HBCD.

The dietary intake assessments for the 184 participants
constituting the study group are not representative for the
general population in Norway, but show the range of possi-
ble dietary exposures among Norwegians with both average
and high consumption of fish and other seafood, including
cod liver, cod liver oil, and seagull eggs. In this group, the
mean dietary exposure to Sum 5 PBDEs (108 ng/day; LB)
was higher than those previously reported from Sweden
(51 ng/day and 27 ng/day; MB) [13, 20], Finland (44 ng/
day; MB) [12], Spain (82 ng/day; LB, 38.5 ng/day; UB)
[14, 15], UK (107 ng/day; LB) [21] and Belgium (23 ng/
day; LB) [16]. In the USA dietary PBDE exposure, includ-
ing BDE-209, was recently found to be 84 ng/day in males
and 63 ng/day in females [17]. In spite of an approximately
ten times higher body burden of PBDEs in North America,
it was surprising that the US dietary exposure levels do not
exceed intakes of Sum 5 PBDEs in Europeans [22]. It has
recently been indicated that higher concentrations of
PBDE:s in indoor dust from North America vs. Europe pro-
vide a likely rationale for the order-of-magnitude higher
body burdens in North Americans than in Europeans [23].
A report from the UK Committee on Toxicology (COT)
indicated that mean UB HBCD exposure in the UK is four
to fivefold higher than in the present study [24]. To the best
of our knowledge there are no other reports on dietary expo-
sure to HBCD.

In the reference group, the mean dietary exposures to
Sum 5 PBDEs, BDE209, and HBCD were quite similar to
the median exposures among all the participants. However,
the ranges of intakes were narrower in the reference group
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Table 2. Dietary PBDE (ng/kg bw/day) exposure based on mean LB concentrations in food

All participants, including reference group, n= 184

Reference group, n=73

Mean Median 95-perc Min Max Mean Median 95-perc Min Max
BDE-28 0.05 0.04 0.13 0 0.35 0.04 0.02 0.10 0 0.16
BDE-47 0.97 0.68 2.63 0.05 5.29 0.69 0.44 1.97 0.05 2.51
BDE-99 0.19 0.16 0.47 0.04 0.76 0.16 0.13 0.35 0.04 0.42
BDE-100 0.15 0.11 0.41 0.01 0.85 0.11 0.08 0.29 0.01 0.41
BDE-153 0.03 0.02 0.09 0 0.14 0.03 0.02 0.07 0 0.09
BDE-154 0.06 0.05 0.15 0 0.30 0.04 0.03 0.12 0 0.15
BDE-183 0.02 0.01 0.10 0 0.15 0.01 0.01 0.07 0 0.12
BDE-209 1.52 1.38 2.91 0.50 4.62 1.39 1.22 3.04 0.50 3.86
Sum 5 PBDE? 1.40 1.06 3.66 0.14 7.00 1.03 0.74 2.78 0.14 3.45
Sum 7 PBDE® 1.47 1.11 3.84 0.14 7.36 1.08 0.77 2.94 0.14 3.63
HBCD® 0.33 0.27 0.83 0.06 1.35 0.27 0.23 0.60 0.06 0.87

a) Sum BDE-47, BDE-99, BDE-100, BDE-153, BDE-154
b) Sum 5 PBDEs + BDE-28 and BDE-183
¢) Sum a-HBCD, -HBCD, y-HBCD

Table 3. Spearman rank correlation coefficients between dietary exposures to BFRs, n= 184. Calculated exposures are based on
mean LB levels in food. All correlations are significant at the 0.01 level (two-tailed)

BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 BDE-209 Sum5  Sum7
PBDE® PBDE®
BDE-47 0.98
BDE-99 0.78 0.79
BDE-100 0.97 0.99 0.84
BDE-153 0.80 0.81 0.95 0.86
BDE-154 0.99 0.98 0.81 0.98 0.83
BDE-183 0.42 0.48 0.63 0.50 0.69 0.45
BDE-209 0.50 0.46 0.70 0.50 0.58 0.51 0.41
Sum 5 PBDE® 0.95 0.97 0.79 0.97 0.82 0.96 0.49 0.43
Sum 7 PBDEY 0.98 0.99 0.84 0.99 0.86 0.98 0.51 0.51 0.97
HBCD® 0.80 0.81 0.79 0.86 0.78 0.81 0.41 0.53 0.87 0.83

a) Sum BDE-47, BDE-99, BDE-100, BDE-153, BDE-154
b) Sum 5 PBDEs + BDE-28 and BDE-183
c) Sum a-, -, y-HBCD

(Table 2). The calculated average dietary exposure among
those in the smaller reference group (81 ng/day; LB) is also
in the upper range among calculated exposures in other
European countries. This is probably caused by the gener-
ally high fish consumption among Norwegians; the mean
consumption of fish, fish, products and shellfish being
79 g/day in the whole group and 62 g/day in the reference
group in the present study. The FFQ used in the present
study is the same as the one used in the on-going Norwegian
Mother and Child Cohort Study, except for omission of
questions about dietary changes after pregnancy and inclu-
sion of detailed questions on fish and game consumption
[4]. The birth cohort questionnaire has recently been vali-
dated although not yet with respect to fish consumption [5].
It is well known that an over-representation of questions
about one food item can lead to over-reporting on consump-
tion of that food item. However, the high Norwegian fish
consumption has been confirmed by other national food
consumption surveys [25].
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There were generally very good inter-congener correla-
tions between dietary exposures to the different PBDEs, all
being significant with p < 0.01 (Table 3). Because of the
relative high abundance of BDE-47, both the Sum 5 PBDEs
and Sum 7 PBDEs were highly dependent on the BDE-47
level. BDE-47 showed correlation coefficients between
0.79 and 0.99 with the other PBDEs included in Sum 5
PBDEs, but the correlation coefficients were only 0.48 and
0.46 with BDE-183 and 209, respectively. The lower corre-
lation between BDE-47 and BDE-183 may be due to low
levels of BDE-183, being detectable in only a few food
items. The lower correlation with the very abundant conge-
ner BDE-209 may indicate other dietary sources for BDE-
209 than for BDE-47 and the other congeners in Sum 5
PBDEs. The intake level of HBCD showed higher correla-
tion with Sum 5 PBDEs and Sum 7 PBDEs exposure than
with BDE-209 exposure.

Due to the low number of analyses for several food items
it was not possible to determine whether the levels were
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Figure 2. Mean dietary intake of Sum 5 PBDEs, BDE-209,
and HBCD based on mean and median lower bound (LB) and
upper bound (UB) levels in food.

normally distributed, and there were sometimes substantial
differences between the LB and UB concentrations. In
order to get an impression of the variability in exposure cal-
culations that this could cause, we compared the mean and
median exposures calculated on the basis of UB and LB
median and mean levels in food (Fig. 2). There were almost
no differences between LB and UB dietary exposures for
Sum 5 PBDEs or for BDE-209, whereas for HBCD the cal-
culated UB intake level was about fourfold higher than the
LB intake. The differences between exposures based on
mean and median levels in food were larger for BDE-209
than for HBCD and Sum 5 PBDEs. These results indicate a
higher uncertainty for calculated HBCD exposure than for
PBDE exposure, which is explained by a lower number of
analyzed foods for HBCD and BDE-209. Hence, these cal-
culations need to be confirmed in further studies.

3.3 Contribution from different food groups

Oily fish species were the dominating dietary source of
Sum 5 PBDE exposure (Fig. 3). Dairy products contributed
somewhat more than meat and lean fish. Oily fish species
were also the main dietary source of HBCD exposure, fol-
lowed by meat, hen eggs, and dairy products.

Fish liver, fish oil, and seagull eggs were eaten by 33%,
38%, and 13% of the 184 participants, respectively. These
food items were important contributors to the intake of both
Sum 5 PBDEs and HBCD among consumers of such food,
and this affected the average exposure of the whole group.
However, these foods were not important for exposure
among participants with median dietary exposure (not
shown). The main food groups contributing to exposure
were similar in the reference group, but this group had
lower average exposure from fish, fish liver, and seagull
eggs (not shown).

Fish was also the main dietary source of PBDE in Swe-
den, Finland, and Belgium, even though their fish consump-
tion is lower [12, 13, 16, 20]. In contrast, meat was the main
dietary source of PBDE in the USA [17].
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Figure 3. Contribution from different food groups to mean
PBDE and HBCD exposure. Data are mean contribution for all
participants in the study (n = 184). Dairy products include milk,
cheese, yoghurts, and butter. Lean fish has lipid <2% and oily
and semi oily fish has lipid >2%.

Confirming the suspicion that intake of BDE-209 and
Sum 5 PBDEs may have different dietary sources, dairy
products proved to be the most important dietary source of
BDE-209 exposure, followed by bread, cereals, and fish,
both among all participants (Fig. 3) and among the refer-
ence group (not shown). The calculated high contribution
from bread and cereals was probably due to the relative
high abundance in biscuits (Table 1). Since we lacked ana-
lytical data for bread, it was assumed that the lipid-based
level in biscuits could be used as the corresponding level in
bread. Bread is an important part of the Norwegian diet, and
is consumed by many both for breakfast and lunch. BDE-
209 levels measured in vegetable oil were also high
(Table 1), but the amounts consumed as dressing, etc. did
not add much to the total BDE-209 exposure.

3.4 Serum levels

The PBDE congeners BDE-28, BDE-37, BDE-47, BDE-
85, BDE-99, BDE-100, BDE-119, BDE-153, BDE-154,
and BDE-183 were determined in the serum of 125 partici-
pants. BDE-47 showed the highest mean serum levels, fol-
lowed by BDE-153, BDE-99, BDE-154, and BDE-100,
both in all samples analyzed and among samples from the
smaller reference group (Table 4). The mean concentration
of Sum 5 PBDEs was 4.96 ng/g lipid for all samples ana-
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Table 4. Serum PBDE concentrations (LB, ng/g lipid)

Mol. Nutr. Food Res. 2008, 52,217 —227

PBDE 28 37 47 85 99

100 119 153 1542 183 Sum5”  Sum79

All analyzed n=125

ndetected 50 1 124 13 123 115 2 124 118 37

Mean 011 0 2.00 0.02 065 043 0 1.36 0.52 0.09 4.96 5.16
% of total® 2 0 39 0 12 8 0 26 10 2 96 100
Median 0 0 144 0 043 034 0 1.10 0.39 0 3.96 4.01
95-perc. 040 O 6.94 0.15 218 114 0 3.95 1.47 0.51 13.7 13.7
Min 0 0 0 0 0 0 0 0 0 0 0.78 0.78
Max 1.09 0.09 13.2 0.24 520 247 0.17 9.56 2.90 0.72 19.1 20.2
Outlier? 456 O 87.7 1.40 103 11.2 1.43 6.31 1.08 0 116 121
Reference group n=44

Mean 012 0 238 0.04 092 047 O 0.97 0.38 0.12 5.13 5.37
% of total® 2 0 44 1 17 9 0 18 7 2 95 99
Median 0 0 151 0 054 035 0 0.93 0.31 0 3.62 3.74
95-perc. 057 0 8.96 0.21 384 116 0 1.82 1.22 0.54 14.5 15.3
Min 0 0 020 O 0 0 0 0 0 0 0.78 0.78
Max 0.95 0.09 13.2 0.24 520 1.23 0.10 1.95 1.50 0.59 19.1 20.2

a) BDE-154 co-eluted with BB-153

b) BDE-47,99, 100, 153, 154

c) Sum 5 PBDEs + BDE-28 and BDE- 183

d) Total = Sum 7 PBDE + BDE-37, BDE-85 and BDE-119

e) One extremely high outlier (not in the reference group) was excluded from the summary statistics based on Dixon's Q test

Table 5. Spearman rank correlation coefficients between PBDE congeners in serum, n= 125

BDE-28 BDE-47 BDE-85 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 Sumb5
PBDE
BDE-47 0.63%
BDE-85 0.34% 0.40%
BDE-99 0.22" 0.64% 0.44%
BDE-100 0.54% 0.87% 0.40% 0.65%
BDE-153 0.22" 0.32% 0.07 0.15 0.41%
BDE-154 0.27% 0.23? -0.05 0.02 0.26% 0.56%
BDE-183 0.16 0.17 0.20” 0.14 0.18" 0.19” 0.17
Sum 5 PBDE? 0.57% 0.88% 0.38% 0.65% 0.88% 0.63% 0.46% 0.18%
Sum 7 PBDE? 0.60% 0.88% 0.38% 0.63% 0.87% 0.62% 0.45% 0.24% 0.99%

a), b) Correlations are significant at the 0.01 level® or 0.05 level® (two-tailed)

c) Sum BDE-47, BDE-99, BDE 100, BDE 153, BDE 154
d) Sum 5 PBDEs + BDE-28 and BDE-183

lyzed (with one outlier excluded) and 5.13 ng/g lipid in the
reference group. These five congeners were detected in the
serum of the majority of the participants and represented on
average 96% of the total amount of PBDEs analyzed in
serum. BDE-37, BDE-85, and BDE-119 were detected in
only a few of the samples. The mean PBDE levels were in
the same range as those reported previously in Norway [10]
and elsewhere in Europe [20, 26—-28], as well as in Japan
[29, 30] and New Zealand [31], which is approximately ten-
fold lower than in the North American population[22, 32].
In serum, the highest inter-congener correlations were
seen between BDE-47, BDE-100, and BDE-99, with corre-
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lation coefficients between 0.87 and 0.64 (Table 5). The
inter-congener correlations were quite similar for males
and females (data not shown). BDE-47, being the most
abundant congener, correlated significantly with all other
PBDEs except for BDE-183. All congeners correlated with
Sum 5 PBDEs and Sum 7 PBDEs. Generally, correlations
between PBDEs in serum were lower than correlations
between dietary exposures to PBDEs. This may be
explained by differences in the kinetics for PBDE conge-
ners, e. g., congeners with longer half-lives showing higher
concentrations. The blood levels of PBDEs may also be
influenced by sources other than dietary ones.

www.mnf-journal.com



Mol. Nutr. Food Res. 2008, 52,217 —-227

Table 6. Spearman rank correlation coefficients between dietary exposures and serum PBDE levels. n= 67 for females (F) and 54
for males (M)

Diet (ng/kg bw/day)?

BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 Sum5 Sum?7

PBDEs PBDEs
Serum (ng/qg lipid)

BDE-28 F 0.00 0.01 -0.07 0.03 -0.08 -0.02 -0.04 0.01 0.00
M 0.35" 0.42" 0.18 0.39" 0.18 0.35" 0.24 0.41° 0.41°

BDE-47 F —-0.06 -0.07 -0.16 —-0.06 -0.14 -0.10 -0.07 -0.08 -0.08
M 0.22 0.30° 0.21 0.299 0.21 0.24 0.30° 0.329 0.319
BDE-99 F -0.34" -0.34 -0.33" -0.32» -0.319 -0.37? -0.26% -0.36® -0.36"

M -0.15 -0.15 -0.15 -0.14 -0.16 -0.15 -0.03 -0.14 -0.14

BDE-100 F —-0.06 —-0.06 -0.20 -0.07 -0.19 -0.09 -0.19 -0.09 -0.09

M 0.14 0.19 0.16 0.19 0.15 0.17 0.20 0.21 0.21

BDE-153 F 0.06 0.08 0.09 0.06 0.10 0.07 0.12 0.07 0.07

M 0.24 0.25 0.18 0.26 0.12 0.25 0.12 0.26 0.26

BDE-154 F 0.17 0.16 0.02 0.13 0.04 0.16 0.09 0.12 0.13
M 0.38" 0.39" 0.36" 0.419 0.38" 0.39" 0.13 0.41° 0.40°

BDE-183 F -0.15 -0.18 -0.03 -0.17 -0.10 -0.14 -0.07 -0.15 -0.15

M -0.14 -0.12 -0.09 -0.10 -0.15 -0.14 —-0.08 -0.10 -0.10

Sum 5 PBDEs F -0.08 -0.08 -0.17 -0.07 -0.16 -0.11 -0.10 —-0.09 —-0.09
M 0.24 0.279 0.20 0.28° 0.17 0.25 0.18 0.29° 0.299

Sum 7 PBDEs F —-0.06 -0.07 -0.16 —-0.06 -0.16 -0.10 -0.10 -0.09 —-0.08
M 0.24 0.29% 0.20 0.299 0.18 0.26 0.19 0.30° 0.30%

a) Based on mean LB concentrations in food. The outlier (male) was excluded from the correlations, but inclusion of this participant

did not affect the outcome

b), c) Correlation is significant at the 0.01 level” or at the 0.05 level® (two-tailed)

3.5 Correlation between dietary exposure and
serum levels

Among males, dietary intakes of BDE-28, BDE-47, BDE-
154, and Sum 5 PBDEs and 7 PBDEs showed significant
correlations with serum levels (Table 6). Levels of BDE
154 were biased by co-elution of the hexa-brominated
biphenyl BB-153 in serum, and probably also in several
food samples, and cannot be interpreted further at this
point. The correlation coefficients for Sum 5 PBDEs and
for BDE-47, the major component with respect to both diet-
ary exposure and serum concentration, indicate that dietary
exposures are important determinants for the serum con-
centrations. BDE-28, on the other hand, is a minor compo-
nent in both blood (detected in one-third of the serum sam-
ples) and diet. The significant correlation coefficients were
weak, pointing toward sources other than diet being impor-
tant contributors to the exposure. In females, correlation
coefficients were close to zero, with the exception of a neg-
ative correlation between dietary intake and the concentra-
tion of BDE-99 in serum. The striking and substantial dif-
ferences between males and females may be explained by
women excreting PBDEs in milk during the nursing period.
The breastfeeding prevalence in Norway is among the high-
est in the world [33]. However, no connection between num-
bers of births, duration of breastfeeding, and serum PBDEs
could be found among the women in the present study (data
not shown).
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HBCD levels have been determined semi-quantitatively
in the serum samples, but did not correlate with dietary
intake or with serum PBDEs (data not shown). Dietary
exposure to BDE-209 did not correlate with serum levels of
the analyzed PBDE congeners (data not shown). Serum lev-
els of BDE-209 have not been analyzed in these samples.

Interestingly, the discrepancy between contribution of
BDE-153 to Sum 5 PBDE dietary intakes (2%) and the
mean BDE-153 contribution to Sum 5 PBDE in blood
(26%) is striking. The higher percentage of BDE-153 in
serum may be connected to dust exposure and/or accumula-
tion of BDE-153 in blood due to longer half-life [34]. How-
ever, very little is known about half-lives of hexa-BDEs in
humans, but they seem to be longer than those of the higher
brominated congeners [35].

The significant, but weak, correlations between dietary
PBDE exposure and serum levels indicate that other sources
may contribute significantly to exposure in the Norwegian
population. Due to the climate, much time is spent in-doors,
and exposure from in-door air and dust may be important.
However, the data on levels in food collected so far are lim-
ited and the calculated exposures have uncertainties
attached. Interestingly, the same food intake data as used in
the present study could very well predict PCB levels in
blood [36]. In another study we investigated serum concen-
trations of PBDEs among consumers of fish caught in a
Norwegian lake contaminated with PBDE and found that
the serum concentrations correlate nicely with consumption
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of fish [37]. Furthermore, a recent study in the Boston Mas-
sachusetts area reported positive association between
PBDE concentration in breast milk and level in house dust
as well as with reported dietary habits [38].

4 Concluding remarks

This study on dietary exposures to BFRs in Norway demon-
strates weak, but significant, correlations between dietary
exposure and serum concentrations of BDE-28, BDE-47,
Sum 5 PBDEs, and Sum 7 PBDEs in men but not in women.
BDE-47 constituted approximately two-thirds of the Sum 5
PBDE intake, and fish and other seafood were the main
dietary sources. The study group included participants with
a wide consumption range of seafood, and this probably
explains why the calculated mean intake of Sum 5 PBDEs
(1.4 ng/kg bw/day) was among the highest reported so far,
keeping in mind that the contamination level in food was
similar to the rest of Europe. The mean intake in the smaller
reference group was lower, as expected (1.0 ng/kg bw/day),
but still among the highest reported. This could probably be
attributed to the high fish consumption among Norwegians.
Interestingly, the mean dietary intake of BDE-209 (approx-
imately 1.5 ng/kg bw/day) was higher than that of Sum 5
PBDEs, and milk products seemed to be the dominating
source. Dietary exposure to HBCD was considerably lower,
approximately 0.3 ng/kg bw/day, and came mainly from
seafood. However, the exposure calculations on BDE 209
and HBCD were based on few analyses, and should be inter-
preted with care.

Levels and compositions of PBDEs in serum were in the
same range as in the rest of Europe. Interestingly, inter-con-
gener correlations were higher in diet than in serum. Com-
bined with the generally weak correlations between dietary
exposure and levels in serum, this clearly shows the need
for further studies in order to clarify the impact of other
sources of PBDE exposures, e. g., in-door air and dust.
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