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Food intake is one of the principal exposure routes of polybrominated diphenyl ethers (PBDEs) in
humans. This study focuses on fish consumption as a PBDE exposure route. A probabilistic intake
assessment of PBDEs and healthy long chain omega-3 PUFAs (LC n-3 PUFAs) was conducted for
Belgian fish consumers in order to study the balance of the intake of LC n-3 PUFAs and PBDEs.
Based on the observed fish consumption level in the sample, the mean intake of brominated diphenyl
ether (BDE)-28, 47, 99, 100, 153, and 154 via fish was 0.85 ng/kg body weight (bw)/day and the
intake of LC n-3 PUFAs was 3.45 mg/kg bw/day, being low compared to the recommendations. Sce-
nario analyses showed that consuming 150 g salmon twice a week is advisable to achieve the recom-
mended LC n-3 PUFA intake with a rather low PBDE intake. When replacing 150 g salmon by her-
ring, the PBDE intake is higher without an increase in LC n-3 PUFAs. In contrast, the combination of
cod and salmon leads to a similar PBDE intake compared to twice a week salmon, but to a lower LC
n-3 PUFA intake. In conclusion, the methodology presented in the paper allows balancing benefits
and risks related to fish consumption.
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1 Introduction

Since the seventies, several industries started to add flame
retardants (FRs) to an increasing number of consumer prod-
ucts. Polybrominated diphenyl ethers (PBDEs) belong to
the group of halogenated organic FRs. There are 209 possi-
ble PBDE isomers divided in ten congener groups differing

on the level of bromination (mono- to deca-brominated).
PBDEs are commercially produced as three products:
penta-, octa-, and deca-products, serving as FRs in a wide
variety of durable industrial and consumer goods, such as
computers, curtains, or paints [1–5].

Despite their benefit of being fire resistant, PBDEs have
important negative characteristics: they are highly lipo-
philic, persistent in the environment, and bioaccumulating
in the human food chain, increasing in concentration at
each successively higher trophic level; with less brominated
congeners demonstrating higher affinity for lipids and
being more bioaccumulative in animal and human adipose
tissue [4–6]. Since August 2004, the EU and Norway have
banned the marketing of consumer products containing
more than 0.1% penta- or octa-brominated diphenyl ether
(BDE)-products (Council Directive 76/769/EEC; [4, 7, 8]),
because these products are related to liver and neurodeve-
lopmental toxicity and have an impact on thyroid hormone
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levels [7–9]. Schecter et al. reported that also in the United
States, the penta-BDE and octa-BDE-products are no lon-
ger produced or sold [10]. In contrast to the lower bromi-
nated congeners, current toxicological evidence indicates
that human exposure to deca-BDE is not expected to lead to
negative health effects [11].

Although they are currently banned, exposure to penta-
and octa-BDE present in products sold prior to August
2004 will continue during the coming decades [12, 13].
Moreover, since the worldwide use of PBDEs, these con-
taminants are now ubiquitous in the natural environment
and are of concern because of their persistence. The FR
industry argues that the benefits accrued through saving
lives by fire prevention outweigh the costs incurred by any
medical consequences. However, Siddiqi et al. indicate that
over time this cost/benefit ratio is likely to shift [4].

Foods are one of the principal exposure routes of PBDEs
in adults, especially food with high fat content like fatty
fish [6, 10, 14–16], apart from exposure in the indoor envi-
ronment, e.g. inhalation of indoor air. This study focuses on
fish as PBDE dietary exposure route because of the wide
distribution of PBDEs in these food items and because fish
has been the most frequent food group to be studied for
PBDE contamination [17].

An intake assessment of PBDEs was executed for Bel-
gian fish consumers focussing on fish as exposure route,
being the richest natural dietary source of long-chain
omega-3 PUFAs (LC n-3 PUFAs), in particular eicosapen-
taenoic acid (EPA, C20:5n-3) and docosahexaenoic acid
(DHA, C22:6n-3). These omega-3 fatty acids are related to
several beneficial health aspects, which is among the main
reasons for which the American Heart Association recom-
mended eating seafood (particularly fatty fish) at least two
times a week [18]. The Belgian Health Council formulated
the advice to eat fish once to twice a week [19]. The intake
of EPA plus DHA was assessed simultaneously and the bal-
ance between the intake of LC n-3 PUFAs and PBDEs was
calculated, compared, and evaluated for different consump-
tion scenarios. A probabilistic approach was applied for the
intake assessment, which essentially represents the com-
plexity of real situations by taking into account the variabil-
ity of the consumption, body weight (bw), and concentra-
tion data. To the authors’ knowledge, this is the first paper
documenting a simultaneous intake assessment of PBDEs
and omega-3 fatty acids from fish.

2 Materials and methods

2.1 Simulation model and probabilistic
methodology

The intake was calculated using the following model, com-
bining fish consumption data with contaminant and nutrient
concentrations (Eq. 1):

Yi ¼

X

v

X

t

ðXv;i;t NCvÞ

T N bwi
ð1Þ

where Yi = average daily intake of subject i; Xv,i,t = amount
(g) of fish v consumed by subject i (with bwi), at day t
(t = 1,…,T); and Cv = contaminant or nutrient concentration
in fish species v. The variability of the intakes was estimated
using a probabilistic approach, with a one-dimensional
Monte Carlo simulation (implemented in a software mod-
ule called ProbIntakeUG, applicable in the software program
Rm [20]), taking into account the variability of food con-
sumption, bw, and nutrient and contaminant concentration
data. The simulation procedure for each individual works as
follows: each single consumption data point is multiplied
with a concentration data point. And this combination is
conducted for all consumed fish species and all different
compounds. Next, the assessed intakes per compound were
enumerated and this sum was divided by the number of
days and the individual's bw. Finally, this procedure was
repeated for all individuals. As an extensive consumption
database was at our disposal, the inter-individual variability
of the consumption data was taken into account in a non-
parametric way, i. e. using all the individual data as such and
without assuming any underlying probability model. As for
some species the number of available concentration data for
a certain contaminant or nutrient was limited, the inter-spe-
cies and spatial variability of the nutrient and contaminant
concentrations in fish were taken into account in a paramet-
ric way, i. e. by applying and assuming probability distribu-
tions. The latter procedure was also applied for the third
parameter, i. e. the bw.

2.2 Consumption and bw data

Four different consumption scenarios were evaluated. In the
first scenario, the current fish consumption pattern of Bel-
gian fish consumers was used. These consumption data
were collected between November and December 2004 by
means of a food frequency questionnaire, as part of the pan-
European SEAFOODplus consumer survey [21, 22]. The
data were collected from a sample of 852 Belgian fish con-
sumers aged between 19 and 83 years, representative for
the Belgian population with respect to age and region. In
total, 821 of them (202 men and 619 women) provided all
information needed for the intake assessment (consumption
data, age, and gender). Despite the requirement that the par-
ticipants of the survey had to be fish consumers, 52 of the
respondents answered not to consume any fish. The mean
calculated fish consumption was 215.5 l 203.5 g/week.
Table 1 shows the average amount consumed for each spe-
cies and the relative importance of the different species. In
the second, third, and fourth scenario, it was assumed that
the whole adult population consumed fish twice a week. In
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the second scenario, consumers were assumed to eat once
150 g cod, which is a lean fish, and once 150 g salmon,
which is a fatty fish. These species were the most frequently
eaten lean and fatty fish (Table 1). In the third scenario,
consumers were assumed to eat twice a week 150 g of the
same fatty fish, salmon. In the fourth scenario, they were
assumed to consume 150 g salmon and 150 g herring, both
fatty fish.

For the purpose of optimising integration of the variabil-
ity in contaminant and nutrient concentrations in the proba-
bilistic intake assessment simulations, the number of
recording days per individual was extended. This was done
by extending the fish consumers’ consumption data known
per week to ten weeks per adult (by repeating the data ten
times), assuming that they had every week the same fish
consumption pattern. As a result, a good convergence of the
population intake estimates was reached. A larger extension
would increase the simulation processing time, without sig-
nificantly improving the intake estimations.

Information about the bw of the Belgian fish consumers
was needed in order to be able to express the contaminant
intake per kg bw. Therefore, normal bw distributions were
applied per age interval and for the two sexes, based on
available data of the Belgian population (B.I.R.N.H study
[23, 24]). The mean and SD of these normal distributions
are given in Table 2. No correlation between the bw and the
fish consumption was taken into account, as this was not
found in a consumption database of Belgian adolescent for
which the individual bw was known (Pearson correlation
between bw and seafood consumption for the consumers-
only: r = 0.037).

2.3 Concentration data and distributions

For both the contaminants and the nutrients, the intake
assessment is not based on own analytical data in fish but
on previously published concentration data, which is in

accordance with the strategy recently proposed by Br�ders
et al. [25], stating that existing data should be used in the
most effective and resource efficient way. The PBDE data-
base was built on the basis of publicly available contamina-
tion data and data received from personal communication
from scientists executing PBDE analyses in fish. An
Excelm-database has been constituted with regard to the
PBDE concentrations in fish. In the database, all relevant
information was included: commercial name, scientific
name, period of capture, fat content of the fish, and (mean)
contaminant content, if available with extra statistical data
(standard deviation, minimum, and maximum). Only con-
centration data of studies executed after 2000 were
included. The concentration data were completed per spe-
cies and per individual PBDE congener. If concentrations
were below the LOQ, they were replaced by half of the
LOQ. The construction of this database was based on a pre-
viously developed method [26]. In the end, the database
contained relevant concentration data from 14 different
international sources [10, 27–38] (de Boer, van Leeuwen,
personal communication). The collected data were filtered
to select those species relevant for the Belgian market
(Table 1). For these species, sufficient data were available
on BDE-28, 47, 99, 100, 153, and 154 to perform a proba-
bilistic intake assessment. The intake assessment has conse-
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Table 1. The different seafood species in the Belgian fish consumers consumption dataset: mean consumption and number of avail-
able species- and congener-specific data points

Species Mean consumption
(g/week;%)

BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-154

Coda) 46.6 (21.6) 11 15 15 15 10 8
Salmon 40.5 (18.8) 28 43 43 43 41 41
Tuna 29.4 (13.6) 4 5 4 5 4 4
Saithe a) 24.9 (11.5) 11 15 15 15 10 8
Sole 22.0 (10.2) 9 9 9 9 7 7
European plaice 12.9 (6.0) 9 9 9 9 7 7
Herring 12.2 (5.6) 9 9 9 9 5 5
Trout 11.8 (5.5) 7 8 8 8 8 8
Mackerel 10.8 (5.0) 6 7 7 7 4 4
Eel 4.4 (2.0) 7 8 8 7 5 5
Total 215.5 (100.0)

a) The BDE congener data were pooled in one group ,lean fish’ together with available congener data of whiting assuming that the
contamination of these species is similar

Table 2. Mean and SD of the applied bw distributions

Age interval
(years)

Men Women

Mean (kg) S.D. Mean (kg) S.D.

a30 75.5 10.7 60.1 9.6
30–39 77.2 11.2 62.7 10.9
40–49 78.9 11.5 66.7 11.7
50–59 77.4 11.4 69.5 11.2
60–69 75.3 12.3 69.5 11.9
F70 73.1 10.6 66.1 11.0
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quently focussed on these six PBDE congeners only.
Finally, the sum of the intake of these congeners was calcu-
lated by summing the intake of the individual congeners per
person (further referred to as R6BDE). Only for cod and
saithe, the available PBDE concentration data were very
limited and, therefore, pooled together with whiting in a
group called ,lean fish‘, assuming that the contamination
level of these species is similar. The number of data points
per species and per congener is given in Table 1. In the
probabilistic approach, the variability of the contaminant
and nutrient concentrations in the fish species was taken
into account by using appropriate probability distributions.
For this, species and congener specific distributions were
fitted to the concentration data, using @Risk, Pallisade
Corporation (Newfield, NY, version 4.5). The construction
of the EPA plus DHA database and distributions has been
described by Sioen et al. [39].

2.4 Statistical analyses

An independent samples t-test was used to compare the
intake levels for PBDEs and EPA plus DHA for male versus
female fish consumers (p-value a 0.01). Statistical analyses
were done with the SPSS software version 12.0 (SPSS, Chi-
cago, IL, USA).

3 Results

Figure 1 shows the probability distributions of the concen-
tration of one of the congeners, i. e. BDE-47, in the different
fish species of interest. This congener was selected as an
example because it occurred at the highest levels in fish as
compared to other congeners [6, 36, 40, 41]. The distribu-
tions indicate that large inter- and intraspecies differences
exist, which can partly be explained by the species’different

fat percentage, age, and environmental conditions. The
highest BDE-47 concentrations were found in eel, tuna, and
herring. No systematic and significant correlations were
found between the different BDE-congeners within the spe-
cies, being supported by the statement in the review of Law
et al. that the ratio of different congeners was location- and
species-dependent, possibly related to differences in metab-
olism [42]. Therefore, the intakes of the different congeners
were assessed without taking into account any correlation
between the concentrations of the different congeners.

The results of the probabilistic intake assessment for the
different BDE-congeners as well as for EPA plus DHA are
summarised in Table 3. No significant differences are found
between the PBDE and EPA plus DHA intake of male and
female fish consumers in the first scenario (p-values vary-
ing between 0.011 for BDE-99 to 0.980 for EPA plus
DHA). The mean intake of R6BDE is lowest for scenario 1,
using the fish consumption data as measured in the SEA-
FOODplus consumer survey. However, for a small group of
heavy fish consumers, the R6BDE intake from scenario 1
exceeds the intakes resulting from scenario 2, 3, and 4. The
variation in the intakes within scenario 1 is due to variation
in the fish consumption pattern (i. e. consumption fre-
quency and species variation between individuals) and bw,
as well as to variation in the nutrient and contaminant con-
centrations in different fish species. In contrast, in the other
three scenarios the variation in the intakes is only due to var-
iation in the concentration levels and in the bws. The differ-
ence in R6BDE intake depending on whether one consumes
weekly, a portion of cod and a portion of salmon (scenario
2), compared to consuming salmon twice a week (scenario
3) is small. In contrast, weekly consumption of 150 g her-
ring plus 150 g salmon (scenario 4) clearly leads to consid-
erably higher R6BDE intakes. On the other hand, the mean
EPA plus DHA intake is highest in scenario 3 (twice a week
salmon) and lowest in the current fish consumption sce-
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Figure 1. Cumulative probability
distributions of BDE47 in ten differ-
ent fish species
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nario (scenario 1) based on claimed consumption of Bel-
gian fish consumers.

Figure 2 shows the ratio of the intake of EPA plus DHA
over the intake of the different PBDE-congeners for all sce-
narios. This figure clearly indicates that the highest ratio is
reached when 150 g of salmon is consumed twice a week.
The intake of EPA plus DHA is almost as high for scenario
4 (herring plus salmon) as for scenario 3 (twice salmon).
But as herring is more contaminated with PBDEs in com-
parison to salmon, scenario 4 leads to a less beneficial ratio.

4 Discussion

The results showed that the PBDE concentration within and
between species vary a lot (Fig. 1). An attempt was made to
compare the EPA plus DHA and the PBDE intake for differ-
ent fish consumption patterns, in order to reach the recom-
mended EPA plus DHA intake, which is currently too low
for the Belgian population [43, 44], with a PBDE intake as
low as possible (Fig. 2). To evaluate the EPA plus DHA
intake, an “ad hoc” reference value was calculated for the
population under study based on actual population data
starting from the dietary reference intakes formulated by

the Belgian Health Council [45]. For EPA plus DHA, the
dietry reference intake is 0.3% of the total energy intake per
day. Applying a mean bw of 70 kg and a mean energy intake
of 2046 kcal, based on the data of the most recent Belgian
Food Consumption Survey [46], this leads to a reference
value for EPA plus DHA of 681 mg/day or 9.7 mg/kg bw/
day. Dividing the reference value for EPA plus DHA by the
bw was relevant in this study in order to express the intake
of nutrients and contaminants on the same scale. Table 3
shows that the current fish consumption is too low to
achieve the recommendation, when considering seafood as
the only dietary source of EPA and DHA. Consumption of a
portion of cod and salmon once a week led to an equivalent
PBDE intake compared to consumption of two portions of
salmon a week, but the latter led to a much higher EPA plus
DHA intake. The consumption of one portion of cod and
one portion of salmon a week was not sufficient to achieve
an intake of 9.7 mg/kg bw/day. In contrast, consuming fatty
fish twice a week (in this study, salmon and/or herring) led
to a sufficient EPA plus DHA intake (Table 3). Neverthe-
less, replacing one portion of salmon by herring simultane-
ously led to a higher PBDE intake.

Some limitations of this study have to be discussed. First,
the approach of combining data from different sources and
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Table 3. Summary of assessed intakes of PBDEs and EPA and DHA through fish consumption for four different consumption sce-
narios

BDE28 BDE47 BDE99 BDE100 BDE153 BDE154 R6BDEa) EPA&DHA
ng/kg bw/day mg/kg bw/day

Scenario 1: observed consumption in Belgian fish consumer sample
Mean 0.02 0.56 0.09 0.12 0.02 0.02 0.85 3.54
P50 0.02 0.39 0.06 0.08 0.01 0.01 0.59 2.57
P75 0.03 0.74 0.12 0.16 0.03 0.03 1.12 4.86
P95 0.07 1.76 0.29 0.39 0.07 0.07 2.62 10.05
P99 0.12 2.87 0.48 0.66 0.13 0.12 4.26 18.88

Scenario 2: 150 g cod plus 150 g salmon
Mean 0.04 0.86 0.13 0.17 0.03 0.03 1.27 6.87
P50 0.04 0.85 0.13 0.17 0.03 0.03 1.26 6.85
P75 0.05 0.95 0.15 0.19 0.03 0.03 1.36 7.39
P95 0.06 1.10 0.17 0.23 0.04 0.04 1.53 8.17
P99 0.07 1.24 0.19 0.26 0.04 0.04 1.66 8.73

Scenario 3: twice 150 g salmon
Mean 0.06 0.80 0.19 0.16 0.03 0.05 1.28 11.86
P50 0.05 0.79 0.18 0.16 0.03 0.05 1.27 11.82
P75 0.06 0.87 0.20 0.18 0.03 0.06 1.36 12.56
P95 0.07 1.01 0.23 0.21 0.03 0.06 1.50 13.67
P99 0.08 1.14 0.25 0.24 0.04 0.07 1.63 14.52

Scenario 4: 150 g herring and 150 g salmon
Mean 0.07 1.46 0.39 0.35 0.04 0.07 2.39 9.61
P50 0.07 1.45 0.39 0.34 0.04 0.07 2.38 9.57
P75 0.08 1.59 0.43 0.40 0.05 0.08 2.53 10.15
P95 0.09 1.82 0.50 0.49 0.05 0.09 2.80 11.01
P99 0.10 1.98 0.56 0.56 0.06 0.09 2.99 11.62

a) R6BDE This sum was obtained by summating the intake of the individual congeners per person
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subsequently using them for an intake assessment is for
some researchers still equivocal. Nevertheless, it allows to
optimally use and benefit from the results available in inter-
national literature and to increase the number of data with
which to calculate. Moreover, when one should elaborate a
sampling plan to gather representative PBDE concentra-
tions in fish on the Belgian market, a very extensive cam-
paign should be set up since fish on the Belgian market is
very distinct in species, fishing ground, country of import,
and production method. However, some problems were
encountered when bringing together data of different sour-
ces. These were previously described in a paper about the
set up of a large database related to mercury, PCBs, and
dioxin-like compounds in seafood [26]. In particular to
PBDE concentrations, we encountered the problem that
different congeners were analysed over the different stud-
ies, and further on used to calculate the overall sum of the
PBDE concentrations. This hampered the comparability of
the RBDE from different studies. Some research recently
expressed the need for a common series of BDE congeners
to be analysed in all different investigations [16, 42].

Second, the consumption data used in the first scenario
were not based on a random sample of the Belgian popula-
tion, but merely on a random sample of Belgian fish con-
sumers. Therefore, the intake assessment results obtained
for scenario 1 are valid for the subpopulation that regularly
consumes fish, but not for the overall Belgian population.
For reason of comparison, the results of the most recent
Belgian Food Consumption Survey [46] indicated a mean
consumption of fish and shellfish equal to 168 g/week,
while the mean consumption in our sample of fish consum-
ers was 215.5 g/week. Furthermore, the sample contained
more women than men. However, a statistical test showed
that there was no significant difference in intake levels
between men and women, so the inequal gender distribution
in the sample is not a major source of bias with respect to

the final result. Finally, it is important to stress once more
that in this study, only fish was considered while other food
groups that potentially contribute to either PBDEs or EPA
plus DHA intake were not taken into account.

Third, in contrast to the EPA plus DHA intake, the risks
related to the assessed PBDE intake could not be evaluated
as no data on the tolerable intake have been reported.
Nevertheless, PBDEs have potential toxic effects in humans
[6, 9]. Generally, the penta-BDEs seem to cause adverse
effects at the comparably lowest dose, whereas much higher
doses were needed for effects of the deca-BDEs [4, 9]. The
critical effects of penta-BDEs are those on neurobehaviou-
ral development (from 0.6 mg/kg bw = lowest observed
adverse effect level (LOAEL)) and, at somewhat higher
dose, thyroid hormone levels in rats and mice. The critical
effects of octa-BDEs are on fetal toxicity/teratogenicity in
rats and rabbits (from 2 mg/kg bw = LOAEL), and of deca-
BDEs on thyroid, liver and kidney morphology in adult ani-
mals (from 80 mg/kg bw = LOAEL). Carcinogenicity stud-
ies, only performed for deca-BDEs, show some effects at
very high levels [9]. Since these LOAELs are expressed per
BDE-mixture it was not possible to use them to calculate a
margin of exposure based on the intake data that was calcu-
lated per individual congener.

The scenarios presented in this study to reduce the intake
of PBDEs are only fictive solutions given the current con-
tamination of the environment and in particular the marine
food chain. However, a more global approach is needed to
reduce the exposure of humans to PBDEs. Fulfilling the
regulations related to the ban on marketing of articles or
consumer products containing more than 0.1% penta- or
octa-BDE-products (Council Directive 76/769/EEC) is
therefore crucial to reduce the contamination of the envi-
ronment with PBDEs.

Related to this study, it is also important to note that for
the intake of PUFAs and FRs long term exposure is relevant
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Figure 2. Cumulative probability of
the EPA&DHA/R6BDE ratio for the
four different scenarios
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and that recently remarks have been made about using prob-
abilistic modelling when assessing intakes on a long term
basis. Indeed, the variability of nutrient and contaminant
concentrations returns to a mean value when calculating the
intake over a long term period. Despite this, it remains of
crucial importance to characterise the variability in order to
be able to make a good and representative assessment of the
mean intake (taking into account seasonal variability, tem-
poral variability, and geographical variability). Therefore, it
was decided in this study to take the variability into account
and to perform the analyses in a probabilistic way.

For comparison, Voorspoels et al. [16] executed PBDE
analyses on Belgian fish samples and used the results to
elaborate a rough intake assessment starting from theoreti-
cal estimates on the average daily food consumption and
not from the results of a food consumption survey. The esti-
mated intake ranged between 23 and 48 ng/day of total
PBDEs (i. e. BDEs 28, 47, 99, 100, 153, 154, and 183).
They found a contribution of fish of around 40% (9.2–
19.2 ng/day), and using a mean bw of 70 kg, the resulting
intake was 0.13–0.27 ng/kg bw/day. This value is low
when compared to the mean intake assessed in this study
using the current fish consumption data of Belgian fish
consumers (0.85 ng/kg bw/day). Nevertheless, Voorspoels
et al. used an estimated daily consumption of fish of 30 g,
which matches the mean fish consumption of the popula-
tion group used in scenario 1 (215 g/week). In contrast, the
concentrations measured in fish by Voorspoels et al. were
lower than the concentrations used in this study [16]. In Fin-
land, total dietary intake of PBDEs by adults was estimated
to be 0.57 ng/kg bw/day [47], in Sweden 0.69 ng/kg bw.day
[48], in Spain 1.39 ng/kg bw/day [15], and 1.72 ng/kg bw/
day in the Netherlands [49]. Domingo et al. executed a
deterministic intake assessment of PBDEs via seafood only
and assessed an intake equal to 0.30 ng/kg bw/day [50],
being lower than the mean PBDE intake assessed for Bel-
gian fish consumers based on their current fish consump-
tion.

In conclusion, the simulation results showed that the rec-
ommendation to consume fish twice a week would help the
population to achieve the recommendation for EPA and
DHA. Moreover, consuming regularly fatty fish will not
lead to extremely high intakes of PBDEs.

Belgian Science Policy (SPSDII-project CP/02/56) and
IWT Flanders are acknowledged for financial support. Col-
lection of adult seafood consumption data was performed
within the Integrated Research Project SEAFOODplus,
contract FOOD-CT-2004-506359. Partial financing by EU
is gratefully acknowledged. Marion De Knuydt is thanked
for helping with the data collection. Martine Bakker, Jacob
Van Klaveren, Stefan Van Leeuwen, Jacob de Boer, Adrian
Covaci, Stefan Voorspoels, and Ron Hites are acknowl-
edged to provide us with detailed PBDE concentration data.

The authors have declared no conflict of interest.

5 References

[1] Alaee, M., Wenning, R. J., The significance of brominated
flame retardants in the environment: current understanding,
issues and challenges, Chemosphere 2002, 46, 579 –582.

[2] de Wit, C. A., An overview of brominated flame retardants in
the environment, Chemosphere 2002, 46, 583 –624.

[3] Wenning, R. J., Uncertainties and data needs in risk assess-
ment of three commercial polybrominated diphenyl ethers:
probabilistic exposure analysis and comparison with Euro-
pean Commission results, Chemosphere 2002, 46, 779–796.

[4] Siddiqi, M. A., Laessig, R. H., Reed, K. D., Polybrominated
Diphenyl Ethers (PBDEs): New Pollutants-Old Diseases,
Clin. Med. Res. 2003, 1, 281 –290.

[5] Birnbaum, L. S., Hubal, E. A. C., Polybrominated diphenyl
ethers: A case study for using biomonitoring data to address
risk assessment questions, Environ. Health Perspect. 2006,
114, 1770–1775.

[6] Domingo, J. L., Human exposure to polybrominated diphenyl
ethers through the diet, J. Chromatogr. A 2004, 1054, 321 –
326.

[7] EU, Diphenyl ether, pentabromo derivative (pentabromodi-
phenyl ether). European Union Risk Assessment Report,
EINECS No. 251-084-2, Office for Official Publications of
the European Committees, Luxembourg 2001.

[8] EU, Diphenyl ether, octabromo derivative (pentabromodi-
phenyl ether). European Union Risk Assessment Report,
EINECS No. 251-087-9, Office for Official Publications of
the European Committees, Luxembourg 2003.

[9] Darnerud, P. O., Toxic effects of brominated flame retardants
in man and in wildlife, Environ. Int. 2003, 29, 841 –853.

[10] Schecter, A., P�pke, O., Harris, T. R., Tung, K. C., et al., Poly-
brominated diphenyl ether (PBDE) levels in an expanded
market basket survey of U.S. food and estimated PBDE diet-
ary intake by age and sex, Environ. Health Perspect. 2006,
114, 1515–1520.

[11] EU, Bis(pentabromophenyl) ether. European Union Risk
Assessment Report, EINECS No.214-604-9, Office for Offi-
cial Publications of the European Committees, Luxembourg
2003.

[12] Zuurbier, M., Leijs, M., Schoeters, G., Ten Tusscher, G., et
al., Children's exposure to polybrominated diphenyl ethers,
Acta Paediatr. 2006, 95, 65–70.

[13] Furst, P., Dioxins, polychlorinated biphenyls and other orga-
nohalogen compounds in human milk – Levels, correlations,
trends and exposure through breastfeeding, Mol. Nutr. Food
Res. 2006, 50, 922 –933.

[14] Montory, M., Barra, R., Preliminary data on polybrominated
diphenyl ethers (PBDEs) in farmed fish tissues (Salmo salar)
and fish feed in Southern Chile, Chemosphere 2006, 63,
1252–1260.

[15] Bocio, A., Llobet, J. M., Domingo, J. L., Corbella, J., et al.,
Polybrominated diphenyl ethers (PBDEs) in foodstuffs:
human exposure through the diet, J. Agric. Food Chem. 2003,
51, 3191–3195.

[16] Voorspoels, S., Covaci, A., Neels, H., Schepens, P., Dietary
PBDE intake: A market-basket study in Belgium, Environ.
Int. 2007, 33, 93–97.

[17] Food Standards Agency, Brominated chemicals: UK dietary
intakes, Food Survey Information Sheet No 10/06 (http://
food.gov.uk/science/surveillance), 2006.

256

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2008, 52, 250 –257

[18] Kris-Etherton, P. M., Harris, W. S., Appel, L. J., Omega-3
fatty acids and cardiovascular disease – New recommenda-
tions from the American Heart Association, Arterioscler.
Thromb. Vasc. Biol. 2003, 23, 151 –152.

[19] Belgian Health Council, Vis en gezondheid bij volwassenen
(Fish and health of adults), D/2004/7795/3 (http://
www.health.fgov.be/CSH_HGR), 2004.

[20] R Development Core Team. R: A language and environment
for statistical computing, R Foundation for Statistical Com-
puting, Vienna, Austria. ISBN 3-900051-07-0 (http://
www.R-project.org), 2006.

[21] Honkanen, P., Brunsø, K., On the average European fish con-
sumption is below recommended levels, Deliverable 4, Proj-
ect 2.1, SEAFOODplus. (http://www.seafoodplus.org/
Europen_fish_consumption.411.0.html), 2007.

[22] Olsen, S. O., Scholderer, J., Brunsø, K., Verbeke, W., Explor-
ing the relationship between convenience and fish consump-
tion: A cross-cultural study, Appetite 2007, 49, 84–91.

[23] De Backer, G., Nutrition and Health: an interuniversity study.
Regional differences in dietary habits, coronary risk factors
and mortality rates in Belgium. I. Design and Methodology,
Acta Cardiol. 1984, 39, 285–292.

[24] Kornitzer, M., Dramaix, M., The Belgian Interuniversity
Research on Nutrition and Health (B.I.R.N.H.): general intro-
duction. For the B.I.R.N.H. Study Group, Acta Cardiol. 1989,
44, 89–99.

[25] Br�ders, N., Knetsch, G., Rappolder, M., The German POP-
DIOXIN DATABASE-A tool for flexible evaluation available
as webservice, Organohalog. Compd. 2005, 67, 2076 –2078.

[26] Sioen, I., Van Camp, J., Verdonck, F. A. M., Van Thuyne, N.
et al., How to Use Secondary Data on Seafood Contamination
for Probabilistic Exposure Assessment Purposes? Main Prob-
lems and Potential Solutions, Hum. Ecol. Risk. Assess. 2007,
13, 632–657.

[27] Bethune, C., Nielsen, J., Julshamn, K., Current levels of pri-
mary polybrominated diphenyl ethers (PBDEs) in Norwegian
Seafood, Organohalog. Compd. 2004, 66, 3861–3866.

[28] Easton, M. D. L., Luszniak, D., der Geest, E., Preliminary
examination of contaminant loadings in farmed salmon, wild
salmon and commercial salmon feed, Chemosphere 2002, 46,
1053–1074.

[29] Johansen, P., Muir, D., Asmund, G., Riget, F., Contaminants
in the traditional Greenland diet, Report No 492, National
Environmental Research Institute, 2004.

[30] Zennegg, M., Kohler, M., Gerecke, A. C., Schmid, P., Poly-
brominated diphenyl ethers in whitefish from Swiss lakes
and farmed rainbow trout, Chemosphere 2003, 51, 545–553.

[31] Christensen, J. H., Glasius, M., Pecseli, M., Platz, J., et al.,
Polybrominated diphenyl ethers (PBDEs) in marine fish and
blue mussels from southern Greenland, Chemosphere 2002,
47, 631–638.

[32] Jacobs, M. N., Covaci, A., Schepens, P., Investigation of
selected persistent organic pollutants in farmed Atlantic sal-
mon (Salmo salar), salmon aquaculture feed, and fish oil
components of the feed, Environ. Sci. Technol. 2002, 36,
2797–2805.

[33] Ashizuka, Y., Nakagawa, R., Tobiishi, K., Hori, T., et al.,
Determination of polybrominated diphenyl ethers and poly-
brominated dibenzo-p-dioxins/dibenzofurans in marine prod-
ucts, J. Agric. Food Chem. 2005, 53, 3807 –3813.

[34] Hites, R. A., Foran, J. A., Schwager, S. J., Knuth, B. A., et al.,
Global assessment of polybrominated diphenyl ethers in
farmed and wild salmon, Environ. Sci. Technol. 2004, 38,
4945–4949.

[35] Voorspoels, S., Covaci, A., Schepens, P., Polybrominated
diphenyl ethers in marine species from the Belgian North Sea
and the Western Scheidt Estuary: Levels, profiles, and distri-
bution, Environ. Sci. Technol. 2003, 37, 4348 –4357.

[36] de Boer, J., Cofino, W. P., First world-wide interlaboratory
study on polybrominated diphenylethers (PBDEs), Chemo-
sphere 2002, 46, 625 –633.

[37] P�pke, O., Herrmann, T., Polybrominated diphenyl ethers
(PBDEs) in fish samples of various origin, Organohalog.
Compd. 2006, 66, 3971–3976.

[38] Leonards, P., Brandsma, S. H., Kruijt, A., Lohman, M., et al.,
Background values of brominated flame retardants in food
products, Netherlands Institute for Fisheries Research, IJmui-
den, 2002.

[39] Sioen, I., De Henauw, S., Verdonck, F., Van Thuyne, N., et
al., Development of a nutrient database and distributions for
use in a probabilistic risk-benefit analysis of human seafood
consumption, J. Food. Compost. Anal. 2007, 20, 662–670.

[40] Covaci, A., Bervoets, L., Hoff, P., Voorspoels, S., et al., Poly-
brominated diphenyl ethers (PBDEs) in freshwater mussels
and fish from Flanders, Belgium, J. Environ. Monit. 2005, 7,
132–136.

[41] Ueno, D., Kajiwara, N., Tanaka, H., Subramanian, A., et al.,
Global pollution monitoring of polybrominated diphenyl
ethers using skipjack tuna as a bioindicator, Environ. Sci.
Technol. 2004, 38, 2312 –2316.

[42] Law, R. J., Allchin, C. R., de Boer, J., Covaci, A., et al., Levels
and trends of brominated flame retardants in the European
environment, Chemosphere 2006, 64, 187 –208.

[43] Sioen, I. A., Pynaert, I., Matthys, C., De Backer, G., et al.,
Dietary intakes and food sources of fatty acids for Belgian
women, focused on n-6 and n-3 polyunsaturated fatty acids,
Lipids 2006, 41, 415–422.

[44] Sioen, I., Matthys, C., De Backer, G., Van Camp, J., et al.,
Importance of seafood as nutrient source in the diet of Bel-
gian adolescents, J. Hum. Nutr. Diet. 2007, in press.

[45] Belgian Health Council. Voedingsaanbevelingen voor Belgi�.
Herziene versie 2006, (Nutritional recommendations for Bel-
gium. Revised version 2006), (https://portal.health.fgov.be/
pls/portal/), 2007.

[46] De Vriese, S. R., Huybrechts, I., Moreau, M., Van Oyen, H.,
De Belgische Voedselconsumptiepeiling (The Belgian Food
Consumption Survey), IPH/EPI REPORTS N8 2006 – 016
(http://www.iph.fgov.be/epidemio/epinl/index5.htm), Scien-
tific Health Institute, Department of Epidemiology, Brussels
2006.

[47] Kiviranta, H., Ovaskainen, M. L., Vartiainen, T., Market bas-
ket study on dietary intake of PCDD/Fs, PCBs, and PBDEs in
Finland, Environ. Int. 2004, 30, 923 –932.

[48] Darnerud, P. O., Atuma, S., Aune, M., Bjerselius, R., et al.,
Dietary intake estimations of organohalogen contaminants
(dioxins, PCB, PBDE and chlorinated pesticides, e. g. DDT)
based on Swedish market basket data, Food Chem. Toxicol.
2006, 44, 1597 –1606.

[49] De Mul, A., de Winter, R., Boon, P. E., van Donkersgoed, G.,
et al., Dietary intake of brominated diphenyl ether congeners
by the Dutch population, RIVM report 310305004
(www.rivm.nl), RIVM, Wageningen, 2005.

[50] Domingo, J. L., Bocio, A., Falco, G., Llobet, J. M., Benefits
and risks of fish consumption: Part I. A quantitative analysis
of the intake of omega-3 fatty acids and chemical contami-
nants, Toxicology 2007, 230, 219–226.

257

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


