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1. EXPLANATION
1.1 Introduction

353

Polybrominated diphenyl ethers (PBDEs) are anthropogenic chemicals that
are added to a wide variety of consumer/commercial products (e.g. plastics,
polyurethane foam, textiles) in order to improve their fire resistance. PBDEs have
been produced since the 1960s, primarily as three main commercial products
(indicated with initial capital letters): Pentabromodiphenyl Oxide or Ether (Penta-
BDE), Octabromodiphenyl Oxide or Ether (OctaBDE) and Decabromodipheny!
Oxide or Ether (DecaBDE). Some variability in composition is known to exist
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between products from different manufacturers, but each technical product can be
approximately described by its congener compositions, given in Table 1.

Table 1. General composition of commercial PBDE flame retardants and substitution
pattern of selected congeners

PBDE

Mixture Congener composition (% of total)

Penta 24-38% tetraBDEs, 50-60% pentaBDEs, 4—8% hexaBDEs

Octa 10-12% hexaBDEs, 44% heptaBDEs, 31-35% octaBDEs, 10—
11% nonaBDEs, <1% decaBDEs

Deca <3% nonaBDEs, 97-98% decaBDE

Individual congeners®  Substitution pattern

BDE-47 2,2'4,4'-tetraBDE

BDE-99 2,2',4,4',5-pentaBDE

BDE-153 2,2',4,4'5,5-hexaBDE

BDE-209 2,2',3,3',4,4',5,5',6,6-decaBDE

# See Appendix 1 for a list of common PBDE congeners.

PBDEs belong to a class of brominated aromatic compounds that are struc-
turally similar to polychlorinated biphenyls (PCBs) and therefore share the same
nomenclature, as proposed by Ballschmitter & Zell (1980) (Figure 1). Theoret-
ically, as with PCBs, 209 distinct PBDE isomers are possible; however, each
commercial mixture usually contains only a limited number of congeners from
each homologue group. For example, Bromkal 70-5-DE, a commercial PentaBDE
product, is 70% by weight BDE-47 and BDE-99, with approximately equal con-
tributions from each isomer (Sjédin et al., 1998). Additional congeners detected
include BDE-100 (6.8%), BDE-153 (3.9%) and BDE-154 (2.5%). For the commer-
cial OctaBDE formulations, BDE-153, BDE-183 and BDE-203 are major congen-
ers that have been identified (Alace & Wenning, 2002). Earlier formulations of
OctaBDE may have contained up to 12% pentaBDE isomers, in particular BDE-
99, but data from more recent productions suggest that the concentration is now
less than 0.5% of the total (EU, 2003).

PBDEs have not been evaluated previously by the Committee. In 1994, WHO
published an Environmental Health Criteria document on brominated diphenyl
ethers (IPCS, 1994), as part of an overview on the possible environmental and
human health impacts of flame retardants. Recent analysis of archived samples
collected over the last three to four decades has demonstrated significant
increases in concentrations of PBDEs in samples from the environment and in
certain samples from humans in Europe and North America. This has led to both
voluntary and formal bans on the production and use of certain formulations of
PBDEs. Limited national food surveys have identified diet as one of the possible
main sources of human exposure. The present evaluation was undertaken in
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response to a request from the Codex Committee on Food Additives and
Contaminants (CCFAC), most recently at its Thirty-fifth Session (CAC, 2003), to
evaluate the potential risks associated with the presence of PBDEs in food.

Figure 1. General structural formula for PBDEs, where x +y = 1-10
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1.2 Uses

Flame retardants are anthropogenic chemicals that are either physically
blended (additive) or chemically bonded (reactive) to a variety of combustible
products in order to improve or increase their ignition and fire resistance. Products
treated with flame retardants include electronic equipment (circuit boards, com-
puters, monitors, etc.), textiles, commercial and residential construction materials,
insulation, furniture and carpets. Various reviews of the global production, applica-
tions and mechanism of action of flame retardants are available (IPCS, 1997;
Rahman et al., 2001; de Wit, 2002; Alaee et al., 2003).

PBDEs are primarily used as additive flame retardants, specific to applica-
tions as defined by their physical-chemical properties. Commercial PentaBDE
mixtures are mainly used in polyester and flexible polyurethane foam formulations
in amounts that can result in the finished material being composed of up to 30%
by weight of flame retardant. The main use of OctaBDE is in a variety of thermo-
plastic resins, in particular ABS (acrylonitrile-butadiene—styrene) plastic, which
can contain up to 12% by weight OctaBDE. DecaBDE is used in various plastic
polymers such as polyvinyl chloride, polycarbonates and high-impact polystyrene,
as well as back coating for textiles (commercial furniture, automobile fabrics,
carpets, etc.).

1.3 General considerations on exposure sources of PBDEs

The worldwide demand for PBDEs in 2001 was estimated to be almost
70 000 tonnes (BSEF, 2003), with DecaBDE accounting for almost 80% of the
total market. This is in comparison with an estimated production figure of 40 000
tonnes in 1990 (cited in de Wit, 2002). The major commercial product currently in
use, as noted above, is the DecaBDE formulation, which accounts for over 80% of
the total market demand. From a regional perspective, the Western Hemisphere
and Asia represent the largest users of PBDEs (85% of market), with almost 95%
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of the PentaBDE total of 7500 tonnes used in the Americas. The Organisation for
Economic Co-operation and Development (OECD) classifies PBDEs as high pro-
duction volume chemicals (annual production of greater than 1000 tonnes). Main
sources of PBDE input to the environment include emissions from manufacturing
and production facilities (air and surface waters) and release during the life cycle
of consumer products treated with PBDEs (degradation, recycling, disposal). For
example, it has been estimated that up to 43 tonnes of PentaBDE per year are
released to the environment in Europe by volatilization from polyurethane foam
used in a variety of consumer products (Prevedouros et al., 2004). Airborne emis-
sions of lower brominated PBDE congeners (up to hexa-substituted) are expected
to exist in both the vapour and particulate phases and therefore be subject to long-
range atmospheric transport processes. An additional source of PBDEs entering
the environment is the use of municipal sewage treatment sludge as fertilizer
(Hale et al., 2001; Oberg et al., 2002). Based on their low vapour pressure and
high log octanol-water partition coefficients (log Kow range of 5.0-9.9), PBDEs are
expected to strongly adsorb to soil and suspended organic material in the water
column, facilitating their transfer to aquatic organisms. Current abiotic and biotic
PBDE residues, including those detected in food and human tissues, are typically
dominated by a limited number of congeners, namely BDE-47, BDE-99, BDE-153
and BDE-100. Environmental monitoring programmes have documented the
ubiquitous nature of PBDE contamination, including increased temporal trends in
sediments, biota and humans (Hites, 2004).

2, BIOLOGICAL DATA
21 Biochemical aspects
2.1.1  Absorption, distribution, metabolism and excretion

(a) Introduction

A large amount of information is available on the occurrence of PBDEs in
wildlife and human biological matrices, such as blood and milk. However, specific
information about uptake, distribution, metabolism and excretion of PBDEs in
experimental animals is significantly less than what is known about structurally
related chlorinated biphenyls (PCBs) and dibenzo-p-dioxins (PCDDs). Neverthe-
less, the number of experimental studies done with rodents and PBDEs allows us
to draw some conclusions regarding the fundamental toxicokinetic and metabolic
aspects of this type of flame retardant. Recently, several detailed review papers
dealing with these aspects have been published, and this section contains much
information that has already been presented in these publications (Darnerud et al.,
2001; de Wit, 2002; Hakk & Letcher, 2003; Gill et al., 2004). In addition, this
information has been cross-checked with the very recent European Union (EU)
risk assessment reports for octaBDE and decaBDE (EU, 2001, 2003, 2004) and, if
applicable, adjusted and updated. Although several PBDEs accumulate in wildlife,
including fish and invertebrates, and can enter the human food-chain through this
pathway, this section deals only with the mammalian toxicokinetics and metab-
olism of these compounds, mainly derived from laboratory studies.
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(b) Uptake

The toxicokinetics and metabolism of one of the most persistent PBDEs,
BDE-47, have been studied in rats and mice (Orn, 1997; Orn & Klasson-Wehler,
1998).

A significant part (86%) of the oral administered dose in rats was retained in
the body of male Sprague-Dawley rats 5 days after administration of a single
gavage dose of 14.4 mg/kg bw. The highest concentration was found in adipose
tissue and consisted mainly of the parent compound. In addition, only the parent
compound could be detected in most other lipid-rich tissues, with the exception of
liver and plasma, in which trace amounts of hydroxylated metabolites were also
found (Orn & Klasson-Wehler, 1998). A similar absorption value was seen when
female C57BL/6J mice (n = 4-6) were given a single oral dose (gavage) of BDE-
47 (0, 0.1, 1.0, 10.0 or 100 mg/kg bw). Based on excreta analysis 1 day following
dosing, over 80% of BDE-47 was shown to be absorbed (Staskal et al., 2005).

In adult male Sprague-Dawley rats (n = 3—4) exposed to a single oral dose of
BDE-99 (15 pmol/kg bw or 8.5 mg/kg bw), analysis of urine and faeces indicated
that approximately 82% of the original dose was retained after 24 h (Klasson-
Wehler et al., 2001).

Except for decaBDE, no toxicokinetic studies have been performed with indi-
vidual PBDEs that allow identification of the absorption rate from the gastro-
intestinal tract. However, a few studies have been done with technical mixtures
that identified the absorption of either total PBDEs or a distinct isomeric group. In
two studies, the gastrointestinal absorption of various PBDEs present in the tech-
nical mixtures DE-71, a commercial pentaBDE product dominated by BDE-47 and
BDE-99), and DE-79 (dominated by hexa- through nonaBDE congeners) was
determined in male Sprague-Dawley rats that were fed for 21 days with 33 ng/day
each. Based on tissue analysis at day 21, the minimal absorption of the PBDE
mixture in DE-71 and DE-79 was estimated to be 36.7% and 32.3% of the dose,
respectively (Hakk et al., 2001; Huwe et al., 2002).

Several experimental studies with rodents have addressed the bioavailability
of decaBDE. Absorption of the fully brominated congener from the gastrointestinal
tract appears to be very low compared with that of the lower brominated PBDEs,
as was estimated from analysis of excretions (urine and faeces), which ranged
between 90% and >99% a few days after oral dosing (Norris et al., 1975a; NTP,
1986; el Dareer et al., 1987; Morck & Klasson-Wehler, 2001). In addition to its low
bioavailability, it was also observed that intestinal absorption of decaBDE in male
rats did not depend on the dietary concentration over 2 orders of magnitude
(0.025-5.0%) (NTP, 1986; el Dareer et al.,, 1987). In contrast with these earlier
studies, very recent rat studies by Mérck et al. (2003) have specifically addressed
the bioavailability and metabolism of decaBDE. In these experiments, different
solvents were used to maximize the solubility of this compound in the test vehicle.
Solvents were dimethyl sulfoxide/peanut oil (50:50 mixture), anisole/peanut oil
(30:70 mixture) and a solution of soya phospholipone/Lutrol (16:34 w/w) in water
(concentration 0.11 g/l). Approximately 90% of the ["*C]decaBDE dose (3 umol/kg
bw or 2.9 mg/kg bw) was excreted by male Sprague-Dawley rats via the faeces
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within 3 days. These specific experiments showed that absorption of decaBDE
can be at least 10%. In additional experiments, it was suggested that this bioavail-
ability could be even higher (Sandholm, 2003; Sandholm et al., 2003), and 26%
was recently suggested for risk assessment purposes (EU, 2001, 2004). Oral
administration of a single dose of BDE-209 (2 pmol/kg bw) in a combination
dimethylamide/polyethylene glycol/water (4:4:1) vehicle to male Sprague-Dawley
rats indicated that a maximum plasma concentration of 264 pmol/m! was reached
approximately 6 h after dosing. The estimated biocavailability was 26% (Sandholm
et al,, 2003). The question remains if these special vehicle formulations in the
latter experiments are representative of the real-life uptake situation of decaBDE
for humans, when compared with the much lower absorptions found in earlier
animal studies using administration through the diet.

The majority of results from these experiments suggest that intestinal uptake
of decaBDE is not efficient when administered in the diet; consequently, this
congener is expected to have a low bioaccumulation potential (Darnerud et al.,
2001; Hakk & Letcher, 2003). However, these experiments also showed that
absorption from the intestinal tract after oral exposure may display a dosing
vehicle dependency. The bioavailability of representative PBDESs, as a function of
excretion, is given in Table 2 (Hakk & Letcher, 2003).

Besides uptake from the gastrointestina! tract, percutaneous absorption has
also been addressed in two recent EU risk assessment studies for octa- and
decaBDE (EU, 2001, 2003, 2004). Although no information is available about the
percutanous absorption of penta-, octa- or decaBDE, the authors refer to the phys-
icochemical properties of PCBs, which are assumed to be similar to those of
PBDEs. For these types of lipophilic compounds, it is assumed that the stratum
corneum is the crucial barrier and the rate-limiting step in the uptake. This will
determine i) diffusion into and through the lipid-rich intercellular matrix of the
stratum corneum or ii) diffusion out of the stratum corneum into and through the
relatively aqueous viable epidermis below. This process depends on the lipo-
philicity or lipid solubility of the compound (Jackson et al., 1993). In view of these
considerations and given the physicochemical properties of octaBDE — a high log
Kow (6.29), poor water solubility (<0.5 pg/l) and high relative molecular mass (801)
— the dermal absorption is expected to be low and estimated to be 4.5%. Using a
similar approach for decaBDE and data from studies with PCBs (Garner &
Matthews, 1998), a percutaneous absorption of a maximum of 1% is estimated for
this compound. However, in spite of the low estimated percutaneous absorption
for octa- and decaBDE, the EU risk assessment studies (EU, 2001, 2003, 2004)
suggested that the percutaneous absorption may be associated with a likely trend
towards accumulation in the stratum corneum, which by itself might behave as a
storage site (Leung & Paustenbach, 1994). Analogous with PCBs, it is postulated
that this could lead to a slow systemic release over time (EU, 2001, 2003). With
respect to this suggested role of the stratum corneum, it should, however, be
noted that at present, there is no indication that this actually occurs for either the
octa- or decaBDE congeners in humans.
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(c) Tissue distribution

The tissue distribution of a variety of lower and higher brominated PBDEs has
been studied in rats and mice. Studies with BDE-47 and rodents have shown that
adipose tissue is the major storage site in the body, but concentrations on a lipid-
adjusted basis were comparable for adipose tissue, liver, lung and kidney. This
study also showed a marked species difference between rat and mice in tissue
retention. In rats, 86% of a single oral dose (approximately 14.6 mg/kg bw) was
retained in the body 5 days following dosing, while for mice, it was 47%. In addi-
tion, the radioactivity was about 3 times higher in the adipose tissue of the rat than
in liver, while levels in both tissues in the mice were comparable (Orn & Klasson-
Wehler, 1998). When female C57BL/6J mice were dosed by gavage with BDE-47
(single dose, 0.1-100 mg/kg bw), the tissue distribution determined 5 days later
was mainly based on lipid content. Adipose tissue had the highest concentration
(8-14% of dose), followed by skin, liver and muscle (0.9-2.6%) (Staskal et al.,
2005).

A similar body distribution has been observed for BDE-99, with preference for
the lipid-rich tissues, including adipose tissue, adrenals, gastrointestinal tract and
skin, which contained more than 50% of the dose after 72 h (Hakk et al., 2002).
Using whole-body autoradiography, the distribution of "C-labelled BDE-47, BDE-
85 and BDE-99 was determined in C57BL mice. Shortly after efficient uptake from
the gastrointestinal tract, radioactivity for these congeners was highest in the adi-
pose tissue, liver, adrenals, ovaries, lung and brain. In most tissues, the concen-
trations decreased significantly after a longer post-injection time, but radioactivity
was present longest in white and brown adipose tissue. For these PBDE
congeners, transfers to the fetus and to the offspring via the milk were also studied
in mice. It was found that there was a low fetal uptake, with no significant differ-
ences between the three PBDEs. However, a significant maternal transfer via the
milk of approximately 20% of the administered dose was found for BDE-85 and
BDE-99 in the suckling offspring after 4 days. At this time, plasma levels in the
neonates were more than 2 times those of the mothers (Darnerud & Risberg,
2005).

For other higher brominated PBDEs, such as octa-substituted congeners,
there are no detailed toxicokinetic studies available that would allow specific con-
clusions about tissue retention and accumulation to be drawn (EU, 2001, 2003,
2004).

A number of older studies conducted during the 1970s by the Great Lakes
Chemical Company with octaBDE have been recently evaluated in the EU risk
assessment report (EU, 2003). Four weeks after dietary treatment with 100 or
1000 mg/kg of a commercial octaBDE mixture (8 or 88 mg/kg bw per day, respec-
tively), a dose-related increase in total bromine content in the liver was reported in
Charles River CD rats. These levels were 6—40 times higher than those found in
controls. There was a slow decline of bromine levels in the tissues, indicating
some capacity for bioaccumulation after repeated exposure at both doses. Since
only total bromine content was determined, it is not known if the retained bromine
represented parent compounds and/or metabolites.
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A 2-year dietary accumulation study was done with rats that received tech-
nical decaBDE (77.4% decaBDE, 21.8% nonaBDE and 0.8% octaBDE) at doses
of up to approximately 1.0 mg/kg bw per day. A variety of tissues were analysed
(serum, liver, kidneys, skeletal muscle and testes); in most, bromine content was
not above background (control values). In the adipose tissue, there was a dose-
and time-dependent increase in bromine levels observed in rats ingesting deca-
BDE at 0.1 and 1.0 mg/kg bw per day. In the 0.1 mg/kg bw per day dose group,
the bromine concentration was 3-fold higher than that of controls. The bromine
content in the adipose tissue did not change during a recovery period of 90 days,
which is in contrast to the liver, in which the bromine was eliminated within 10
days following the end of dosing (Kociba et al., 1975). In another study, the tissue
retention of decaBDE after a single oral dose of 1 mg/kg bw was studied in female
Sprague-Dawley rats 16 days after dosage. Based on radioactivity, measurable
levels were found only in the adrenal glands (0.01% of the dose) and spleen
(0.06% of the dose), but not in any other tissues (Norris et al., 1973, 1975a).

Viberg et al. (2003b) recently investigated the tissue retention of decaBDE in
neonatal NMRI mice. After a single oral dose of "“C-labelled decaBDE (purity
>98%; 1500 kBqg/kg bw or approximately 13.8 nmol/kg bw) on postnatal days 3, 10
or 19 (n = 4-7), low levels of radioactivity were detected in the brain, heart and
liver 24 h and 7 days after dosing. Results from this study show that '*C label was
taken up into the brain at 1% or less of the administered dose and that there were
age-dependent differences in retention of *C label in the brain (greater amounts
on days 3 and 10 of dosing compared with day 19). Based on “c radioactivity
only, it cannot be concluded if this is parent decaBDE or one or more of its metab-
olites (Viberg et al., 2003b). In response to this paper, Vijverberg & van den Berg
(2004) pointed to some inconsistencies regarding calculations in tissue retention
and brain levels in these mice, which were estimated to be approximately 3 orders
of magnitude higher than the highest levels of decaBDE found in humans.

Thus, with respect to the bioaccumulation potential of PBDEs, it can be con-
cluded that there is definitely significant potential for some of the lower brominated
congeners, such as BDE-47, BDE-99 and BDE-154, to bioaccumulate. However,
the bioaccumulation potential of the higher brominated congeners, especially that
of decaBDE, appears to be low, although measurable low concentrations in lipo-
philic tissues and blood of decaBDE can occur in humans (Hakk & Letcher, 2003;
Sjodin et al., 2003).

In Table 3, the retentions of different PBDE congeners in the rat are sum-
marized (Hakk & Letcher, 2003).

(d) Metabolism

The metabolism of only a very limited number of PBDE congeners, primarily
BDE-47, BDE-99 and BDE-209, has been studied in some detail. Information
regarding this metabolism has been recently summarized by Darnerud et al.
(2001) and Hakk & Letcher (2003).
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() BDE-47

Studies with rats and mice have shown that hydroxylated metabolites of BDE-
47 are the major metabolic products (Orn & Klasson-Wehler, 1998), with notice-
able differences in metabolism and excretion between both species. No debro-
mination products were found (Darnerud et al.,, 2001). The metabolism of this
congener in the rat is rather slow, and the parent compound was the major residue
found in all tissues, including liver, adipose tissue, brain, kidney and lung. Trace
amounts (<1%) of "“C radioactivity in the form of hydroxylated metabolites were
detected in liver and lung. In the faeces of the rat, six metabolites were found,
including five tentatively assigned as two ortho-OH-tetraBDE metabolites, one
meta-OH-tetraBDE metabolite and two para-OH-tetraBDE metabolites. Results
from this study suggest that ortho- and para-OH-metabolites can be formed in the
rat as a result of an NIH shift, with evidence for arene oxide as an intermediate. In
addition, a very small amount of thiol-tetraBDE metabolite was found in the
faeces, but its assignment also remains tentative due to the absence of reference
compounds (Orn & Klasson-Wehler, 1998). A similar experiment with mice
showed that BDE-47 is metabolized faster in this species than in the rat, with
formation of five mono-OH-tetraBDEs and two mono-OH-triBDEs. in addition, evi-
dence was obtained that BDE-47 could be metabolized to reactive intermediates,
as suggested by the presence of non-extractable radioactivity in several organs,
including liver, lung and kidney (Orn & Klasson-Wehler, 1998).

(i) BDE-99

The metabolism of this BDE has been reported from only one study (Hakk et
al., 2002). Metabolism in the rat was low, resulting in slow excretion. Only small
amounts of monohydroxylated metabolites of penta- and tetraBDEs were detected
in the faeces. The presence of tetraBDE metabolites indicates that at least in the
rat, debromination can occur in vivo. In the bile, mono- and dihydroxy-pentaBDEs
as well as two thio-substituted pentaBDEs were found. For BDE-99, evidence for
the formation of reactive intermediates was also found, as a significant amount of
labelled compound was apparently covalently bound in the faeces and non-
extractable.

(iij) BDE-209 (decaBDE)

This BDE congener has been the subject of detailed metabolism studies.
Using "“C-labelled decaBDE, its metabolism was studied in conventional and bile
duct-cannulated rats (Klasson-Wehler et al., 2001; Mérck & Klasson-Wehier,
2001). Following a single oral dose of '“C-labelled decaBDE (3 umol/kg bw)
administered to male Sprague-Dawley rats, approximately 22-45% of the radio-
activity in the faeces found from day 1 to day 3 consisted of eight phenolic metab-
olites. Metabolites of BDE-209 in the faeces included debrominated mono-OH-
and ortho-MeO-OH-BDEs (Klasson-Webhler et al., 2001; Morck & Klasson-Wehler,
2001). The methyl ester group was probably introduced by a catechol-O-methyl
transferase of an ortho catechol substrate, but the route of formation is not known
(Hakk & Letcher, 2003). It was deduced that decaBDE is metabolized via an
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oxidative debromination pathway due to the presence of debrominated dihydroxy-
BDEs and that dehydroxylation always occurs on the same aromatic ring. This
oxidation process likely produces an epoxide as an intermediate metabolite, with
further metabolism to a diol, which could explain the observed metabolites. Debro-
mination of decaBDE to other PBDEs does not appear to be a major metabolic
pathway from a quantitative point of view, as trace amounts of only three nona-
BDEs were found in the faeces. The formation of reactive intermediates cannot be
excluded, as a significant amount of the radioactivity in the jejunum wall and liver
was non-extractable. With respect to metabolism of decaBDE in the rat, it is
noteworthy that in plasma at days 3 and 7, the levels of radioactivity were approx-
imately 4 times higher in the phenolic fraction than in the neutral fraction. This
indicates significant retention of the metabolites of decaBDE compared with the
parent compound. The actual cause of the plasma retention of these decaBDE
metabolites could not be determined, as the nature of these metabolites in the
phenolic fraction is unknown. However, it was suggested by the authors that the
high plasma concentrations of hydroxy-decaBDE metabolites could be caused by
reversible binding of these metabolites to transthyretin (TTR), the thyroxine (T4)
hormone transporting protein in rodents (Mérck et al., 2003).

It has also been suggested that extensive metabolism of decaBDE could
occur in the gastrointestinal tract after oral administration in rats (el Dareer et al.,
1987). However, it should be noted that after oral or intravenous administration of
decaBDE, the occurrence of the same three metabolites was noted, independent
of the route of administration. This indicates a distinct role for hepatic metabolism
(EU, 2004).

In general, it can be concluded that decaBDE is metabolized faster than the
more biologically persistent BDE-47 and BDE-89. Several metabolic products
have been described, including phenolic, neutral, non-extractable, water-soluble
and lipid-bound compounds, but no glutathione metabolites have been observed
so far. Based on these metabolism studies, it can also be concluded that deca-
BDE is not biotransformed to the lower, more persistent BDE-47 or BDE-99.
However, the structure of the hydroxylated metabolites that are retained in plasma
needs to be further elucidated in order to determine if these metabolites could
possibly cause biological or toxicological effects (EU, 2004).

In Figure 2, an overview is given of the proposed metabolic pathways in the
rat for BDE-47, BDE-99 and BDE-209 (Hakk & Letcher, 2003).

(e) Elimination

Information about congener-specific half-lives of PBDEs is scarce, while there
are some limited data on commercial PBDE mixtures.

A toxicokinetic study using Bromkal 70, a commercial pentaBDE product,
determined the elimination of tetra-, penta- and hexaBDEs in the rat. Wistar rats
(n = 4 per time point) were given a single oral Bromkal 70 dose of 300 mg/kg bw,
and perirenal fat samples were analysed every week for 10 weeks. Half-lives
depended on the degree of bromination (von Meyerinck et al., 1990) and are given
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in Table 4. Congener-specific information was not provided in this study; however,
based on detailed gas chromatographic—mass spectrometric (GC-MS) analysis of
Bromkal 70 by Sjodin et al. (1998), the tetra congener was most likely BDE-47, the
two penta congeners BDE-99 and BDE-100, and the two hexa congeners BDE-
153 and BDE-154. Except for the proposed BDE-47 congener, no statistical
difference was found between the sexes, and half-lives for the tetra- to hexaBDEs
ranged between 25 and 91 days for females and between 19 and 119 days for
males.

Figure 2. Proposed metabolic pathways of BDE-47, BDE-99 and BDE-209 in the rat
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It has been suggested (Hakk & Letcher, 2003) that the large oral dose admin-
istered in the latter study (300 mg/kg bw) was in great excess of the minimal dose
required for induction of cytochrome P450 by Bromkal 70 (3—10 mg/kg bw). There-
fore, it cannot be excluded that at lower environmental exposures, a different and
lower elimination rate might occur. This suggestion would be in agreement with
the results of a study done with male Sprague-Dawley rats orally administered a
much lower dose of BDE-47 (14.5 mg/kg bw), in which only 14% and <0.5% of the
dose were eliminated in faeces and urine, respectively, during the first 5 days (Orn
& Klasson-Wehler, 1998). In the same experiment conducted with male C57BL
mice and this PBDE congener, it was shown that this species is capable of elim-
inating BDE-47 more rapidly, with 33% of the dose excreted in the urine and 20%
via the faeces during the first 5 days after dosage (Orn & Klasson-Wehler, 1998).
A recent study by Staskal et al. (2005) determined the elimination kinetics and
half-life of BDE-47 in female C57BL/6J mice. It was observed that excretion via
the urine following a single oral dose of 0.1—-100 mg/kg bw had a major influence
on the initial whole-body half-life of 1.5 days. From a quantitative point of view,
retention was stronger in lipophilic tissue such as adipose and skin. In these
tissues, elimination followed a biphasic pattern, with initial half-lives between 1 and
3 days but much longer terminal half-lives (estimated by the authors to be 30—40
days in adipose), indicating the potential for bioaccumulation.

Table 4. Half-lives of individual pentaBDE components in Wistar rats®

PentaBDE Half-lives in Confidence Half-lives in Confidence
HPLC peak female rats interval, P = male rats interval, P =
(days) 0.05 (days) 0.05

Br,DE 29.9 26.8-33.1 19.1* 16.5-21.7
BrsDE1 474 425-52.4 36.8 33.7-40.0
BrsDE2 254 22.6-28.4 24.9 22.6-27.1
BreDE1 446 37.4-51.9 55.1 48.4-61.7
BrsDE2 90.9 78.7-103.6 119.1 102.8-136.1

From von Meyerinck et al. (1990)

BrsDE, tetraBDE; BrsDE1, pentaBDE; BrsDE2, pentaBDE; BrsDE1, penta- and hexaBDE;

BrsDE2, hexaBDE; HPLC, high-performance liquid chromatography

* P = 0.01 significant difference between sexes

# Single oral Bromkal 70 dose of 300 mg/kg bw dissolved in peanut oil. Groups of four rats
were sacrificed consecutively until the 10th week. Concentrations of pentaBDE compo-

nents in the perirenal fat were determined by HPLC, and data were corrected for the body
weight of the rats.

The elimination of BDE-99 was studied in both bile-cannulated and uncannu-
lated male Sprague-Dawley rats after an oral dose of 2.2 mg/kg bw (Hakk et al.,
2002). Elimination via the faeces was the major route of excretion in both groups
of rats. After 72 h, 43% of the administered dose in uncannulated and greater than
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86% in cannulated rats were excreted in the faeces. This indicates a half-life in the
rat of this compound of approximately 3 days or less.

Several studies have addressed the elimination of BDE-209 in the rat using
different routes of administration. These studies indicated that decaBDE is metab-
olized faster than some lower brominated PBDEs, such as BDE-47. in several
experiments, it was found that after oral dosage, 80-90% of the compound was
eliminated via the faeces within 3 days (el Dareer et al., 1987; Mérck & Klasson-
Wehler, 2001). The low intestinal absorption of decaBDE is thought to influence
the fast elimination rates from the rat in these experiments. In male Sprague-
Dawley rats (n = 8) treated with a single oral dose of “C-labelled decaBDE (3
umol/kg bw, 555 GBg/mol), approximately 90% of the dose was eliminated via the
faeces after 3 days (Mérck et al., 2003). Only a minor additional amount (1%) was
eliminated after 7 days. An experiment with male Fischer rats using an intra-
venous BDE-209 dose of 1.07 mg/kg bw in rats showed that 74% of the dose was
eliminated in the faeces within 72 h. These results indicate that the rat is capable
of metabolizing this compound rather effectively (el Dareer et al., 1987). In occu-
pationally exposed workers, the elimination of BDE-209 and BDE-183 was also
estimated based on serum measurements. The estimated half-lives were 6.8 days
for BDE-209 and 86 days for BDE-183 (Hagmar et al., 2000). These resulits indi-
cate that the half-life for BDE-209 may be longer in humans than in rats, but the
human half-life is still relatively short for such a highly halogenated aromatic com-
pound compared with higher chlorinated biphenyls and dibenzo-p-dioxins.

2.1.2 Biochemical effects

Darnerud et al. (2001) and de Wit (2002) recently summarized the possible
hepatic enzyme induction by PBDEs.

Several studies have shown that commercial PBDE mixtures are capable of
inducing phase | and phase Il xenobiotic metabolizing enzymes. In Wistar rats and
in rat hepatoma H4-lIE cells, Bromkal 70 was able to induce CYP1A1 and
CYP1A2 as measured by increased activity of hepatic 7-ethoxyresorufin O-deeth-
ylase (EROD) activity (Hanberg et al., 1991; von Meyerinck et al., 1990). Hepatic
enzyme induction has also been studied in female weanling Long-Evans rats with
three technical PBDE mixtures, including DE-71 (tetra- and pentaBDEs), DE-79
(hepta- and octaBDEs) and DE-83R (98% decaBDE). In the rats treated with DE-
71 (0.3-300 mg/kg bw per day for 4 days) and DE-79 (0.3—100 mg/kg bw per day
for 4 days), a dose-dependent 10- to 20-fold induction in EROD and 30- to 40-fold
induction in 7-pentoxyresorufin O-depentylase (PROD) were found, which indi-
cates an induction of CYP1A1 and CYP2B by these technical PBDE mixtures
(Zhou et al., 2001). Benchmark dose (BMD) estimates indicated that hepatic
PROD induction was the more sensitive parameter for either DE-71 or DE-79
(0.54 and 0.40 mg/kg bw per day, respectively, for the 95% lower confidence
limits). DE-83R had no effect on any measured hepatic enzyme.

In addition, other phase | enzyme activities, such as benzphetamine N-
demethylase, p-nitroanisole demethylase, arylhydrocarbon hydroxylase and ben-
zo[a]pyrene hydroxylase, have also been induced in vivo by technical penta- and
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octaBDE mixtures in the rat (Carlson, 1980a, 1980b; von Meyerinck et al., 1990).
However, decaBDE has been found to have a low enzyme-inducing potency. In
Sprague-Dawley rats, the enzyme-inducing potency of BDE-47 has been com-
pared with that of the commercial PCB mixture Aroclor 1254 (Hallgren &
Darnerud, 1998). The induction of CYP1A1 (EROD) and 7-methoxyresorufin O-
deethylase (MROD) by BDE-47 was limited and much lower than that observed in
rats treated with equivalent doses of Aroclor 1254. In contrast, the inductions of
CYP2B measured as PROD by BDE-47 and Aroclor 1254 were similar. Carlson
(1980b) also specifically examined the hepatic enzyme induction of a commercial
formulation of decaBDE. Although liver enlargement was found at a dose of 95
mg/kg bw per day (14-day dosing by gavage), no enzyme induction was observed
for O-ethyl-O-p-nitrophenyl phenylphosphonothioate detoxification, p-nitroanisole
demethylation, benzo[a]pyrene hydroxylase, uridine diphosphate glucuronosyl-
transferase (UDPGT), NADPH cytochrome ¢ reductase and cytochrome P450.
Thus, it can be concluded that at this relatively low dose of decaBDE, no hepatic
enzyme induction occurs in male Sprague-Dawley rats.

Phase Il enzyme induction by commercial PBDE mixtures containing various
amounts of tetra-, penta-, hepta- and octabrominated congeners (14 days, 0.1
mmol/kg bw) has also been tested. With the exception of decaBDE, all of these
compounds were capable of inducing prolonged UDPGT activity in rats (Carlson,
1980a). Short-term exposure (4 days) of weanling Long-Evans rats to commercial
PBDEs (0.3—-300 mg/kg bw per day) also produced significant induction of hepatic
UDPGT activity by DE-71 and DE-79, albeit at higher doses than required for
EROD and PROD induction (Zhou et al., 2001).

The issue of possible CYP1A1 induction by PBDE congeners is also highly
relevant from a toxicological point of view. This type of cytochrome P450 induction
is mediated via the aryl hydrocarbon (Ah) receptor, which has a high binding
affinity for planar halogenated polyaromatics such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and some planar PCBs. In addition, it is also considered to be one
of the most sensitive biological effects of these dioxin-like compounds (Safe,
1990). Thus, if some persistent PBDE congeners would cause induction of
CYP1A1 activity, this might indicate that PBDEs could be considered in the toxic
equivalency factor (TEF) concept for dioxin-like compounds (Van den Berg et al.,
1998). To determine possible affinity for the Ah receptor, several in vitro studies
with PBDEs have been performed using CYP1A1 (EROD) induction as an end-
point of Ah receptor-mediated biological activity. Some of the earlier studies
indicated that the closely related chlorinated diphenyl ethers (PCDEs) can be
weak inducers of CYP1A1 activities, depending on the number and position of the
chlorine atoms (Chui et al., 1985; Howie et al., 1990; Safe, 1990; Rozman, 1991).
However, in contrast with these studies, another study showed that polychlor-
inated dibenzofuran (PCDF) impurities lower than 1% could be responsible for the
in vitro induction of EROD activity of almost all of the 29 tested PCDEs in H4IIE rat
hepatoma cells (Koistinen et al., 1996). The results of the latter study are in agree-
ment with the outcome of a quantitative structure—activity relationship (QSAR)
study for binding to the Ah receptor by halogenated diphenyl ethers, which would
predict that due to the non-planarity of these compounds, a low binding affinity to
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the Ah receptor should exist (Gillner & Jakobsson, 1996). These results illustrate
that even at low concentrations, these impurities can induce a considerable Ah
receptor-mediated response, including the induction of some specific enzymes
such as CYP1A1 (EROD) (Darnerud et al., 2004). In this respect, it is fair to con-
clude that at least in the studies using technical PBDE mixtures, the observed
induction of CYP1A1 activities can very likely be attributed to the presence of
known impurities in these technical formulations, such as brominated dibenzo-
furans. A few in vitro studies have also tested individual PBDE congeners for
CYP1A1 induction or other Ah receptor-related activities. Using a recombinant rat
hepatoma cell line H4lIE with a luciferase reporter gene, it was reported that
several PBDE congeners might act as Ah receptor agonists, and the potencies
were in the same range as those reported for some mono-ortho PCBs (Meerts et
al., 1998). Another study with primary rat hepatocytes and individual PBDE
congeners also reported congener-specific induction of both CYP1A1 messenger
RNA (mRNA) and protein levels. BDE-77 and BDE-126 induced responses that
were 3-5 orders of magnitude less than that of TCDD in this in vitro system.
Although these PBDEs are not environmentally relevant, these results suggest
that those congeners that most closely resemble TCDD or dioxin-like PCBs have
the highest agonistic activity. In contrast, the environmentally common and
persistent BDE-47 and BDE-99 were not active in inducing CYP1A1, which indi-
cates no agonistic properties for the Ah receptor (Chen et al., 2001; Chen &
Bunce, 2003). A recent study by Peters et al. (2004) more or less confirmed the
latter results. After a rigorous cleanup of environmentally relevant PBDEs (BDE-
47, BDE-99, BDE-100, BDE-153, BDE-183) for possible impurities with dioxin-like
activities, no induction of CYP1A1 activity could be determined in three Ah
receptor responsive cell lines — the rat hepatoma H4IIE, the human hepatoma
HepG2 and breast carcinoma MCF7 cells — when tested at concentrations up to
10 ymol/l. Based on the combined results of these in vitro studies with PBDE
congeners, it must be concluded that those PBDEs that are environmentally
relevant and bicaccumulate do not possess dioxin-like activity. Interestingly, the
latter three studies all reported antagonistic effects of PBDEs on Ah receptor-
mediated activities, including CYP1A1 induction (Meerts et al,, 1998; Chen &
Bunce, 2003; Peters et al., 2004). This raises the question whether these antagon-
istic effects of PBDEs measured on this enzyme induction may also apply for
toxicological end-points that are Ah receptor-mediated.

2.2 Toxicological studies

The toxicity of PBDEs has been covered in several review books and articles
(IPCS, 1994; Darnerud et al., 2001; de Wit, 2002; ATSDR, 2004; Gill et al., 2004).
The present text on PBDE toxicity has been based on these compilations as well
as on new results published thereafter.

2.2.1  Acute toxicity

Results of studies on the acute toxicity of PBDE commercial mixtures are
summarized in Table 5.
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Table 5. Acute toxicity of PBDE commercial mixtures

Dosing Strain, End-point Effects LDso (oral) Reference
regimen species (mg/kg bw)
DecaBDE SD rats, Mortality, No deaths >2000 Norris et al.
technical female gross (1975b)
grade, single pathological
oral dose changes
DecaBDE Spartan Mortality, No deaths >5000 Great Lakes
technical rats, male  weight gain (1974)
grade, single
oral dose
DE-79 Charles Mortality, No deaths >5000 Great Lakes
(OctaBDE), Riverrats, weight gain (1987, 1990)
single oral male
dose
Saytex 111 Rats, sex  Mortality, No deaths >10 000 Ethyl
(OctaBDE), not weight gain, Corporation
single oral specified  gross (1985)
dose pathological
changes
PentaBDE, Charles Mortality, 5000 mg/kg  500-5000 Great L.akes
technical River rats, weight gain bw: 4/5 (1975)
grade, single male dead; 0, 50,
oral dose 500 mg/kg
bw: no
deaths
PentaBDE, Rats, Mortality, Decreased male: 7400 Great Lakes
technical maleand  weight gain, rowth and (1975)
grade, single female grogs e gctivity, female: 5800
oral dose pathological diarrhoea,
changes postmortem
effects, liver
and stomach
Saytex 115  Rats, sex Mortality Lack of 5000 BIBRA
(PentaBDE), not information (1977)
single oral specified
dose
DE-71 Rats, sex  Mortality Lack of 6200 PAI (1984)
(PentaBDE), not information
single oral specified
dose
Bromkal 70  Wistar Liver weight Induction of - von
(PentaBDE), rats, male and EROD at Meyerinck et
single oral microsomal  threshold al. (1990)
dose enzyme dose 3
content/ mg/kg bw

activity
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(a) DecaBDE
(i} Rat

In female Sprague-Dawley rats (n = 5), gastric intubation of a single DecaBDE
(77.4% decaBDE congener, 21.8% nonaBDE congeners, 0.8% octaBDE con-
geners; in 10% corn oil suspension) dose of 0, 126, 252, 500, 1000 or 2000 mg/kg
bw did not result in any indication of toxicity or gross pathological changes during
a 14-day observation period (Norris et al., 1975b).

In male Spartan rats (n = 5) receiving DecaBDE at up to 5000 mg/kg bw by a
single gavage dose in corn oil suspension, no deaths occurred, and the weight
gain was normal during a 14-day observation period (Great Lakes, 1974).

(b) OctaBDE
(i) Rat

Male Charles River CD rats (n = 5) were intubated with a single dose of
OctaBDE (DE-79; in corn oil suspension) at 0, 50, 500 or 5000 mg/kg bw, followed
by an observation period of 14 days. The rats showed normal weight gain, and no
mortality was observed (Great Lakes, 1987, 1990).

Rats were intubated with a single dose of Saytex 111, a PBDE mixture con-
taining several congeners from penta- to decaBDE, of which the hepta- and
octaBDEs are most abundant (45% and 34% of all congeners, respectively), at 0,
500, 2500, 7500 or 10 000 mg/kg bw in corn oil and studied for effects during a
72-h period (Ethyl Corporation, 1985). None of the animals died during this study,
and no signs of toxicity were observed immediately after the dosing period. No
effect on weight gain and no gross pathological changes were observed. The LDs
was greater than 10 000 mg/kg bw.

Acute oral LDsp doses for OctaBDE in rats were reported to be >28 g/kg bw
(Kalk, 1982).

(c) PentaBDE
() Rat

Groups of male albino Charles River CD rats (n = 5) were given PentaBDE at
0, 50, 500 or 5000 mg/kg bw by gavage in corn oil and observed for 14 days. The
rats receiving 50 and 500 mg/kg bw survived and had normal body weight gain,
whereas four of five rats dosed with 5000 mg/kg bw died within 5 days. The
remaining rats survived and had a normal weight gain (Great Lakes, 1975).

Groups of male and female Wistar rats (n = 5) were given PentaBDE in single
doses of 0, 2400, 4800, 7621 or 9600 mg/kg bw (in corn oil) and subsequently
observed for 44 days. From this study, the estimated LDso was 7400 mg/kg bw for
male rats and 5800 mg/kg bw for female rats. Observed symptoms included
decreased growth, diarrhoea, piloerection, reduced activity, tremors of the fore-
limbs, red staining around eyes and nose and a continual chewing movement of
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the jaws. Examination postmortem showed enlarged, mottled and necrotic livers
and multiple small ulcers of the gastric mucosa (Great Lakes, 1975).

Single-dose oral LDsy values for PentaBDE, in studies with rats during 14
days of observation, were reported to be 5000 mg/kg bw (BIBRA, 1977) and 6200
mg/kg bw (PAI, 1984) for Saytex 115 and DE-71, respectively.

Male Wistar rats (n = 3) were administered a single oral Bromkal 70 dose of 0,
3, 10, 30 or 100 mg/kg bw and killed 3 days after dosing (von Meyerinck et al.,
1990). The Bromkal 70 treatment increased the relative liver weight, the content of
cytochrome P450 and the activity of microsomal liver enzymes in a dose-
dependent manner. The EROD activity was induced at the lowest dose tested,
3 mg/kg bw, which the authors concluded was the threshold dose for induction of
this enzyme.

(d) BDE congeners

No information is available on the acute toxicity of any specific BDE con-
geners.

2.2.2  Short-term studies of toxicity

Studies on the short-term toxicity of PBDEs are summarized in Table 6.

(a) DecaBDE
(i) Mouse

In an oral 14-day study, groups of B6C3F1 mice (n = 5, both sexes) were
exposed to BDE-209 in the diet at concentrations of 0, 5, 10, 20, 50 or 100 g/kg
diet. No effects were observed on health, survival or body weights, and no
compound-related clinical signs or gross pathological effects were reported (NTP,
1986).

A 13-week study was performed in which B6C3F1 mice of both sexes (n = 10)
were given DecaBDE (two different lots: >97% and 99% purity, respectively) in the
diet at concentrations of 0, 3.1, 6.2, 12.5, 25 or 50 g/kg diet. No evidence was
found for compound-related effects on the studied parameters, including body
weight gain, survival, physical appearance and gross and microscopic pathology
(NTP, 1986).

(i) Rat

In a 14-day study, DecaBDE was administered in the diet to Fischer 344/N
rats of both sexes (n = 5) at doses of 0, 5, 10, 20, 50 or 100 g/kg diet. No
compound-related clinical signs or gross pathological effects were observed (NTP,
1986).

In 28-day feeding studies with Charles River CD rats (n = 10, both sexes,
three separate studies), DecaBDE was given in the diet at doses of 0, 100 or 1000
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mg/kg. In these studies, adverse effects or lesions associated with DecaBDE
administration were not found (observation of appearance, mortality, food con-
sumption, body weight gain, organ weights, gross pathological and microscopic
examination) (Great Lakes, 1974).

Table 6. Short-term toxicity data for PBDEs

Dosing Species, End-point NOEL? LOEL Reference
regimen strain, sex
DecaBDE, Mice, Survival, 100 g/kg diet >100g/kg NTP (1986)
technical B6C3F1, body weight, . diet
grade, in diet,  both sexes  clinicaland  Males: 13.3
14 days gross g/kg bw
pathology females:
15.6 g/kg bw
DecaBDE, Mice, Survival, 50 g/kgdiet >50g/kg NTP (1986)
technical B6C3F1, body weight . diet
grade, in diet,  both sexes  gain, gross/  Males: 6.65
13 weeks microscopic 9k bw
pathology females:
7.78 g/kg bw
DecaBDE, Rats, Clinical 100 g/kg diet >100 g/kg NTP (1986)
technical Fischer signs, gross . diet
grade, in diet,  344/N, both  pathology ~ 'Males: 4.5
14 days sexes g/kg bw
females: 5.1
g/kg bw
DecaBDE, Rats, Liver 8mgkgbw 80mgkg Norris et al.
technical Sprague- enlargement, per day bw per (1973,
grade, in diet, Dawley, thyroid day 1975b)
28 days male hyperplasia
DecaBDE, Rats, Liver 12.5 g/kg 25 g/kg NTP (1986)
technical Fischer enlargement, diet diet
grade, in diet,  344/N, both male rats males: 560  males:
90 days : :
y sexes mgkgbw 1120
mg/kg b
females: 600 gkg bw
mg/kg bw females:
1200
mg/kg bw
OctaBDE, Rats, Liver - 100 mg/kg Great Lakes
technical Charles enlargement diet (1987)
grade, in diet, River, both and histo-
28 days sexes pathology
OctaBDE, Rats Liver histo- - 100 mg/kg Great Lakes
technical pathology diet (1975)
grade, in diet, lesions

28 days
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Dosing Species, End-point NOEL? LOEL Reference
regimen strain, sex
OctaBDE, Rats, Liver - 8 mg/kg Norris et al.
technical Sprague- enlargement, bw per (1975b)
grade, in diet, Dawley, thyroid day
30 days male hyperplasia,

histology

liver and

kidney

lesions
OctaBDE, Rats, Increased - 8 mg/kg Great Lakes
technical Sprague- liver weight, bw per (1987)
grade, in diet, Dawley, both microscopic day
13 weeks sexes hepatic

changes
DE-71 Mice, Relative liver 36 mg/kgbw 72mg/kg Fowles et al.
(PentaBDE), C57BL, and thymus  perday (14  bw per (1994)
single or female weight days) day (14
repeated (thyroid days)
gavage effects

reported

separately)
PentaBDE, Rats, Increased - 10 mg/kg Great Lakes
technical Charles liver weight, bw per (1975)
grade, in diet, River CD, liver lesions day
28 days both sexes
DE-71 Rats, Increased 5mgkgbw 25mg/kg Rowsell et
(PentaBDE), Sprague- liver weight, per day bw per al. (2004)
repeated Dawley, both increased day
gavage, 28 sexes seum
days glucose and

cholesterol

levels,

decreased

LDH levels

(thyroid

effects

reported

separately)
DE-71 Rats, Decreased 10 mg/kg bw 100 mg/kg Great Lakes
(PentaBDE), in  Sprague- food per day bw per (1975)
diet, up to 90 Dawley, both consumption day
days sexes and body

weight,

increased

cholesterol

levels

Relative liver 2 mg/kgbw 10 mg/kg

weight per day bw per

increase day
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Table 6. (contd)

Dosing Species, End-point NOEL® LOEL Reference
regimen strain, sex
(contd) Slight liver - 2 mg/kg

cell bw per

degeneration day

and necrosis

(females)
Bromkal 70-5- Rats, Decreased - 18 mg/kg Hallgren et
DE Sprague- hepatic bw per al. (2001)
(PentaBDE), Dawley, vitamin A day
repeated female levels
gavage, 14
days
Bromkal 70-5-  Rats, Decreased 2.5 mg/kg 25mg/kg Fattore et al.
DE, gavage, 28 Sprague- hepatic bw per day bw per (2001)
days Dawley, both vitamin A day

sexes levels,

increased

hepatic

EROD

activity

EROD, 7-ethoxyresorufin O-deethylase; LDH, lactate dehydrogenase; LOEL, lowest-
observed-effect level; NOEL, no-observed-effect level

? For the NTP (1986) studies, per kg bw daily intake estimations are based on body weight
and feed intake data as indicated in the reference.

Male Sprague-Dawley rats (n = 5) were given diets consisting of 0, 0.01, 0.1
or 1% DecaBDE for 30 days (roughly equivalent to 0, 8, 80 or 800 mg/kg bw per
day). The DecaBDE product contained 77% deca, 22% nona and some extent of
octa congeners. Food intake and body weight gain were not different between the
groups. No difference was noted in heart, testes, brain and kidney weights or in
haematology and urinalysis parameters. The livers of rats receiving DecaBDE at
80 and 800 mg/kg bw per day were enlarged, and liver lesions consisted of centri-
lobular cytoplasmic vacuolization (at 800 mg/kg bw per day). In addition, degener-
ative changes in the kidney (at 800 mg/kg bw per day) and thyroid hyperplasia (at
80 and 800 mg/kg bw per day) were found (Norris et al., 1973, 1975a, 1975b).

No toxic effects were observed in a 90-day study with Fischer 344/N rats of
both sexes (n = 10) when DecaBDE (containing >97% BDE-209) was given in the
diet (0, 3.1, 6.2, 12.5, 25 or 50 g/kg diet), but increased liver weight was sug-
gested in male rats consuming the two highest doses (NTP, 1986).

(b) OctaBDE
() Rat

Charles River CD rats (both sexes, n = 10) were given OctaBDE in the diet at
various concentrations for 28 days. In sub-study |, the dietary doses were 0, 100
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or 1000 mg/kg diet. Most studied parameters did not change between the groups.
However, liver weights (both absolute and relative) were significantly increased in
female rats at 100 mg/kg and in rats of both sexes at 1000 mg/kg. Moreover,
compound-related histopathological liver lesions, consisting of enlarged centrilob-
ular and midzonal liver parenchymal cells containing eosinophilic “round bodies,”
were seen at both dose levels. The incidence and severity of the liver lesions were
dose-related and more severe in the male animals. In addition, rats at the 1000
mg/kg dose exhibited hyperplasia of the thyroid, but it was unclear whether this
effect was compound-related (Great Lakes, 1987).

In sub-study Il with OctaBDE in rats, the doses were 0, 100, 1000 or 10 000
mg/kg diet. The control group consisted of 35 animals from a 90-day feeding study
(see below). At the end of the 28-day study, five animals per group were sacri-
ficed, whereas the other five were maintained on control diet for an additional 4
weeks. No changes in behaviour, appearance or mortality were seen. The food
intake and weight gain were slightly higher in the control group than in the Octa-
BDE exposure groups. Serum urea nitrogen levels were slightly higher in some of
the rats on the 10 000 mg/kg diet. increases in absolute and relative liver weights
were observed in rats given the 1000 and 10 000 mg/kg diets. The histopathology
of liver from ali three dose levels showed enlargement of the centrilobular and
midzonal hepatocytes, with the presence of “round bodies” in cytoplasm. In the
highest dose group, vacuolization of hepatocytes and necrosis of individual hepa-
tocytes were seen. Generally, the liver lesions were less severe after the 4-week
recovery period. In addition, an increase in bromine levels in the liver was seen in
rats in all treated groups, but the levels decreased in the recovery period (Great
Lakes, 1975).

In a 30-day study with male Sprague-Dawley rats given diets containing 0,
0.01, 0.1 or 1.0% OctaBDE (corresponding to 0, 8, 80 and 800 mg/kg bw per day),
the authors reported liver enlargement, thyroid hyperplasia and histological lesions
in liver and kidney (hyaline degenerative cytoplasmic changes) at all dose levels
and decreased packed cell volume, decreased total red blood cell count and
increased kidney weight at the highest dose level (Norris et al., 1973, 1975b).

The same strain of rat was given commercial OctaBDE in the feed at dietary
levels of 0, 100, 1000 or 10 000 mg/kg for 13 weeks (n = 35, male and female
animals in separate dose groups) (Great Lakes, 1987). Behaviour, appearance,
body weight and other important parameters were studied after 1 and 2 months
and after 13 weeks, i.e. the end of the feeding period (five animals per sex per
group). The remaining animals were studied 13 and 21 weeks and 6 months after
withdrawal of the OctaBDE exposure. A few animals died during the study, but
without any apparent dose relationship. In the 100 mg/kg diet group (correspond-
ing to about 8 mg/kg bw per day), the only effect seen was an increase in absolute
and relative liver weights, coupled to microscopic hepatic changes (granular cyto-
plasm) in some of the rats. At the 1000 mg/kg diet levei (about 80 mg/kg bw per
day), there was a decrease in body weight, in spite of normal blood chemistry,
urine and haematology parameters. There was also an increase in absolute and
relative liver and thyroid weights. Microscopic hepatic lesions (including vacuoliza-
tion and hyaline inclusions) were observed in centrilobular and midzonal hepato-
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cytes. After administration of the 10 000 mg/kg diet (about 800 mg/kg bw per day),
the animals had a decrease in body weight gain, which persisted during the with-
drawal period. Decreases in haemoglobin, haematocrit and erythrocyte counts
were also observed, along with significant increases in the absolute and relative
weights of the liver, kidney and thyroid. In the liver, autopsy revealed accentuated
lobulation and yellowish mottling of the liver and brownish discoloration of the liver
and kidney. After the recovery phase (1 year), no such changes were observed.
Microscopic examination of the liver revealed granular cytoplasmic changes,
cytoplasmic vacuolization, necrosis of parenchymal and centrilobular cells, centri-
lobular fibrosis and pigmented Kupffer cells. In the kidney, there was an occur-
rence of small to moderate numbers of cortical regenerative tubules, with one rat
having severe tubular necrosis. In the thyroid, the observed cellular changes — a
tall columnar epithelium instead of the normal cuboidal type (seen in 4/35 males
and in 1/35 females at the highest dose) — were described by the authors as
being compound-related. The observed histological changes decreased in severity
and frequency during the recovery period. A hyperplastic nodule was found, after
6 months’ withdrawal, in one rat from each of the 1000 and 10 000 mg/kg dose
groups (Great Lakes, 1987).

(¢) PentaBDE

() Mouse

In a study by Fowles and co-workers (Fowles et al., 1994) on immunological
and endocrine effects of the PentaBDE mixture DE-71 in mice, organ and body
weights were also measured. Female C57BL/6J mice (n = 6) were dosed either
once by gavage with DE-71 at 0, 0.8, 4, 20, 100 or 500 mg/kg bw or by repeated
gavage at daily oral doses of 0, 18, 36 or 72 mg/kg bw during 14 days. After an
undefined survival time, the animals were killed, and spleen, thymus, liver and
body weights were measured. The relative liver weight was dose-dependently
increased compared with controls following subchronic exposure. After acute
exposure, the highest dose (500 mg/kg bw) gave a similar increase in relative liver
weight. The relative thymus weight was increased only at the highest subchronic
exposure (72 mg/kg bw per day for 14 days). Neither the relative spleen weights
nor the absolute body weights were significantly changed following DE-71 treat-
ment.

(i) Rat

In a 28-day study, Charles River CD rats (n = 10 per sex) were given Penta-
BDE in the diet at 0, 100 or 1000 mg/kg (roughly equivalent to 0, 10 and 100
mg/kg bw per day). Liver weights were significantly increased in female rats at 100
mg/kg diet and in both female and male rats at 1000 mg/kg diet. No gross patho-
logical lesions were seen. Liver lesions were observed, were more prevalent in
males and increased with dose. At the highest dose, a significant decrease in the
relative weights of the pituitary and adrenal glands was observed. Microscopic
studies revealed enlargement of parenchymal liver cells (centrilobular and mid-
zonal) and the presence of granular structures and eosinophilic “round bodies” in
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the cytoplasm at both dose levels. Hyperplasia of the thyroid was seen in both
dose groups and in control animals. Therefore, whether these changes were con-
sidered compound-related is not clear (Great Lakes, 1975).

In a recent study (Rowsell et al.,, 2004), a 28-day gavage study was per-
formed with a technical PentaBDE mixture (DE-71) mainly containing tetra- (46%)
and penta- (49%) BDE congeners. Male and female Sprague-Dawley rats (n = 10
per sex) were given daily doses by gavage of 0, 0.05, 0.5, 5 or 25 mg/kg bw in
corn oil, and the animals were sacrificed on the 29th day. The liver and selected
other organs were weighed, and a liver sample was taken for analysis of micro-
somal enzyme activities. Blood was collected, and serum chemistry analysis was
performed for a number of parameters. In addition, serum was also analysed for
total and free thyroid hormone levels — total triiodothyronine (TT3), total thyroxine
(TT4), free triiodothyronine (FT3) and free thyroxine (FT4). No clinical sign of
toxicity was seen, and the growth rates between control and treated groups did not
differ. Liver weights were increased in both males and females in the 25 mg/kg bw
per day group. Hepatic microsomal enzyme induction (benzyloxyresorufin O-de-
ethylase [BROD], EROD, PROD) was seen in animals from the two highest dose
groups. TT4 and FT4 levels were significantly lower in the 25 mg/kg bw per day
male and female groups. TT3, but not FT3, levels were significantly reduced in the
25 mg/kg bw per day males only. Regarding clinical chemistry, female animals in
the highest dose group had significantly higher levels of serum cholesterol and
increased levels of glucose. Both males and females in the highest dose group
had decreased lactate dehydrogenase (LDH) levels (P < 0.05).

PentaBDE (DE-71) was given in the diet to Sprague-Dawley rats (n = 30 per
dose per sex) at dose levels of 0, 2, 10 or 100 mg/kg bw per day for a maximum of
90 days. The animals were killed after 4 weeks (10 per sex), 90 days (10), 90 + 6
weeks of recovery (5) and 90 + 24 weeks of recovery (5). Decreases in food
consumption (highest dose, females) and body weight (highest dose, both males
and females) were observed. No increased mortality or clinical effects were
obvious. Increased cholesterol values were seen in the 100 mg/kg bw per day
dose group animals, whereas T4 levels were decreased in animals exposed to 10
and 100 mg/kg bw per day. Relative liver weights were increased in the 10 and
100 mg/kg bw per day groups, but the remaining increase at 6 weeks of recovery
had disappeared after 24 weeks of control diet. Urine and liver porphyrin levels
were increased in the highest dose group after 90 days, the urine values being
about 10 times higher and the liver levels almost 400 times higher than the control
levels. Under microscopic examination, hepatocytomegaly and thyroid hyperplasia
were seen, of which the thyroid effects were reversible after 24 weeks of recovery,
but the liver effects partially persisted (slight hepatocytomegaly in the 10 and 100
mg/kg bw per day groups). After the 24-week recovery period, the lowest dose (2
mg/kg bw per day) resulted in slight liver cell degeneration and necrosis in female
but not in male rats (Great Lakes, 1975).

Effects on vitamin A were followed in female Sprague-Dawley rats (approxi-
mately 175 g at start) after daily gavage of PentaBDE (Bromkal 70-5-DE; 0, 18 or
36 mg/kg bw per day) for 14 days (Hallgren et al., 2001). Twenty-four hours after
the last gavage, the animals (n = 8-12 per dose) were anaesthetized and killed by
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exsanguination. Liver samples were collected and stored at =70 °C before vitamin
A analysis. Results showed that Bromkal 70 exposure significantly decreased
vitamin A levels at both doses (approximately 75% of control) and that the effects
were seen irrespective of presenting results as concentrations or as amounts in
whole liver. No dose relation in vitamin A effects could be observed. In female
C57BL mice studied under the same experimental conditions, no obvious PBDE
effects on hepatic vitamin A levels were observed.

(d) BDE congeners

No information is available on short-term toxicity of individual BDE congeners.

2.2.3 Long-term studies of toxicity and carcinogenicity

The long-term toxicity/carcinogenicity studies on PBDEs are summarized in
Table 7.

(a) DecaBDE

Rodent carcinogenicity bioassays have been carried out only for DecaBDE. A
mouse study and a rat study have been reported by the United States National
Toxicology Program (NTP, 1986), and a rat study has been conducted by the Dow
Chemical Company (Kociba et al., 1975).

(i) Mouse

In the NTP mouse study (NTP, 1986), DecaBDE (purity 94-99%; no bromin-
ated dioxins or furans were found) mixed in diet was given to groups of 50 male
and 50 female B6C3F1 mice for 103 weeks, and all the survivors were killed at
112—113 weeks of age. The concentration of DecaBDE in the diet was 0, 25 and
50 g/kg diet, with average daily exposure to DecaBDE estimated to be 3200 and
6650 mg/kg bw in low- and high-dose males and 3760 and 7780 mg/kg bw in low-
and high-dose females, respectively. Body weight development and survival of
DecaBDE-treated mice were comparable to controls. Stomach ulcers were
reported at an increased incidence in high-dose female mice. Liver granulomas
were observed in low-dose males, and liver hypertrophy was seen in low- and
high-dose males. A significantly increased combined incidence of hepatocellular
adenomas and carcinomas was observed in male mice (8/50 in controls, 22/50 in
low-dose and 18/50 in high-dose males; trend not significant), whereas the com-
bined incidences of thyroid follicular cell adenomas and carcinomas in males (0/50
in controls, 4/50 in low-dose and 3/50 in high-dose males) and females (1/50 in
controls, 3/50 in low-dose and 3/50 in high-dose females) were only non-signifi-
cantly increased. Furthermore, thyroid follicular cell hyperplasia was increased at
both dose levels in males and females, and the response was stronger in male
animals (high-dose males 19/50; high-dose females 7/49).
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Table 7. Chronic toxicity/carcinogenicity and reproductive/developmental toxicity

Dosing regimen Species, End-point Effect level Reference
strain, sex
DecaBDE, Mice, Hepatocellullar Male: 8/50, 22/50, NTP
technical grade, in B6C3F1, adenoma/ 18/50 (1986)
diet, 103 weeks both sexes carcinoma
Dose: 0, 3200 Thyroid follicular Male: 0/50, 4/50,
mg/kg bw per day cell adenoma/ 3/50; female: 1/50,
(LD), 6650 mg/kg carcinoma 3/50, 3/50
bw per day (HD) ) .
Thyroid follicular Male HD: 19/50;
cell hyperplasia female HD: 7/49
DecaBDE, Rats, Tumour No observed toxic  Kociba et
technical grade Sprague- development, effects al. (1975)
(77% decaBDE Dawley, both survival, body
congener), in diet, sexes weight, clinical
100-105 weeks chemistry
Dose: 0, 0.01, 0.1, parameters
1 mg/kg bw per
day
DecaBDE, Rats, Liver adenoma Male: 1/50, 7/50, NTP
technical grade, in  Fischer 15/49 (P < 0.001 (1986)
diet, 103 weeks 344/N, both for trend); female:
sexes 1/50, 3/49, 9/50
Dose: 0, 1120, (P =0.002 for
2240 mg/kg bw trend)
per day
Pancreas adenoma Male: 0/49, 0/50,
4/49 (P = 0.017 for
trend)
Hepatoceliular No dose-related
carcinoma effect
DecaBDE, Rats, Reproductive No observed Norris et
technical grade, in  Sprague- performance, pup effects al.
diet, 60 days prior Dawley, both maturation (1975b)
to mating to end of sexes
lactation
DecaBDE, Rats, Increased 10 mg/kg bw Norris et
technical grade, Sprague- frequency of al.
oral gavage, GD Dawley, resorptions (1975b)
6-15 t
pregnan Increased number 1000 mg/kg bw
of subcutaneous
oedema and
delayed ossification
DecaBDE, Rats, Maternal toxicity, No observed Hardy et
technical grade, Sprague- fertility, gestation or effects al. (2002)
oral gavage, GD Dawley, fetal development

0-19

pregnant
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Table 7. (contd)

Dosing regimen Species, End-point Effect level Reference
strain, sex
DE-79 (OctaBDE), Rats, Fetus: reduced 50 mg/kg bw Great
oral gavage, GD Charles weight, oedema, (NOEL 15 mg/kg Lakes
6-15 River COBS reduced ossifica- bw) (1986)
CD, tion, bent rib bones
pregnant Mother: Reduced 50 mg/kg bw
weight gain (NOEL 25 mg/kg
bw)
Saytex 111 Rats, Fetus: Body weight 10 mg/kg bw (dose US EPA
(OctaBDE), oral Charles dependent) (1986)
gavage, GD 6-15  River SD, Delayed ossifica- 25 mg/kg bw
pregnant -
tion, fetal malforma-
tions
Mother: Reduced 25 mg/kg bw
weight gain
Saytex 111 Rabbits, Fetus: Delayed 2 mg/kg bw Breslin et
(OctaBDE), GD 7— New ossification al. (1989)
1® ﬁéltznd Fetus: Retrocaval 5 mg/kg bw
pregnént ureter and fused
sternebrae
Mother: Reduced 15 mg/kg bw
weight gain,
enlarged liver
PentaBDE, Rats, Maternal weight 100 mg/kg bw BFRIP
technical grade, pregnant gain (1990)
GD 6-15
DE-71 Rats, Wistar, Delay in vaginal 30 mg/kg bw Stoker et
(PentaBDE), 31 post- opening al.
days: PND 22-41  weaning (2004a)

{females), PND Delay in preputial 60 mg/kg bw
23-53 (males) separation

Ventral prostate 60 mg/kg bw
and seminal vesicle
weight decrease

BDE-99, single Rats, Wistar, Lesion in ovarian 60 pg/kg bw Talsness

oral dose, GD 6 female off- tissues (electron etal.
spring (killed microscopic study) (2003)
PND 90)

BDE-99, single Rats, Wistar, Spermatid, sperm 60 pg/kg bw Kuriyama

oral dose, GD 6 male off- number and sperm et al.
spring production (2004a)

(assessed decrease; decrease
PND 140- in ejaculation
160) frequency

GD, gestation day; HD, high dose; LD, low dose; NOEL, no-observed-effect level, PND,
postnatal day
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(i) Rat

In a study by the Dow Chemical Company (Kociba et al., 1975), groups of 25
male and 25 female Sprague-Dawley rats were given “decaBDE” (containing
decaBDE 77.4%, nonaBDE 21.8% and octaBDE 0.8%) in the diet for 100-105
weeks. The dose levels were 0, 0.01, 0.1 or 1 mg/kg bw per day. The treatment
did not have any influence on survival rates, appearance, body weights, feed
consumption, haematology, urinalysis or organ weights. There were no other dis-
cernible toxic effects and no significant differences in the number of rats devel-
oping tumours between the groups. The International Agency for Research on
Cancer (IARC) Working Group noted that the dose levels were very low (IARC,
1990).

In the NTP rat study (NTP, 1986), groups of 50 male and 50 female Fischer
344/N rats received DecaBDE (purity 94-99%; no brominated dioxins or furans
were found) mixed in diet for 103 weeks, with all survivors killed at 111-112 weeks
of age. The concentration of DecaBDE in the diet was 0, 25 and 50 g/kg diet, and
the estimated average daily dose of DecaBDE was 1120 and 2240 mg/kg bw per
day in low- and high-dose males and 1200 and 2550 mg/kg bw per day in low- and
high-dose females, respectively. Body weights of the DecaBDE-treated rats were
not significantly different from those of controls throughout the study. After week
102, low-dose male rat survival was significantly lower than controls, but the
author suggested that this decreased survival may not have been compound-
related. In high-dose males, thrombosis and degeneration of the liver, fibrosis of
the spleen, lymphoid hyperplasia and acanthosis of the forestomach were
observed. The incidences of neoplastic nodules of the liver (adenomas) were
significantly increased in both males (1/50 in controls, 7/50 in low-dose and 15/49
in high-dose males; P < 0.001, incidental tumour test for trend) and females (1/50
in controls, 3/49 in low-dose and 9/50 in high-dose females; P = 0.002, incidental
tumour test for trend). However, no differences in the incidence of hepatocellular
carcinomas were detected between the groups. A significantly increased incidence
of acinar cell adenomas of the pancreas was observed in males (0/49 in controls,
0/50 in low-dose and 4/49 in high-dose rats; P = 0.017, incidental tumour test for
trend). Additionally, a high incidence of mononuclear cell leukaemia was observed
in both treated and control rats of both sexes.

In summary, it can be concluded from these studies that there is limited evi-
dence for the carcinogenicity of DecaBDE in experimental animals. in the IARC
assessment of DecaBDE, this compound was considered not classifiable as to its
carcinogenicity to humans (Group 3) (IARC, 1990). The lack of genotoxicity (see
next section) suggests that the mechanism of the possible carcinogenic potency of
decaBDE would be epigenetic.

2.2.4 Genotoxicity

The in vivo genotoxic potency of DecaBDE has been studied by cytogenetic
examination of bone marrow cells from maternal Sprague-Dawley rats and their
offspring, following exposure 60 days prior to mating as well as during mating,
gestation and lactation (0, 3, 30 or 100 mg/kg bw per day; DecaBDE mixture
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containing 77% decaBDE congener and 22% nonaBDE congener) (Norris et al.,
1975b). No increase in chromosomal aberrations in maternal or neonatal rats was
seen at any of the doses. Mutagenicity tests with DecaBDE were negative in four
strains of Salmonella typhimurium (TA98, TA100, TA1535 and TA1537) (NTP,
1986) and in a yeast (Saccharomyces cerevisiae) model (Great Lakes, 1974)
when tested both with and without metabolic activation at doses up to 10 000
pg/plate. Similarly, studies on DecaBDE in a eukaryotic cell model utilizing the TK
locus of the mouse lymphoma cell line L5178Y, as well as chromosomal aberra-
tions or sister chromatid exchanges in Chinese hamster ovary cells (both with and
without metabolic activation), were all negative (NTP, 1986).

A commercial OctaBDE preparation, at dose levels of 60-300 ug/ml, was
found to be negative in the unscheduled DNA synthesis assay in the human
fibroblast cell line WI-38 with and without metabolic activation. It also did not
induce mutations in S. typhimurium or S. cerevisiae or cause sister chromatid
exchanges in Chinese hamster ovary cells (exposed to 7.5-750 pg/ml of OctaBDE
for 2 h) with or without metabolic activation (Great Lakes, 1987). Also, in an assay
of cytogenicity with human lymphocytes, cells were exposed to OctaBDE at 125-
500 pg/ml or 32-125 pg/ml in the absence and presence of metabolic activation,
respectively. No significant increases in structural and numerical chromosome
aberrations were observed with or without metabolic activation relative to the
solvent control group (Great Lakes, 1999).

Ames tests were performed on the PBDE mixtures Muster 13, 82 and 84,
defined by the United States Environmental Protection Agency (US EPA) as
OctaBDEs (US EPA, 1990a, 1990b, 1990c). Neither Muster 13 nor Muster 84
induced an increase in the number of revertant colonies in S. fyphimurium strains
TA98, TA100 or TA1535, with or without an exogenous S9 metabolic activation
system at concentrations up to 5000 pg/plate. However, Muster 82 exhibited evi-
dence of weak mutagenicity without metabolic activation in strain TA100. Muster
82 was tested at concentrations ranging from 2500 to 10 000 ug/plate and in a
repeated test on TA100 without activation at concentrations from 2500 to 10 000
pg/plate.

Mutagenicity studies with a commercial PentaBDE preparation (doses
unknown) in four strains of S. typhimurium (TA98, TA100, TA1535 and TA1537)
and in S. cerevisiae, with and without metabolic activation, were all negative
(Great Lakes, 1975). Mutagenicity tests with PentaBDE (1.6-1000 ug/plate) in the
above-mentioned Salmonella strains, with or without metabolic activation, were
also negative (Dead Sea Bromide Works, 1984). Moreover, negative results with
PentaBDEs (100-10 000 pg/plate) in the same Salmonella strains were shown by
Zeiger and co-workers (Zeiger et al., 1987) and Chemische Fabrik Kalk GmbH
(Kalk, 1978). However, in one study of PentaBDE using S. typhimurium strains
TA100, TA1535, TA1536 and TA1537, induction of point mutations (3-fold
increase in number of revertant colonies) was seen at the highest dose (10 000
pg/plate) in strains TA1535 and TA1538, in the absence of metabolic activation
(ISCCL, 1977). This was considered a chance finding in the EU risk assessment
on PentaBDE (EU, 2001).
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Negative results were shown in a cytogenetic assay measuring structural
chromosomal aberrations with human lymphocytes exposed to PentaBDE at
concentrations up to 3759 pg/ml, both with and without metabolic activation (CMA,
1996). The tetraBDE congener BDE-47 (present in technical PentaBDE mixture)
and lower brominated PBDE congeners (2-monoBDE and 3,4-diBDE) were tested
(dose range 0—40 pg/ml) in two assays for intragenic recombination at an endog-
enous mammalian cell locus (SPD8 and Sp5). In the SPD8 assay, all three BDE
congeners significantly increased the recombination frequency, whereas in the
Sp5 assay, only the lower brominated congeners (2-monoBDE and 3,4-diBDE)
caused significant increases in recombination frequency (Helleday et al., 1999).
The possible role of this type of increased intragenic recombination in human
diseases remains to be clarified.

By using Chinese hamster ovary cell lines with different defects in DNA repair,
a screening method for the detection of genotoxic substances has been proposed
(Johansson et al., 2004). According to the authors, depending on the cell line (in
this case, EM9, UV4 and UV5), different kinds of DNA lesions could be suggested
and screened for. Among the studied substances, BDE-47 was tested; in this
model, it was found to be inactive and therefore suggested by the authors not to
be genotoxic.

BDE-99 was assessed for mutagenicity and clastogenicity in vitro by use of
bacterial reverse mutation assays in S. typhimuriun strains TA98 and TA100 and
in Escherichia coli WP2 uvrA and with the Allium cepa chromosome aberration
test (Evandri et al., 2003). In the bacterial assays, the concentrations were 12.5—
200 pymol/l (greater doses were not soluble, according to the authors); in the Allium
test, doses from 1 to 100 umol/l were used. Results showed that BDE-99 was
negative in the bacterial mutagenicity assay, with or without S9 mix. Also, the
frequency of chromosomal aberration was not significantly higher than that of the
control, and no signs of cytotoxiciy were observed in BDE-99-treated A. cepa.

2.2.5 Reproductive/developmental toxicity

The reproductive toxicity of PBDEs has been studied using technical Deca-,
Octa- and PentaBDE preparations, including Saytex 111. All except the first study
under this heading are teratogenicity studies in rats, and only Saytex 111 has
been studied in both rats and rabbits. The reproductive/developmental toxicity
studies are summarized in Table 7.

(a) Rat

Effects of DecaBDE on reproductive performance were studied in male and
female Sprague-Dawley (Spartan) rats given commercial DecaBDE in the diet at
dose levels of 0, 3, 30 or 100 mg/kg bw per day (Norris et al., 1975a, 1975b). The
group sizes were 20 males and 40 females (control group), 10 males and 20
females (the low and middle dose groups) and 15 males and 30 females (the
highest dose group). The treatment was commenced 60 days prior to mating and
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continued throughout gestation and lactation. No treatment-related changes were
reported in reproductive performance or maturation of pups.

In a teratogenicity study with Sprague-Dawley (Spartan) rats, commercial
DecaBDE (77.4% decaBDE, 21.8% nonaBDE, 0.8% octaBDE) was given at dose
levels of 0, 10, 100 or 1000 mg/kg bw per day by oral gavage on gestation days
(GD) 6-15, and fetuses were collected by caesarean section on GD 21 (Norris et
al., 1975b). No maternal toxic effects, in terms of clinical signs, body weight gain,
food consumption or liver weights, were observed. Similarly, the number of cor-
pora lutea, position and number of fetuses in utero, individual fetal weight, crown—
rump length and sex ratio were not affected by the treatment. However, signifi-
cantly increased incidences in resorptions were observed at the lower dose levels,
but not at 1000 mg/kg bw per day. In the absence of numerical as well as
historical control data, the possibility of embryolethality cannot, therefore, be ruled
out. No external abnormalities were observed in fetuses, but soft tissue and
skeletal examinations revealed increased numbers of litters with subcutaneous
oedema and delayed ossification of normally developed bones of the skull at the
dose level of 1000 mg/kg bw per day. Analysis of maternal and fetal livers for
bromine concentration (reflecting liver concentration of DecaBDE) showed signifi-
cantly increased concentrations only in maternal livers at the highest dose.
Although this study is inadequately reported, it suggests that DecaBDE is not
teratogenic, but it is clearly fetotoxic at dose levels that are not maternally toxic.

Female Sprague-Dawley rats (n = 25 per dose) were treated by gavage with
DecaBDE (composite of three commercial lots; purity 97.3%) at doses of 0, 100,
300 or 1000 mg/kg bw from GD 0 to GD 19. Fetuses were collected on GD 20 and
assessed for external, visceral and skeletal anomalies/defects. No effects were
observed with respect to maternal toxicity, fertility, gestation or fetal development
(Hardy et al., 2002).

The teratogenicity of a commercial OctaBDE preparation (DE-79) was studied
in Charles River COBS CD rats (n = 10) receiving the test compound by gavage at
0, 2.5, 10, 15, 25 or 50 mg/kg bw per day on GD 6-15 (Great Lakes, 1986).
Reduced maternal body weight gain and slightly increased cholesterol levels, but
no histopathological changes in livers or kidneys, were observed at 50 mg/kg bw
per day. These maternal effects were associated with marked fetal toxicity, as
indicated by increased numbers of late resorptions, significantly reduced mean
fetal weights, severe generalized oedema (anasarca), reduced ossification of the
skull and various unossified bones. In addition, developmental variations, such as
bent limb bones and bent ribs, were reported at 50 mg/kg bw per day. No
treatment-related effects were observed at 15 mg/kg bw per day or lower, but the
results at 25 mg/kg bw per day were not reported. Based on these findings,
suggested no-observed-effect levels (NOELs) are 25 mg/kg bw per day for mater-
nal toxicity and 15 mg/kg bw per day for fetal effects.

The teratogenicity of the commercial OctaBDE mixture Saytex 111 was
studied in four groups of 25 Charles River (SD) rats (US EPA, 1986). They were
administered corn oil suspensions of the test substance by gavage at 0, 2.5, 10 or
25 mg/kg bw per day on GD 6-15. Fetuses were examined on day 20 for gross
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visceral and skeletal abnormalities. The test substance was found to be more toxic
to the fetuses than to the dams, as shown by a dose-dependent reduction of fetal
body weight at the two highest dose levels. At 25 mg/kg bw per day, Saytex 111
also increased the number of early and late resorptions, delayed skeletal ossifica-
tion and induced fetal malformations, such as enlarged heart and rear limb malfor-
mations (type of malformation not specified). The only maternal effect noted was a
reduced body weight gain in the high-dose animals.

A teratogenicity study with a commercial PentaBDE preparation was carried
out in rats (strain and number of animals not specified) (BFRIP, 1990). The test
compound suspended in corn oil was given by gavage at 0, 10, 100 or 200 mg/kg
bw per day on GD 6-15. Maternal body weight gain was decreased at 100 and
200 mg/kg bw per day, and a slight (non-significant) reduction of fetal body weight
was observed at 200 mg/kg bw per day.

(b) Rabbit

The teratogenicity of Saytex 111 was also studied in groups of 26 New
Zealand White rabbits by the Dow Chemical Company (Breslin et al., 1989). The
rabbits were administered the test substance by gavage at 0, 2, 5 or 15 mg/kg bw
per day on GD 7—19, and the fetuses were collected on GD 28. Approximately half
of the fetuses in each litter were randomly assigned for soft tissue examination, in
addition to all the fetuses being examined for skeletai alterations. Maternal body
weight showed a dose-dependent decrease compared with the control group,
which was statistically significant only at 15 mg/kg bw per day (93% of control
weight). Also, the absolute and body weight-related maternal liver weights were
increased at this dose level. One rabbit at 5 mg/kg bw per day and two rabbits at
15 mg/kg bw per day delivered their litters prior to GD 28. In addition, one rabbit at
15 mg/kg bw per day was killed after exhibiting signs of abortion. This animal had
multiple resorption sites in the uterus. Excluding these animals, the number of
resorptions was not affected by the treatment. Signs of fetal toxicity included slight
(non-significant) decreases in fetal body weights at 5 and 15 mg/kg bw per day
and increased incidences of delayed ossification of the hyoid, dental process at 5
mg/kg bw per day only and sternebrae at 2, 5 and 15 mg/kg bw per day (statis-
tically significant only at 15 mg/kg bw per day). Treatment-related fetal anomalies
included increased incidences of retrocaval ureter and fused sternebrae at all
dose levels of Saytex 111, with the maximum incidence at 5 mg/kg bw per day
(statistically significant). These variants were absent from the concurrent controls,
but they were reported to have occurred at relatively high incidence in some
historical controls. This outcome and the lower incidence at 15 mg/kg bw per day
compared with 5 mg/kg bw per day led the authors (Breslin et al., 1989) to con-
sider them as spontaneous. To conclude, Saytex 111 caused fetal toxicity and
may also induce fetal anomalies at maternally non-toxic dose levels.

The reproductive/developmental toxicity studies illustrate that, in general,
fetuses are more sensitive than mothers and that the increased incidence of
developmental variants/anomalies is a frequent fetal effect observed with commer-
cial Octa- and PentaBDE formulations. Although it is known that maternal toxicity
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can influence fetal ossification (Khera, 1984), the fetal effects seem to appear at
lower doses than those indicative of maternal toxicity.

(¢) Multigeneration reproductive toxicity

No information is available on multigeneration reproductive toxicity studies
involving PBDEs.

2.2.6 Special studies
(a) Thyroid hormone system
(i) Mixtures

Mouse

Depending on the dose, effects of PBDEs on the thyroid hormone system
may occur, as the structure of thyroid hormones is very similar to that of
halogenated diphenyl ethers, but with iodine instead of bromine substituents.
Acute (0, 0.8, 4, 20, 100 or 500 mg/kg bw; n = 6 per group) or subchronic (0, 18,
36 or 72 mg/kg bw per day for 14 days, relating to total doses of 0, 250, 500 and
1000 mg/kg bw; n = 6-8 per group) oral exposure by gavage to the technical
mixture DE-71 was tested in adult female C57BL/6J mice. Acute exposure
resulted in decreased serum TT4 concentration at all doses tested, with the
exception of 100 mg/kg bw. The maximum reduction measured was approximately
50% at the 20 mg/kg bw dose. Dose-dependent reductions in circulating TT4 and
FT4 were caused by subchronic treatment at 18 mg/kg bw per day or higher
doses, resulting in maximum reduction of about 40% and 60% for TT4 and FT4 at
the highest dose, respectively (Fowles et al., 1994).

Juvenile C57BL/6N mice (n = 8 per group, controls n = 12) and Sprague-
Dawley rats (n = 6 per group, controls n = 10) were exposed to the technical
mixture Bromkal 70-5-DE (18 or 36 mg/kg bw per day by gavage for 14 days,
resulting in total doses of 250 or 500 mg/kg bw, respectively). Animals were
examined for altered thyroid hormone concentrations in plasma. In both species, a
dose-dependent depression of TT4 and FT4 was observed, with decreases to
about 50% and 20% of control values for TT4 and FT4, respectively, in rats at the
highest dose of Bromkal 70 and of about 60% for both TT4 and FT4 in mice.
Plasma thyroid stimulating hormone (TSH) levels were not changed in any
species. Induction of the phase Il metabolizing enzyme UDPGT was found at the
highest dose in rats, while increases in activity of this enzyme were not significant
in mice (Hallgren et al., 2001). The activities of phase | enzymes EROD and
MROD were significantly induced at both doses of Bromkal 70 in rats and mice,
whereas induction of PROD was seen only in rats exposed to 18 or 36 mg/kg bw
per day.

In a recent study by Skarman et al. (2005), NMRI dams (n = 13 per treated
group and n = 22 controls) were exposed by gavage to Bromkal 70-5-DE (0 or 80
pmol/kg bw on every third day from GD 4 to postnatal day [PND] 17, resulting in
10 applications). The main constituents of this mixture are BDE-47 (35%) and
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BDE-99 (37%). All dams delivered in the Bromkal 70 group, and 20 of 22 in
controls. Four dams per group were sacrificed on GD 17, and the remaining dams
on PND 20. Differences in FT4 and TT4 were not significant in dams at either time
point. TT4 and FT4 plasma levels were decreased in exposed offspring (n = 6~16;
sex not given) to approximately 70% of control levels on PND 11, but not on PND
18. Hepatic UDPGT activity did not show exposure-related effects on PND 11,
while there was a borderline significance on PND 18 (Skarman et al., 2005).
However, treatment with the same molar dose of BDE-99 did not result in any
significant changes in dams and offspring.

Rat

In a study in weanling female Long-Evans rats, effects of short-term exposure
to three different technical mixtures (DE-71, DE-79 and DE-83R, representing
penta-, octa- and decaBDE, respectively) were examined for TT4 and TT3
concentrations in serum, TSH and activity of hepatic enzymes (UDPGT, EROD,
PROD) 24 h after the last treatment. Following gavage dosing with 0, 0.3, 1, 3, 10,
30, 60 or 100 mg/kg bw per day (for DE-71, substitute 60 mg/kg bw per day with
300 mg/kg bw per day; n = 8 per group, except for low dose of DE-71, where n =
4), there were dose-dependent decreases in serum TT4 by DE-71 and DE-79 at
daily doses greater than 3 mg/kg bw, together with a 2.5- to 5-fold increase in
hepatic UDPGT activity. Serum TT3 concentrations were significantly reduced at
doses 260 mg/kg bw per day by both the penta- and octaBDE mixtures. Maximum
reductions were 80% and about 30% for serum TT4 and TT3, respectively. BMD
calculations revealed influences on thyroid hormones and hepatic enzyme activity
at comparable levels (see Tables 85 and 86 in section 10 below for the BMD and
lower confidence limit on the BMD [BMDL] of thyroid hormones). Circulating TSH
concentrations were not affected. Relative liver weights were significantly
increased at DE-71 and DE-79 at doses above 10 mg/kg bw per day. Also, DE-
83R (0—100 mg/kg bw per day) did not alter any of the end-points studied, thus
indicating that decaBDE is much less effective than lower brominated congeners
(Zhou et al., 2001).

In a follow-up of this study, developmental treatment of Long-Evans rats with
DE-71 (0, 1, 10 or 30 mg/kg bw per day by gavage; n = 47-55 per group) was
used from GD 6 to PND 21. The PBDE mixture decreased serum T4 by about
50% at the highest dose in dams on GD 20 and on PND 22 (n = 8 per group).
Reductions in serum T4 (down to 70% of control values at the highest dose) were
also found in pups on PND 4 and 14, at doses of 10 and 30 mg/kg bw per day (n 2
8 litters per group). T4 values in the offspring recovered by PND 36. UDPGT
activity was induced by DE-71 in dams and pups at the highest dose level.
Elevations in hepatic EROD and PROD activities were observed at doses above 1
mg/kg bw per day in both dams and offspring. Serum triiodothyronine (T3),
maternal and offspring body weights and time of eye opening were not affected
(Zhou et al., 2002). The BMD and BMDL for T4 and hepatic enzymes are shown in
Tables 85 and 86 in section 10 below.

Using pubertal protocols, oral exposure by gavage of Wistar rats to DE-71 (0,
3, 30 or 60 mg/kg bw per day) from PND 23 to PND 53 in male rat pups and from
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PND 22 to PND 41 in female rat pups or for 5 days only (males: PND 23-27,
females: PND 22-26) resulted in decreases in circulating serum TT4 at the two
highest dose levels and both exposure durations in females (levels decreased to
about 30% of control values). Similar effects were observed in the males, except
all three doses of DE-71 significantly reduced total serum T4 following exposure
for 31 days, with the maximum reduction at the highest dose to about 20~-25% of
the control level. Values of T3 were reduced by 35% only in males exposed for 31
days at both higher dose levels. In these groups, there was also an elevation of
TSH by up to a factor of 2 at the highest dose. Relative liver weights were also
significantly increased in the 30 and 60 mg/kg bw per day dose groups (both
sexes) for both exposure periods. Morphological changes in the thyroid gland
were found in both sexes exposed to the highest dose of DE-71 for 21 or 31 days.
These results indicate that the 31-day protocol is more sensitive at detecting thyro-
toxicity (Stoker et al., 2004a). The BMD and BMDL for serum T4 are shown in
Tables 85 and 86 in section 10 below.

In a similar study, developmental exposure of Long-Evans rats to DE-71 from
GD 6 to PND 21 (gavage with 0, 5, 30 or 100 mg/kg bw per day) caused a dose-
dependent decline of serum TT4 in the early postnatal period. Maximal decreases
to less than 20% of control levels at the highest dose on PND 14 were observed,
with recovery to control values by PND 36 (Gilbert et al., 2004). However, this
recovery of hormone levels does not necessarily imply that secondary effects of
thyroid hormones (e.g. on the developing nervous system) are reversible, since a
lack of hormone supply during a critical developmental period may result in long-
lasting changes that persist after normalization of circulating hormone concen-
trations.

Thyroid hyperplasia is a common sign of subchronic and chronic PBDE
exposure. Feeding decaBDE (BDE-209) to male Sprague-Dawley rats for 30 days
(0, 100, 1000 or 10 000 mg/kg diet, relating to an average intake of 0, 8, 80 or 800
mg/kg bw per day, respectively) caused thyroid hyperplasia at concentrations of
1000 mg/kg diet (equivalent to about 80 mg/kg bw per day; total dose 2400 mg/kg
bw) or higher. The corresponding NOEL was 100 mg/kg diet, or 8 mg/kg bw (total
dose 240 mg/kg bw). However, the decaBDE formulation had a purity of approx-
imately 77% and included about 22% nonaBDE and 1% octaBDE (Norris et al.,
1975b). DE-79, a technical PBDE mixture containing mainly octaBDE, also caused
slight to moderate thyroid hyperplasia in another study in Charles River CD rats,
which used dietary exposure (0, 100 or 1000 mg/kg diet for 28 days or 0, 100,
1000 or 10 000 mg/kg diet for 90 days; IRDC, 1976, 1977; reviewed in Gill et al.,
2004). The NOEL in these studies was 100 mg/kg diet for both exposure dura-
tions. Increased thyroid weights were reported in male Sprague-Dawley rats after
dietary exposure to the pentaBDE mixture DE-71 (average daily intake of 2, 10 or
100 mg/kg bw for 90 days, relating to total doses of 180, 900 or 9000 mg/kg bw,
respectively). The NOEL for thyroid weight change was 10 mg/kg bw per day, with
the increased weight persisting after an exposure-free interval of 168 days (WIL
Research Laboratories, 1984; reviewed in Gill et al., 2004).
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(i) Single congeners and metabolites

Mouse

Thyroid hyperplasia has been detected in mice after exposure to decaBDE
with a purity of 95%. Diets containing decaBDE at 0, 25 or 50 g/kg diet were fed to
B6C3F1 mice (n = 50) for 2 years, leading to an average daily intake of 3.2 or 6.65
g/kg bw in males and 3.76 or 7.78 g/kg bw in females. Mice from both dose groups
developed follicular cell hyperplasia. In both sexes, a marginal occurrence (not
statistically significant) of follicular cell adenoma was seen (NTP, 1986; reviewed
in Gill et al., 2004).

In the study by Hallgren et al. (2001), daily oral exposure (gavage) of female
C57BL/6N mice to BDE-47 at 18 mg/kg bw per day for 14 days (total 250 mg/kg
bw; n = 8) resulted in reductions of TT4 and FT4 in plasma, measuring about 70%
and 60% of control values, respectively. There were no significant effects on TSH
levels and hepatic UDPGT activity.

A group of NMRI dams exposed to BDE-99 at 80 umol/kg bw (45.2 mg/kg bw)
on every 3rd day from GD 4 to PND 17 (n = 13, controls n = 22) was also included
in the experiment by Skarman et al. (2005). Ten and 20 dams delivered in the
BDE-99 and control group, respectively. Neither TT4 nor FT4 plasma levels dif-
fered significantly from control values in dams or offspring, suggesting that other
constituents of the Bromkal 70-5-DE mixture might have caused the reported
serum T4 differences in offspring on PND 11. Also, UDPGT activity was not
enhanced by BDE-99.

Rat

In a subsequent study by Hallgren & Damerud (2002), the same experimental
design was used in 7-week-old female Sprague-Dawley rats (gavage with BDE-47
at 0, 1, 6 or 18 mg/kg bw per day for 14 days, equivalent to total doses of 0, 14, 84
or 250 mg/kg bw; n = 6 per group). Groups of rats were also exposed to daily
doses of technical PCB mixture Aroclor 1254 (4 mg/kg bw per day) and a mixture
of the chlorinated paraffin Witaclor 171P (6.8 mg/kg bw per day) by gavage for 14
days. In addition, rats were exposed to all the possible two- or three-substance
mixtures of BDE-47, Aroclor 1254 and Witaclor 171P. Ex vivo binding of ['?*I]T4 to
the serum transport protein TTR and morphology of the thyroid were examined, in
addition to hormone levels and hepatic enzyme activities, 1 day following the last
dose. FT4, but not TT4, was decreased by about 35% after exposure to the
highest dose of BDE-47. UDPGT activity showed a dose-dependent increase (by
25% at the highest dose), and TTR-bound radioactivity exhibited a dose-
dependent decrease (to 70% of control values at the highest dose). TSH and
thyroid weights were not affected by BDE-47, and morphology of the thyroid did
not reveal signs of glandular activation. However, thyroid glandular activation was
found in the group with combined exposure to BDE-47 and the technical PCB
mixture Aroclor 1254 alone or in combination with a mixture of chlorinated par-
affins (Witaclor 171P). The combination of BDE-47 and PCBs generally led to
additive effects; however, synergistic effects were indicated by effects of combined
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exposure to BDE-47 and chlorinated paraffins on FT4 (Hallgren & Darnerud,
2002). The authors concluded that the effects of exposure to these halogenated
compounds on circulating thyroid hormones are mainly due to the disturbed serum
transport of thyroid hormones, caused by binding of metabolites or parent com-
pounds of PBDEs or PCBs to TTR. Additional reductions may occur by the
induction of metabolizing enzymes, leading to increased metabolism of thyroid
hormones (Hallgren & Darnerud, 2002). The conclusion that competition for bind-
ing sites on the transport proteins of thyroid hormones is the main cause for
decreases in circulating levels in rats is supported by a comparative study in two
additional rat strains, Wistar and Gunn, which demonstrated similar reductions of
serum FT4 and TT4 in both strains by PCBs, despite the absence of hepatic
UDPGT enzymes due to a genetic mutation in Gunn rats (Kato et al., 2004).
However, these authors concluded that the cause of the reduction in circulating T4
concentration remains unclear, since both mechanisms, competition for TTR and
induction of UDPGT, do not apply for all species and other mechanisms, such as
effects on the hypothalamus—pituitary—thyroid axis, sulfation of iodothyronines and
changes in activity of deiodinases, have not been sufficiently examined.

Binding of PBDEs, in particular hydroxylated PBDEs, to TTR (Meerts et al.,
2000) and thyroid hormone receptors (Marsh et al., 1998) has been demonstrated
in vitro. In rats, hydroxylated metabolites of BDE-47, BDE-99 and BDE-209 have
been identified, while in human plasma, a potential hydroxylated derivative of
BDE-47 has been found (reviewed in Hakk & Letcher, 2003). In humans, the major
transport protein is not TTR, but thyroxine binding globulin (TBG), which is
reported to have low affinities to hydroxylated PBDEs (Cheek et al., 1999).

When female juvenile Long-Evans rats were dosed with BDE-47 (n = 8—14)
for 4 consecutive days (0, 0.3, 1, 3, 10, 30 or 100 mg/kg bw per day by gavage),
dose-related decreases in TT3 and TT4 (by 25% and 75% at the highest dose,
respectively) were observed in serum, in the absence of altered TSH concen-
trations (Hedge et al., 2004).

In a recent study, Wistar rats (n = 10) were treated by gavage with low doses
of BDE-99 (0, 60 or 300 pg/kg bw) on GD 6. Total serum T4 was reduced in dams
of both dose groups (approximately 65% of control value) on PND 1, while off-
spring of both sexes from the high dose group exhibited significant reductions in
circulating T4 (free and total) on PND 22, but not PND 1 (Kuriyama et al., 2004a).
TSH levels were also reduced in the low-dose-group offspring on PND 1. Treat-
ment of Wistar rat dams with BDE-47 on GD 6 (0, 140 or 700 ug/kg bw; n =7, 10
and 9, respectively) caused a reduction in serum TT3 to approximately 50% of
control values in male offspring on PND 1. On PND 14, decreases were found in
both exposed groups, but the effect was slightly stronger at the low dose level (to
about 60% of control values) than at the highest dose (about 70%). TSH was also
decreased at this age, but the reduction was significant only at the lower dose (by
about 10%). On PND 22, TT4 was dose-dependently elevated (by about 10% in
the high dose group) and TSH significantly depressed to about 65% of control
values at the lower dose. The reduction was smaller at the high dose, measuring
about 80% of control values. Body weights of the high-dose male offspring were
significantly decreased (approximately 12%) at PND 22. In addition, there was a
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decrease of follicle stimulating hormone (FSH) to approximately 65% of control
levels in the high dose group (Andrade et al., 2004). In dams, significant
decreases in TT4 (to about 80% of control values) and TSH (to nearly 30% of
control values) were found only at the high dose level on PND 1. All effects had
normalized by PND 22 (Kuriyama et al., 2004b).

Dose-related decreases in thyroid weights, down to 60-65% of control values,
were observed in adult male and female Long-Evans rats (n = 8 per group) after
maternal exposure to BDE-99 (1 or 10 mg/kg bw per day) from GD 10 to GD 18
(Lilienthal et al., 2004).

(iii) Summary of thyroid effects from rodent studies

From the available data in rodent studies, it appears that TT4 is one of the
more sensitive parameters associated with PBDE exposure. FT4 may be as
sensitive, but it was usually determined in fewer studies. In contrast, TT3 seems to
be less sensitive by factors of 3—6 (Zhou et al., 2001; Stoker et al. 2004a). In one
report (Stoker et al., 2004a), limited decreases in serum TT3 were seen only in
males following 31 days of exposure to DE-71. Also, elevation of serum TSH was
found only in males in this experiment, whereas effects on TT4 do not show a
clear sex difference in pubertal protocols (Stoker et al., 2004a). From short-term
exposures in post-weanling female rats, it seems that the higher brominated
octaBDE mixture DE-79 is more potent than the lower brominated DE-71 (Zhou et
al., 2001), which may be due to greater accumulation of higher brominated con-
geners. Of single congeners, only BDE-47 and BDE-99 (and technical-grade
decaBDE) have been studied so far; thus, the data are not sufficient for conclu-
sions about differential potencies. However, it appears that decaBDE is much less
potent than lower brominated congeners in altering thyroid hormones. In one
study, effects on TT4 were reported in offspring after a single gestational treat-
ment with a very low dose of BDE-99 (Kuriyama et al., 2004a). Reductions in
circulating thyroid hormone concentrations were observed in dams and developing
animals, but the data indicate that thyroid hormone levels recovered by PND 39. In
another study, recovery to normal hormone levels was observed 2 weeks after
termination of perinatal treatment (Gilbert et al., 2004). Since induction of EROD
has been found at similar doses, which caused decreases in thyroid hormone
concentrations in many studies using PBDE mixtures or congeners, a contribution
of dioxin-like contaminants is likely, as purified PBDEs were reported not to induce
EROD in vitro. Several mechanisms may be responsible for decreased thyroid
hormones in serum. Competition of hydroxylated PBDEs for TTR binding and
induction of UDPGT cannot explain effects in all species, and there is a lack of
knowledge about PBDE effects on the hypothalamus—pituitary—thyroid axis, sulfa-
tion of iodothyronines and altered activities of deiodinases. Thus, the cause for
reduction of thyroid hormones remains unclear (Kato et al., 2004). In contrast to
reduced hormone levels, thyroid hyperplasia was found at much higher exposure
levels (Norris et al., 1975a, 1975b; Gill et al., 2004). However, long-lasting
decreases in thyroid weights have been detected after maternal exposure to BDE-
99 (Lilienthal et al., 2004).
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(b) Steroid hormones
(i) Mixtures

Mouse

In the study by Fowles et al. (1994), subchronic exposure to the technical
mixture DE-71 elevated serum concentrations of corticosterone. Female C57BL/6
mice (n = 6) were treated by gavage with DE-71 (0, 18, 36 or 72 mg/kg bw per
day) for 14 consecutive days and then assessed for changes in serum cortico-
sterone. The results suggested that an interaction between the acute stress of
necropsy procedures (repeated cage disruptions) and DE-71 exposure resulted in
increased corticosterone levels in all dosed groups compared with controls.

Rat

Oral exposure of Wistar rats to DE-71 (0, 3, 30 or 60 mg/kg bw per day by
gavage) from PND 22 to PND 41 in females and from PND 23 to PND 53 in males
resulted in decreased weights of seminal vesicles (about 20% reduction) and
ventral prostate (about 15% reduction) in males at the highest dose tested,
whereas testes and epididymis weights were unaltered (n = 15 per group).
Preputial separation was slightly delayed (1.7-2.1 days) at 30 and 60 mg/kg bw
per day, while in females, a delay of vaginal opening (1.8 days) was detected at
60 mg/kg bw per day (Stoker et al., 2004a). No significant differences were noted
in body weight increase over the dosing period. Serum testosterone, serum and
pituitary luteinizing hormone (LH) and pituitary prolactin were not altered by expo-
sure in males, in contrast to serum prolactin, which was increased 2-fold at the
highest dose. No reproductive hormones were measured in female animals.
Effects in males may be caused by interference of PBDEs with androgenic stimu-
lation, while vaginal opening is estrogen-dependent. However, secondary effects
due to reduced thyroid hormones could not be entirely excluded.

(i) Single congeners and metabolites

In vitro

Estrogenicity of hydroxylated PBDE and parent compounds was studied in
different cell lines using an estrogen receptor-based reporter gene assay (ER-
CALUX). In human T47D breast cancer cells, several PBDEs exerted estrogenic
responses, but with relative potencies (ECso) 6 orders of magnitude lower (2.5-7.3
pumol/l) than that of estradiol. Several PBDE congeners exhibited more than 50%
maximum luciferase induction, with the highest value found for BDE-30 (114%).
Potencies of hydroxylated PBDE were generally higher. The metabolite 2-bromo-
4-(2,4,6-tribromophenoxy)phenol caused an induction response exceeding that of
estradiol, but at concentrations 50 000 times higher. In an estrogen receptor (ERa)
specific transfected human embryonic kidney cell line, the hydroxylated congener
4-(2,4,6-tribromophenoxy)phenol showed an induction similar to that of estradiol,
with an ECsp of <0.1 pmol/l. In the analogous ERB-specific cell line, the same
compound showed 50% of the estrogenic potency of estradiol, with an ECs value
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of <5 pmol/l (Meerts et al., 2001). These results demonstrate that parent PBDEs
and, in particular, hydroxylated derivatives have the ability to induce estrogenic
responses, albeit at relative potencies orders of magnitude lower than that of
estradiol. Metabolism of PBDEs to hydroxylated derivatives in vivo is suggested to
result in increased potencies (Meerts et al., 2001).

BDE-47, BDE-99, BDE-100 and BDE-154 were examined in a rat ventral
prostate assay for their ability to compete with R1881 (synthetic androgen) andro-
gen receptor (AR) binding. The results indicated that BDE-47 and BDE-100, in
particular, are more potent at inhibiting the binding of labelled R1881 to the AR,
showing 60% and 98% inhibition, respectively, at a concentration of 33 pmol/l
(explicit ICso values were not given). These two congeners also inhibited dihydro-
testosterone (DHT) induced human androgen receptor (hAR) transcriptional
activation in the MDA-kb2/luciferase cell line, with ICso values of about 5 umol/l
(Stoker et al.,, 2004b). According to the results of inhibition constant Ki deter-
minations, BDE-100 appears to be a competitive inhibitor of *H-labelled R1881
binding to hAR. In addition, rat ventral prostate cytosol was incubated overnight at
4 °C with increasing concentrations of labelled R1881 in the presence of BDE-100
at 0, 6, 9 or 18 ymol/l. Suppression of R1881 binding was observed, with an ICso
of approximately 5 pmol/l.

In vivo: rat

In a developmental toxicity study, daily exposure of Sprague-Dawley rats
during gestation (GD 0-19) to BDE-209 (0, 100, 300 or 1000 mg/kg bw per day by
gavage; n = 25 dams per group) did not influence the fetal sex distribution (Hardy
et al., 2002).

Pregnant Wistar rats (n = 9-12) were dosed by gavage from GD 10 to GD 16
with BDE-47 (20 mg/kg bw per day) or 6-OH BDE-47 (5 mg/kg bw per day) and
offspring assessed for various developmental landmarks. No effects were seen in
terms of sex ratio, anogenital distance, age at vaginal opening or age at preputial
separation (Buitenhuis et al., 2004).

Following maternal exposure of Long-Evans rats (n = 7-9 litters per group) to
BDE-99 from GD 10 to GD 18 (1 or 10 mg/kg bw per day subcutaneously), dose-
dependent delays of vaginal opening and a 20% increase in ovary weights were
detected at the highest dose. In male offspring, acceleration of preputial separa-
tion was observed, together with reduced weights of the epididymis at both dose
levels (by about 12% at the higher dose), increased weight of the ventral prostate
at the lower dose (by about 25%) and a dose-dependent increase in dorsal
prostate weight, measuring 20% at the higher dose (Ceccatelli, 2004). The
decreased epididymis weight seen in this study is likely due to gestational expo-
sure, since it was not observed in the study by Stoker et al. (2004a) using
postnatal exposure to a technical PBDE mixture (DE-71), which contains mainly
pentabrominated congeners. Gene expressions of AR, ERa and ERB and of
insulin-like growth factor 1 (IGF-1) were studied in several reproductive organs. In
the ventral prostate, marked decreases in AR mRNA were detected at both doses
(less than 20% of control values), as well as dose-dependent reductions in ERa
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mRNA (to zero level at the higher dose), ERB mRNA (to 5% of control values at
the higher dose) and IGF-l mRNA (down to about 50%). In the dorsal prostate,
IGF-I mRNA was unchanged, AR mRNA showed marked dose-dependent
increases (3-fold at the higher dose), ERa mRNA was increased at the higher
dose (about 2-fold) and ERf mRNA was reduced at both doses (by about 50%).
These results demonstrate that different lobes of the prostate respond differentially
to PBDE exposure. In the uterus, mRNA levels of the progesterone receptor (PR)
were down-regulated in a dose-related manner (by about 50% at the higher dose).
ERa was not altered, but ERB mRNA was up-regulated at the low dose (2-fold)
and reduced at the high dose (down to 40% of control level). After injection of
estradiol in gonadectomized rats, induction of IGF-I mRNA was reduced in the
ventral prostate of low-dose rats (by about 60%) and dose-dependently elevated
in the uterus (3- to 4-fold at the higher dose), thus demonstrating exposure-related
influences on regulation of this gene (Ceccatelli, 2004). In the uterus, the IGF-I|
receptor is assumed to mediate actions of estradiol (Richards et al., 1996).
Estradiol did not change ERa mRNA in uteri of exposed females, but ERf mRNA
was strongly induced at the higher dose, while it was nearly zero in controls and in
the lower PBDE dose group (Ceccatelli, 2004). In addition, AR mRNA was
decreased in uteri of low-dose females (down to about 15% of control levels).
There were also PBDE-related effects on gene expression in the brain (see
section 2.2.2).

Using the same perinatal exposure protocol with BDE-99, marked decreases
in circulating estradiol and testosterone were observed in weanling male offspring,
which became more pronounced in adulthood (estradiol down to 20% of control
values, testosterone approximately 40% of controls; n = 8 per group). Anogenital
distance was marginally decreased in male offspring at the higher exposure level.
Vaginal opening was delayed at 10 mg/kg bw per day in female rats, while the
lower dose resulted in a slight acceleration of preputial separation in males (n =
22-25 litters per group). These findings were seen together with elevated sweet
preference (by about 35% at the higher dose), which is a sexually dimorphic
behaviour, thus indicating behavioural feminization in male rats (n = 9-12 per
group). In addition, dose-dependent reductions in serum concentrations of the
steroid hormone 1,25-dihydroxyvitamin D3 (by about 50% at the higher dose) were
detected in female offspring at weaning (n = 8 per group). Male offspring exhibited
PBDE-induced alterations in conditioned taste aversion (40% change at higher
dose; n = 10-11 per group) using 1,25-dihydroxyvitamin Ds; as the aversive
stimulus (Lilienthal et al., 2004).

(iii} Summary of steroid effects

With the exception of one study on corticosterone (Fowles et al., 1994), all in
vivo data so far have been obtained in rats. From the data available, early devel-
opmental exposure seems to be more effective than exposure in pubertal animals
(see Tables 88 and 89 in section 10 below). Influences on pubertal onset and
weights of reproductive organs have been observed at lower exposure levels
following maternal treatment (Ceccatelli, 2004). However, these effects were
found using a single congener (BDE-99), whereas the other study used the
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technical mixture DE-71 (Stoker et al., 2004a). Since DE-71 contains mainly
pentaBDE, influences by exposure period seem to be more likely. These differ-
ences may also explain the accelerated pubertal onset (preputial separation) in
male offspring detected by Ceccatelli (2004) and Lilienthal et al. (2004), in contrast
to delayed pubertal onset described by Stoker et al. (2004a). Marked reduction in
circulating estradiol was found after gestational exposure to BDE-99 (Lilienthal et
al., 2004), and this treatment also resulted in marked decreases in AR mRNA in
the ventral prostate of exposed offspring (Ceccatelli, 2004). Anti-androgenic
effects on DHT-induced AR activation and inhibition of AR agonist binding in vitro
have been described for BDE-47 and BDE-100, in particular (Stoker et al., 2004b).
Estrogenic activities have been reported for hydroxylated PBDE metabolites in
vitro (Meerts et al., 2001).

(¢c) Immunotoxicity

Following exposure to high dietary doses of DecaBDE for 103 weeks, an
increased frequency of splenic lesions was observed (NTP, 1986). The lesions
were splenic fibrosis (males, 2240 mg/kg bw per day) and splenic haematopoiesis
(females, 1200 and 2550 mg/kg bw per day). Lymphoid hyperplasia was also
increased in high-dose male rats (2240 mg/kg bw per day).

The effects of a PentaBDE mixture (DE-71) on sheep erythrocyte plaque-
forming cell (PFC) response and natural killer (NK) cell activity were studied in
female C57BL/6J mice (n = 6) upon gavage dosing (Fowles et al., 1994). Single
doses of PentaBDE (0, 0.8, 4, 20 or 500 mg/kg bw) did not affect the PFC
response in mice. However, repeated daily dosing by gavage (14 days) signif-
icantly reduced the PFC response at doses of 18, 36 and 72 mg/kg bw per day
and also decreased thymus weight at 72 mg/kg bw per day. NK cell activity,
studied only after repeated dosing, was not altered by exposure to up to the
highest tested dose of the PentaBDE mixture.

The PentaBDE mixture Bromkal 70-5-DE was administered to C57BL mice
(n = 8; control n = 12) and Sprague-Dawley rats (n = 6; control n = 10) (in both
species, female animals of Charles River strains) (0, 18 or 36 mg/kg bw per day),
and the PBDE congener BDE-47 was administered only to mice (18 mg/kg bw per
day) by daily gavage doses for 14 days (Thuvander & Darnerud, 1999). Twenty-
four hours after the last dose, animals were killed, organs excised and lympho-
cytes obtained from thymus and spleen. Subsequently, analysis was conducted
for spleen and thymus weights, splenic and thymic lymphocyte subset numbers
and in vitro immunoglobulin G (IgG) production in pokeweed mitogen-stimulated
splenocytes. Certain effects of the PBDE exposure were seen in exposed mice but
not in rats. Mouse splenocyte numbers (total numbers, as well as CD4+, CD8+
and CD45R+ thymic lymphocyte subsets) were markedly decreased after expo-
sure to BDE-47. Also, a reduced in vitro production of IgG antibodies from
pokeweed-stimulated splenocyte cultures was observed in mice after exposure to
Bromkal 70-5-DE at 36 mg/kg bw per day.
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(d) Neurotoxicity
(i) Invitro

Mixtures

The administration of the PBDE mixture DE-71 (3-50 pg/ml medium) to pri-
mary cultures of Lon§-Evans rat cerebellar granule cells resulted in a stimulation
of the release of ["H]arachidonic acid (ARA) by a phospolipase A, (PLA)
dependent mechanism (Kodavanti & Derr-Yellin, 2002). The release was time-
dependent and could be blocked by the PLA; inhibitor methyl arachidonylfluoro-
phosphonate. Removal of external calcium caused a significant, but modest,
reduction of the PBDE-stimulated ARA release. In contrast to the pentaBDE
mixture DE-71, the octaBDE mixture DE-79 was not effective in this model. The
potency of DE-71 to stimulate ARA release was similar to the potency of the PCB
mixtures Aroclor 1016 and Aroclor 1254 when expressed in molar terms (>10
umol/l). Since ARA and PLA2 have been implicated in synaptic plasticity, the
authors suggested that these findings indicate that alteration of neuronal ARA may
be involved with the PBDE-induced effects on learing and memory in animals
(Kodavanti & Derr-Yellin, 2002).

The pentaBDE mixture DE-71 inhibited the uptake of dopamine into synaptic
vesicle preparations from adult rat brains, with an ICso value of 8 umol/l. Only
minor effects of pentaBDE were detected for uptake of dopamine and glutamate
into synaptosomes (Mariussen & Fonnum, 2003). The observed effect was
described by the authors as possibly related to changes in membrane potential.
OctaBDE (DE-79) and decaBDE (DE-83R) were not effective in this system, in
contrast to other brominated flame retardants, such as hexabromocyclododecane
and tetrabromobisphenol-A.

Single congeners and metabolites

The cellular accumulation of BDE-47 was examined in primary cultures of
neocortical cells, neurons and glia cells prepared from newborn Long-Evans rats.
Incubation of cultures with BDE-47 at 0.01-3.0 pmol/l in serum-free medium for 60
min led to a concentration-dependent uptake in cells. There was a 100-fold accu-
mulation in cells compared with medium; thus, 1 ymol/l in the medium resulted in a
cellular concentration of about 100 pmol/l. The proportion of BDE-47 accumulated
in cells was on average 15%, with 55% remaining in the medium and 30%
associated with the plastic dish. Saturation was observed after 120 min. Cellular
accumulation of BDE-47 decreased markedly when serum proteins were added to
the incubation medium. These results show that the use of media concentrations
underestimates cellular concentrations by about 2 orders of magnitude (Mundy et
al., 2004).

BDE-99 caused an increase in apoptotic cell death in an astroglia cell line
(human 132-1N1 astrocytoma cells) at concentrations of 50 umol/l or higher (24-h
exposure) and an inhibition of the mitochondrial reduction capacity (MTT assay),
with an ICso of 26.5 pmol/l. Cytotoxicity, as assessed by trypan blue dye exclusion
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and cellular LDH release, was not affected by BDE-99 concentrations up to 100
umol/l. Translocation of three protein kinase C (PKC) isozymes was not dimin-
ished by preincubation with a PKC inhibitor (GF109203X) or down-regulation of
PKC by the phorbol ester, phorbol myristate acetate. The results indicate that PKC
activation is not critically involved in cytotoxic effects of BDE-99 in these cells. In
addition, no effects on cytotoxicity were observed after application of the calcium
chelator BAPTA-AM, the tyrosine kinase inhibitor genistein and a mitogen-
activated protein kinase (MEK) inhibitor (PD98059). However, cytotoxicity was
enhanced by a phosphatidylinositol 3 kinase inhibitor (LY290042) that is involved
in cellular apoptotic processes (Madina et al., 2004).

(ii) Invivo
Mixtures: Rat

Following perinatal exposure of rat dams (strain not given) to the pentaBDE
mixture DE-71 (0, 5, 30 or 100 mg/kg bw by gavage) from GD 6 to PND 21,
impairments of cue-conditioned fear (up to a 5-fold change in the first minute)
were observed in adulit offspring (age not given). There were no observed effects
on spatial learning, as assessed by the Morris water maze and context-
conditioned fear (Taylor et al., 2003). The highest dose caused elevated baseline
population spikes (nearly 50%; n = 11 per group) in the dentate gyrus of the
hippocampus after high-frequency stimulation of the perforant path. Measure-
ments of long-term potentiation (LTP), an electrophysiological model of synaptic
plasticity, revealed impaired LTP at this dose level. These effects were thought to
be related to the reduced serum T4 observed in offspring at PND 6 and PND 14
(Crofton et al., 2003; Gilbert et al., 2004).

Single congeners and metabolites: Mouse

Male NMRI mice were exposed by gavage to equimolar doses of BDE-47 (0,
0.7 or 10.5 mg/kg bw) or BDE-99 (0, 0.8 or 12 mg/kg bw) on PND 10. Animals
were then tested for locomotor activity over a 60-min period at the ages of 2 and
4 months (n = 8 per group). Indices of spontaneous behaviour, as determined by
locomotion, rearing and total activity, were significantly decreased by both PBDEs
in a dose-related manner (down to 40% and 60% of control values at the higher
doses of BDE-47 and BDE-99, respectively) during the first 20 min of the measur-
ing period. During the last 20-min testing period, activity was usually increased
compared with controls, mainly in the high-dose BDE-47 group and both dose
groups of BDE-99. The ability of the mice in the same dose groups to habituate to
a novel environment (habituation capability) appeared to become worse with age,
as the indicated effects were more pronounced in mice at 4 months of age in
comparison with 2 months. In addition, mice exposed to the higher dose level of
BDE-99 exhibited signs of impaired reversal learning (learning and memory
function) (n = 16—18 per group) in a water maze when tested at 5 months of age
(Eriksson et al., 2001).

In a subsequent study of similar design, three different time points (PND 3, 10
and 19) were used for the administration of a single gavage dose of BDE-99
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(8 mg/kg bw or 14 pmol/kg bw; n = 10 per group). The same pattern of impairment
of motor behaviour as in the first study was seen in 4-month-old male NMRI mice
treated on PND 3 or PND 10 (50% decrease in activity in the early testing phase
and 8- to 10-fold increase in locomotion in the late phase of testing), while
exposure on PND 19 was without effect. The application of *C-labelled BDE-99
revealed no differences between the three ages in terms of the amount of radio-
activity in the brain (3.7-5.1% of administered dose) 24 h after treatment. Lower
(1.3-2.8% of dose), but comparable, amounts of labelled BDE-99 were found in
brains from mice of all groups 7 days after the administration, thus showing that
the neurobehavioural effects are due not to differences in internal exposure in the
brain, but to the time of exposure. This indicates a critical period for PBDE
exposure to induce alterations in motor activity (Eriksson et al., 2002).

In a follow-up of this experiment, it was shown that the behavioural alterations
induced by BDE-99 (0 or 8 mg/kg bw orally on PND 10; n = 12 per group) may be
mediated by the cholinergic system. In control mice, nicotine (80 pg/kg bw
subcutaneously) increases motor activity about 3-fold in the early phase of the
testing period, while in the mice exposed to BDE-99, the opposite effect (hypo-
activity) was observed following nicotine dosing (Viberg et al., 2002). Subsequent
investigations with BDE-99 (12 mg/kg bw by gavage on PND 10) demonstrated
decreases by about 30% in densities of nicotinic cholinergic receptors in the
hippocampus (n = 10 per group). One week prior to neurochemical measure-
ments, these mice had been tested for locomotor behaviour. The known changes
in spontaneous behaviour were detected at a BDE-99 dose of 12 mg/kg bw,
whereas lower doses of 0.2 or 0.4 mg/kg bw were not effective (Viberg et al.,
2004a). In addition, in a replicate experiment, but with a different strain of mice, it
was shown that behavioural effects of BDE-99 can be detected in both sexes and
two strains of mice (C57BL and NMRI). Exposure of C57BL mice (n = 8 per group
per sex) to a single gavage dose of BDE-99 on PND 10 (0, 0.4, 0.8, 4.0, 8.0 or
16.0 mg/kg bw) resulted in the same pattern of dose-dependent influences on
spontaneous behaviour when tested at 2, 5 and 8 months of age (Viberg et al.,
2004b). At doses of 20.4 mg/kg bw, significant alterations in behaviour were noted
in both sexes, which became more pronounced with age.

Dose-related effects on activity (n = 10 per group), learning and memory (n =
19—24 per group) and nicotinic cholinergic receptors (n = 10 per group), similar to
those described for BDE-99, were also found in male NMRI mice after exposure to
BDE-153 at doses of 0, 0.45, 0.9 or 9.0 mg/kg bw by gavage on PND 10 (Viberg
et al.,, 2003a). Significant alterations in spontaneous behaviour and decreased
performance in the Morris water maze (spatial learning) were observed in mice
from the middle and high dose groups.

Using the same experimental design, this group also examined effects of
decaBDE (BDE-209) in neonatal NMRI mice. Three age points for dosing (PND 3,
10 and 19) were selected and compared, and three dose levels were used (PND 3
and 19: 0, 2.22 or 20.1 mg/kg bw; PND 10: 0, 1.34, 13.4 or 20.1 mg/kg bw by
gavage; n = 10 per group). Tests of activity revealed the familiar pattern of effects
as seen with BDE-99 and BDE-153 in NMRI mice treated with the highest dose on
PND 3, with decreases by 40% in locomotion in the early phase and very marked
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elevations in spontaneous behaviour during the late phase of testing. The altera-
tions became more pronounced with aging from 2 to 4 and 6 months. Admin-
istration of BDE-209 on PND 10 and PND 19 was not effective at causing any
behavioural alterations. The application of [U-“C]decaBDE revealed that labelled
decaBDE can be found throughout the body, including the brain, and that radio-
activity increases in the brain from 24 h to 7 days after treatment when applied on
PND 3 or 10. In contrast, only very low levels could be detected after admin-
istration on PND 19 (Viberg et al., 2003b).

These findings were extended in a subsequent study in which males of the
same strain of mice were exposed by gavage to equimolar doses of BDE-183,
BDE-203 or BDE-206 (21 ymol/kg bw or 15.2, 16.8 or 18.5 mg/kg bw on PND 3
and PND 10, respectively). At 2 months of age, effects on locomotion were
detected in mice exposed to BDE-203 at PND 3 or PND 10 and after exposure to
BDE-206 on PND 10. In contrast, BDE-183 caused only minor effects. Alterations
of spatial learning and memory (Morris water maze) were observed in mice at 3
months of age after exposure to both BDE-203 and BDE-206 on PND 10. Taken
together, the octabrominated BDE-203 was described as being the most effective
congener (Eriksson et al., 2004).

Maternal exposure of CD-1 Swiss mice to BDE-99 (0, 0.6, 6 or 30 mg/kg bw
per day by gavage) from GD 6 to PND 21 caused a delay (approximately 2 days)
in maturation of the screen climbing response as a measure of sensorimotor
development in pups of the highest dose group around PND 14 (n = 12-16).
Testing locomotor activity at different ages (n = 6-8 per group) revealed higher
activity levels in mice from the low and middle dose groups at PND 34 and PND
60 (3- to 4-fold), while at PND 120, these animals showed reduced activity in
comparison with controls (by 50-60%). The high dose did not differ from controls.
Ultrasonic vocalizations and the homing test did not show exposure-related differ-
ences (Branchi et al., 2002).

When BDE-99 was administered by a non-stressful feeding method (dis-
solved in oil and given in drinking tubes) to CD-1 Swiss mice from PND 1 to PND
21 (0, 18 or 36 mg/kg bw per day), slight reductions in the activity of choline
acetyltransferase were observed in the hippocampus, but not in striatum and
cortex, in offspring on PND 26 (sex and response magnitude not given; Wiegand
et al., 2003).

Single congeners and metabolites: Rat

Wistar rat dams were injected subcutaneously with BDE-99 at 0 or 30 mg/kg
bw per day from GD 2 to GD 9 or from GD 11 to GD 19 and their offspring tested
for locomotor activity around PND 70. Female, but not male, offspring exposed
from GD 11 to GD 19 exhibited higher values in locomotion and rearing during the
late phase of the measurement period (2- to 3-fold). No effects were found after
exposure from GD 2 to GD 9 (Wiegand et al., 2003).

Foliowing behavioural testing, the brains were examined for contents of
proteins associated with the glutamate-—nitric oxide—cGMP pathway, a major signal
transduction system. Concentrations of calmodulin and guanylate cyclase were
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raised by about 100% and 30%, respectively, in the cerebellum from rats exposed
from GD 11 to GD 19. In the hippocampus, calmodulin was also increased by
about 100%, while guanylate cyclase was unchanged. No alterations of these
proteins were found in the cortex, and content of neural nitric oxide synthase
(nNOS) was not changed in all three regions. Exposure from GD 2 to GD 9 led to
significant changes in nNOS in the cerebellum (10% decrease) and in the
hippocampus (about 15% increase), while no change was detected in the cortex.
Calmodulin was reduced by about 20% in the hippocampus and the cortex, and
guanylate cyclase was elevated by about 15% and 20% in the cerebeilum and
hippocampus, respectively. No influence of either exposure period was found on
the contents of MAP kinase 2 (MAP-2). This protein was reduced by about 30% in
the hippocampus, but not in the cerebellum and cortex, irrespective of early or late
gestational exposure. Microdialysis studies showed that stimulation with the glu-
tamate agonist N-methyl-D-aspartate (NMDA) resulted in an enhanced increase of
extracellular cGMP, which was more pronounced after BDE-99 exposure from GD
2 to GD 9 (about 2-fold and 3-fold increase in peak levels after early and late
exposure, respectively). These findings are supported by corresponding measure-
ments in vitro and ex vivo (Wiegand et al., 2003).

Recently, findings of altered activity in mice were extended to male Sprague-
Dawley rats exposed to a single BDE-99 dose of 0, 0.8, 8 or 16 mg/kg bw on PND
10. Adult rats exhibited dose-related effects on spontaneous behaviour similar to
those seen in mice when tested at 2 months of age, with the effects being
significant at doses of 8 and 16 mg/kg bw (Viberg, 2004; Viberg et al., 2004c).

Maternal exposure of Wistar rats to BDE-99 by gavage on GD 6 (0, 60 or 300
ug/kg bw; n = 10 per group) caused elevated basal locomotor activity in offspring
in the higher dose group at weaning (about 25% increase) and in both dose
groups at puberty (about 10% at both exposure levels). Similar changes were
observed at PND 36 in rats after developmental treatment with propylthiouracil
(0.05% in drinking-water from GD 7 to GD 21), which was used as a positive con-
trol for thyroid-mediated effects. However, by puberty, activity levels had normai-
ized in this group compared with controls (Kuriyama et al., 2004a).

The same exposure protocol, but with a single dose of BDE-47 on GD 6 (0,
140 or 700 pg/kg bw by gavage; n = 17-22 dams per group), resulted in similar
effects on different parameters of basal locomotor activity as in BDE-99-exposed
rat offspring on PND 35 and PND 70. Effects on PND 70 were significant only in
females, while on PND 35, males of the higher dose group were also affected.
Increases of approximately 10-25% were found in this behaviour. In addition,
activity in the open field and behaviour in the elevated plus maze were examined
on PND 80 and PND 150, respectively. Both sexes of the high dose group
exhibited raised activity in the open field (20% and 50% increase in females and
males, respectively). Also, males of the high dose group spent more time than
controls in open and closed arms of the elevated plus maze, suggesting activity-
related differences. The number of entries in open arms of the maze was
increased (by approximately 50%) in males at the high dose, but decreased (by
about 25%) in females at the low dose (Kuriyama et al., 2004c).
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A different protocol, using exposure of Long-Evans rats to BDE-99 (0, 1 or 10
mg/kg bw per day, subcutaneous injection from GD 10 to GD 18), resulted in
elevated sweet preference in adult male offspring, indicating behavioural fem-
inization (see above). This effect was found together with decreased circulating
concentrations of sex steroids. In addition, male offspring exhibited dose-depen-
dent elevations in conditioned taste aversion induced by 1,25-dihydroxyvitamin Ds
at 6-7 months of age. Decreased serum concentrations of this steroid hormone
had been detected in female offspring at weaning (see above). The onset of
catalepsy induced by haloperidol was more rapid in PBDE-exposed adult offspring
at both dose levels (about 50% increase in latencies; n = 10-11). No effects were
seen in context- versus cue-conditioned fear (n = 10 per group per condition)
when rats were tested on the test day after conditioning; however, exposed males
exhibited significantly less activity after aversive stimulation on the conditioning
day (about 50-60% decrease in comparison with controls), indicating enhanced
reactivity (Lilienthal et al., 2004). Brain slices from littermates of these rats were
examined for LTP ex vivo (n = 6-8 per group). Recordings from corticai slices of
immature rats demonstrated reduced LTP and paired pulse facilitation at the
higher dose level (depression by 10-20%). In hippocampal slices, only effects on
LTP were detected (decreased by about 20%). These effects persisted in aged
rats (>1 year), despite the decline of internal exposure levels in adipose tissue to
control values (Wiegand et al., 2003, 2004).

After exposure to the same dosing protocol, the sexual dimorphism in PR
mRNA expression in the ventromedial hypothalamic nucleus (VMH) was abolished
in female offspring by BDE-99 at both doses due to a decrease in PR mRNA. No
changes were observed in the medial preoptic area (MPO), but there were
exposure-related elevations of ERa mRNA in both brain regions. Also, mRNA of
preproenkephalin, the precursor of the neuropeptide enkephalin, was found to be
increased in the VMH in both sexes and decreased in the medial preoptic area in
male offspring, but only at the lower dose (Lichtensteiger et al., 2003, 2004). Adult
male offspring from the high dose group that were gonadectomized and treated
with estradiol (n = 6—9 per group) exhibited a 30% increase in PR mRNA in the
VMH compared with ectomized and estradiol-treated controls and a decrease by
approximately 25% at the low dose. In contrast, in females, a dose-related
decrease to about 70% of control values was found at the high dose. In the MPO,
there were decreases in both sexes and at both dose levels. In intact female
offspring, there was a marked reduction (down to about 10% of control values) in
mating behaviour in the high dose group.

(iii) Summary of neurotoxic effects

The majority of investigations examining neurotoxicity in vivo used exposure
to single congeners in mice and rats. In mice, single exposure of neonates on 1
postnatal day was chosen in almost all experiments. Decreased locomotor activity
in the early phase of measurement and impaired habituation of activity in the late
phase were observed in these studies (see Table 90 in section 10). Progressively,
more pronounced effects were detected with ageing of mice, with the early
postnatal period of exposure being more sensitive (Eriksson et al., 2002; Viberg et
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al., 2003b). BDE-99 and BDE-153 appear to be more potent than BDE-47 in
altering these measures (Eriksson et al., 2001; Viberg et al., 2004a, 2004b). BDE-
209 was also reported to induce neurobehavioural changes, but at higher doses
compared with the lower brominated congeners (Viberg et al., 2003b). For BDE-
99, a BMD has also been calculated based on results from Viberg et al. (2004b)
(Sand et al., 2004; see Table 85 in section 10). Effects on locomotor activity were
also seen in the other experiments with mice using perinatal exposure to BDE-99
(Branchi et al., 2002); exposed young mice tended to be hyperactive compared
with controls between PND 34 and 60 but hypoactive by PND 120. in rats,
exposure on 1 day postnatally resulted in the same effects on activity and
habituation found in mice (Viberg et al., 2004c). Studies from one group reported
altered activity levels after exposure to a very low dose of BDE-47 and BDE-99 on
GD 6 (Kuriyama et al., 2004a, 2004c; see Table 91 in section 10). Perinatal
exposure to the technical mixture DE-71 did not influence spatial learning and
context-conditioned fear (Gilbert et al., 2004), but impaired cue-conditioned fear
(Taylor et al., 2003). On the same behavioural task, altered reactivity to aversive
stimulation was also found after gestational treatment with BDE-99 (Lilienthal et
al., 2004). In this study, effects on haloperidol-induced catalepsy were also found,
together with alterations in steroid-dependent behaviour. In addition, BDE-99
abolished the sexual dimorphism in PR mRNA expression in the VMH of female
offspring and markedly reduced mating behaviour (Lichtensteiger et al., 2003,
2004). Perinatal exposure to DE-71 impaired LTP in the hippocampus (Gilbert et
al., 2004), whereas BDE-99 caused decreases of LTP in the cortex after gesta-
tional treatment. This difference was also found in aged offspring when adipose
tissue concentrations of BDE had declined to control values (Wiegand et al., 2003,
2004). LTP is the electrophysiological correlate of synaptic plasticity.

(e) Effects on development of reproductive organs

Post-weanling Wistar rats (n = 15) were treated by gavage to DE-71 (0, 3, 30
or 60 mg/kg bw per day) for either 20 (PND 22—41, females) or 31 consecutive
days (PND 23-53, males) and then assessed for pubertal development and
reproductive end-points. The commercial lot of DE-71 was reported to be com-
posed of 58.1% pentaBDE and 24.6% tetraBDE. There was a significant delay
(1.8 days) in vaginal opening in the high-dose females, while preputial separation
was significantly delayed (1.7-2.1 days) in males from the two highest dose
groups. Ventral prostate and seminal vesicle weights were also significantly
decreased (15-19%) in males from the high dose group compared with controls
(Stoker et al., 2004a). No significant differences were noted with respect to body
weight gain in any treatment group.

Effects of the PBDE congener BDE-99 were presented in a short study in
Wistar rats (Talsness et al., 2003). Pregnant rats (number not given) were given
BDE-99 at 0, 60 or 300 pg/kg bw by gavage as a single dose on GD 6. The female
offspring were killed in estrus at about PND 90, and the ovaries were excised and
studied using electron microscopy. At the 60 pg/kg bw dose, destruction of luminal
surfaces of the serosal epithelial cell was apparent, and organelles seemed to be
in a process of dissolution. At 300 ug/kg bw, the degenerative changes were more
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pronounced, and the authors suggested a dissolution of the endoplasmic reticulum
and tubular mitochondria. In sections from control animals, the cell structures
seemed intact and of normal appearance. The number of animals in each group
subjected to microscopy was not reported.

Pregnant Wistar rats were treated with a single oral dose of BDE-99 (0, 60 or
300 pg/kg bw; n = 16-20) on GD 6, with male offspring (n = 12-20) undergoing
reproductive assessment between PND 140 and PND 160. There was a dose-
related decrease in relative testis weight (approximately 10% at the highest dose
group) and a minor decrease for both dose groups in relative epididymis weight.
Spermatid, sperm number and daily sperm production were decreased by both
PBDE doses, with maximum declines reaching approximately 34% of control
values (Kuriyama et al., 2004a). No effects were observed with respect to serum
LH or testosterone levels. While no effects were observed with respect to male
sexual performance, only 39% and 21% of the 60 and 300 pg/kg bw dose groups,
respectively, were able to achieve a second ejaculation during a 20-min mating
period, compared with 53% of controls (statistically significant at the high dose).

Exposure of pregnant Wistar rats to daily oral doses (gavage) of either BDE-
47 (20 mg/kg bw per day) or 6-OH BDE-47 (5 mg/kg bw per day) between GD 10
and GD 16 had no effect on offspring sex ratio, growth, timing of various develop-
mental landmarks (vaginal opening, preputial separation) or estrous cycle length
between PND 210 and PND 230 (Buitenhuis et al., 2004).

2.3 Observations in humans

2.3.1 Biomarkers of effect

In vitro immunotoxic response was studied in human lymphocytes after
exposure to PBDE congeners at doses from 107° to 107° molll (Fernlof et al.,
1997). No effects on pokeweed mitogen-stimulated DNA proliferation or IgG syn-
thesis were found after exposure to BDE-47 or BDE-85.

2.3.2 Clinical observations

DecaBDE is the only PBDE for which limited human data are available. Skin
sensitization potential of “decaBDE” (Dow Chemical, USA; containing 77.4%
decaBDE, 21.8% nonaBDE and 0.8% octaBDE) was studied in 50 volunteers
(Norris et al., 1975b). A 5% suspension of decaBDE in petroleum was applied to
the skin 3 times per week for 3 weeks, followed by a challenge treatment 2 weeks
after the last induction application. No skin sensitization responses were observed
during the study. Another skin sensitization study was carried out in 80 male and
120 female volunteers, who were exposed to two batches of decaBDE (purity not
stated) (described in IPCS, 1994). The volunteers were treated with nine induction
patches at 2-day intervals, and the test substance was kept in contact with skin for
24 h. The induction regimen was followed by a period of 12 days without treat-
ment, after which a new skin site was used for a 24-h challenge patch. Skin
reactions were observed at 24 and 48 h after removal of the challenge patch. The
study revealed no evidence of skin sensitization.
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2.3.3  Epidemiological studies

Workers exposed to polybrominated biphenyls (PBBs) and PBDES, including
decaBDE, during manufacture were reported to have a higher than normat
prevalence of primary hypothyroidism and a significant reduction of sensory and
motor neuron conductance velocities, but no other neurological or dermatological
changes (Bahn et al., 1980). It was not possible to conclude whether these
changes were attributed to PBB or PBDE exposure; however, no decaBDE could
be detected in serum of the exposed workers.

Four epidemiological studies have been conducted on workers of facilities
where flame retardant polymers have been extruded (not retrievable, but reviewed
in IPCS, 1994). The workers were potentially exposed to brominated flame retar-
dants, including PBDEs, and in some cases also to polybrominated dibenzo-p-
dioxins (PBDDs) and dibenzofurans (PBDFs). According to the International
Programme on Chemical Safety (IPCS) review (IPCS, 1994), these studies did not
find any adverse effects attributable to the exposure to these chemicals.

In an epidemiological study from Sweden, an association was reported
between the risk of non-Hodgkin lymphoma (NHL) and adipose tissue levels of
BDE-47 (Hardell et al., 1998). In the study, BDE-47 levels from 19 patients with
NHL, 23 with malignant melanoma and 8 other cancer patients were compared
with concentrations in 27 selected controls with no cancer diagnosis. The authors
stated that a “nonsignificant elevated risk” was found when cases and controls
were compared with the two highest concentration groups with the lowest group
(<2.05 ng/g lipid), with an odds ratio of 1.9 (confidence interval [CI] 0.3-1.4) or 3.8
(Ci 0.7-26), respectively.

In a follow-up study, Hardell and co-workers (2001) found higher BDE-47
levels in adipose/blood samples collected from Swedish patients diagnosed with
NHL compared with matched controls. In samples from 80 patients, the mean
BDE-47 level was 8.2 ng/g (0.1-134 ng/g), and in control samples (83 individuals),
2.4 ng/g (0.05-28 ng/g). The results from the patients were further grouped
according to Epstein-Barr early antigen (EA) titres; patients with high BDE-47
levels and high EA titres had a higher odds ratio than samples showing lower EA
titres. The odds ratios for these two groups were 21 (Cl = 1.9-24) and 13,
respectively.

In a study on Swedish and Latvian fish consumers, the levels of BDE-47 and
several hormones were determined in plasma of 110 men with various con-
sumption (0—32 meals per month) of Baltic Sea fish (Hagmar et al., 2001). The
study showed a weak negative correlation between BDE-47 and TSH, after
adjustment for age. However, BDE-47 could explain only approximately 10% of
the variance in TSH (P < 0.001), and the authors concluded that such a significant
correlation could result from pure chance.
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3. ANALYTICAL METHODS
3.1 Commercial PBDE production

PBDE products are typically produced in three different degrees of bromin-
ation, mostly identified with an average bromine content of pentaBDE, octaBDE
and decaBDE. These products contain diphenyl ethers with mainly 4-6, 6-10 and
10 bromine atoms, respectively. The number of PBDE congeners present in each
of the commercial products is surprisingly small, i.e. 2 major and 10 minor com-
ponents are present at levels exceeding 1% in the technical PentaBDE prepara-
tion Bromkal 70-5-DE (Sj6din, 2000). In commercial PCB mixtures, the number of
PCB congeners is considerably larger. This smaller number of congeners is
reflected in biological samples as well. The first report of the presence of PBDE
congeners containing 4-6 bromines in fish from a Swedish river was given by
Andersson & Blomkvist (1981).

32 Description of analytical methods

3.2.1 Introduction

The analytical procedure from collection of samples to the final identification
and quantification of the analytes consists of a number of well defined steps. Each
of these steps is equally important to the final results. Depending on the type of
sample, the kind of sampling or sampling procedure that will be seen as the best
way to receive relevant and representative data for the samples must be con-
sidered. Storage of samples collected is also an important aspect for saving
samples over longer periods of time. The procedure used for preparation of the
samples must be designed in a way that the analytes remain intact while the
remaining sample matrix is removed and/or degraded. For instrumental analysis,
the technique applied must be sensitive and specific enough to identify and
quantify the analytes of interest. In the following, techniques and methods used in
various laboratories are reviewed.

3.2.2 Congeners analysed

The total number of PBDE congeners is 209. For reasons of occurrence in
samples and analytical capability, only a limited number of congeners have been
measured in the last few years. This number ranges between three and nine
congeners (given in bold in Table 8). Due to increasing analytical power and
availability of standards, the number of congeners measured in experienced labor-
atories is in the mid-30s.

3.2.3 Screening tests

The knowledge on screening tests for PBDEs is quite limited. Behnisch et al.
(2003) did development work in this area. They measured for up to 13 individual
PBDE congener DR-CALUX-REP and Micro-EROD-REP values. The most sensi-
tive component was found to be BDE-126.
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Table 8. Thirty-two PBDE congeners measured in biological samples®

Bromines per molecule BDE congener number
MonoBDEs 1,2,3

DiBDEs 7,10, 13,15

TriBDEs 47, 49, 66, 75, 77
PentaBDEs 85, 99, 100, 116, 126
HexaBDEs 138, 153, 154, 155, 166
HeptaBDEs 181, 183

OctaBDEs 197, 203

NonaBDEs 207

DecaBDE 209

# The numbers given in bold should be “standard” in laboratories involved.

3.2.4 Quantitative methods

Due to the analytical method applied for the detection of PBDEs, there are
important restrictions in the procedure. The application of the isotope dilution
method by using '*C-labelled standards is strongly recommended. The electron
capture detection (ECD) and electron capture negative ionization—low-resolution
mass spectrometry (ECNI-LRMS) techniques measure only halogens or bromine-
containing substances. In Table 9, the advantages and disadvantages of different
detection techniques for PBDEs are given. However, the distinction between
advantages and disadvantages of a method is dependent on the particular appli-
cation and on personal preferences.

An important part of the analytical procedure is the determination of the
adequate detection limit. Table 10 gives an overview of typical sample amounts
and resulting detection limits. The detection limits are estimations and relevant for
measurements performed by use of modern high-resolution mass spectrometric
(HRMS) instrumentation.

(a) Extraction, cleanup methods

Several methods for extraction of biological samples have been proposed in
the literature. For extraction of solid material, the Soxhlet procedure is used in
many laboratories. This method is, however, a time-consuming technique that, in
addition, requires large quantities of organic solvent. Other techniques include
supercritical fluid extraction (SFE), microwave-assisted extraction (MAE) and
solid-phase extraction (SPE). A schematic representation of analytical methods
used for extraction and cleanup of solid and lipid biological samples is given in
Figure 3.
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Table 9. Advantages and disadvantages of different detection techniques for PBDEs

Detection Advantages Disadvantages

ECD Low-cost analysis, Fair sensitivity for PBDEs, instability of linear
maintenance cost low, range, poor selectivity, no isotope dilution
relatively easy to use method possible

EI-LRMS Facilitates the use of °C-  Relatively low sensitivity
labelled standards, good
selectivity

ECNI-LRMS Good sensitivity, good Interference with other brominated
selectivity for brominated components possible, frequent source
compounds maintenance required, no isotope dilution

method possible
EI-HRMS Good sensitivity, very Purchase cost, maintenance cost, needs

good selectivity, use of
*C-labelled standards,
“gold standard” in PBDE
analysis

highly trained personnel

ECD, electron capture detection; ECNI, electron capture negative ionization; El, electron
impact; HRMS, high-resolution mass spectrometry; LRMS, low-resolution mass spectrometry

Table 10. Required sample amounts and typical detection limits

Sample type

Typical sample

Limit of detection (LOD)?

amount lipid based (ng/g)
Human milk, 3% lipid 10-25 ml 0.005
Cows’ milk, 3% lipid 10-100 mi 0.005
Human blood, 0.3% lipid 10-25 mi 0.05
Human serum, 0.5% lipid 5-15ml 0.05
Fish, 1-10% lipid 10-200 ¢ 0.01
Meat, 2-20% lipid 5-100 ¢ 0.01

? LODfor tetra- and pentaBDE congeners.

An overview of various typical treatments of biological samples is presented in
Table 11 for food and in Table 12 for human samples. The tables present infor-
mation on pretreatment of samples, extraction type, cleanup procedure, type of

detection and typical recovery rates.

As can be seen from both tables, there is a general difference in pretreatment
of liquid and solid samples. Solid samples are normally mixed with sodium sulfate

and then eluted by an adequate solvent,
a liquid-liquid extraction procedure.

whereas liquid samples are extracted by
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Figure 3. Example of analytical treatment of fish samples for the analysis of PBDEs

10-100 g fish
I

Addition of internal standards

Homogenization with sodium sulfate

Cold extraction with
cyclohexane/dichloromethane 1:1 viv

Cleanup on silica/sulfuric acid/alumina column
or silica/sulfuric acid/potassium silicate

Evaporation of solvent with nitrogen stream

I
HRGC/HRMS (EI)

Adapted from Papke et al. (2004)

(b) Instrumental analysis

Brominated substances are often analysed under chemical ionization con-
ditions, monitoring the negative ions formed by electron capture reactions (ECNI).
The predominant ions formed from organobromine substances under such condi-
tions are the bromine isotopes m/z 79 and 81. This technique is more sensitive
and less costly than other alternatives, such as HRMS. However, the latter tech-
nique has a higher selectivity than MS (ECNI) detection of bromine ions, since the
accurate mass of the molecular ion or fragment ion is recorded. The higher speci-
ficity of HRMS to reduce the risk of misinterpretation of interfering substances
resulted in the selection of this method as the “gold standard” in determination of
PBDEs.

The response of PBDE congeners studied — especially under ECNI —
decreases with increasing numbers of bromine atoms in the molecule. Hence, the
implementation of a congener-specific analysis using authentic reference stan-
dards is of importance. In the case of applying HRMS, this issue is easily resolved
by using the 3C-labelled internal standards. The use of this type of internal
standard offers the exact observation of the whole analytical procedure inclusively
and the knowledge of the recoveries of the surrogates used.
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Following EPA method 1614 (US EPA, 2003}, recoveries of 3C standards of
PBDEs should be expected within the ranges shown in Table 13.

Table 13. Recoveries of internal standards

PBDE group BDE congener number Recovery (%)
TriBDEs 28 50-150
TetraBDEs 47 50-150
PentaBDEs 99, 100 50-150
HexaBDEs 153, 154 50-150
HeptaBDEs 183 50-150
DecaBDE 209 25-200

(c}) Selection of GC columns

The physical and chemical properties of BDE-209 put great demands on the
analytical method, including sampling, extraction and cleanup, as well as final
chromatographic separation. The problems encountered during the analysis of
high-molecular-mass BDE congeners are associated with thermal instability,
rather than their high boiling points. The degradation of, particularly, BDE-209 is
increased with temperatures, time spent at elevated temperatures and presence of
catalytic sites. For best yield of the decabrominated congener, these parameters
should be kept as low as possible. The GC separation of PBDEs is often per-
formed on two separate columns, a 30- to 60-m-long column for analysis of the
low-molecular-mass BDE congeners and a shorter column for the analysis of the
high-molecular-mass BDE-209.

Bjorklund et al. (2003) demonstrated that columns with supposedly similar
stationary phases may result in a large difference in the yield of PBDEs. Further-
more, losses of high-molecular-mass BDE congeners do occur in the GC column
and are correlated with the column length and the stationary film thickness. The
time, temperature and catalytic sites all contribute to reduce the yield of the high-
molecular-mass congeners. To obtain a high yield of these components, espe-
cially for BDE-209, short inert columns with a thin stationary phase are preferred.
In Table 14, possible columns for PBDE analysis are given.

Table 15 shows the increasing relative response for BDE-209, depending on
column type and length.

(d) GC injection techniques

The injection of PBDEs into the GC system is a critical and important part of
the chromatographic analysis. Thus, careful selection and optimization of the
injection techniques have to be performed in order to reduce the discrimination of
these compounds. Splitless is the most commonly used injection technique for GC
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separation of PBDEs. However, both the septum-equipped temperature program-
mable injector, the programmable temperature vaporizing injector as well as on-
column injectors have been successfully used. Large-volume injections using
either programmable temperature vaporizing in solvent elimination mode or the
loop-type interface have also been used (Tollback et al., 2003).

Table 14. Columns for possible use in PBDE analysis

Column Length (m) Inner Phase Comments
diameter  thickness
(mm) {pm)

J & W DB-5 15 0.25 0.10

J & W DB-5 15 0.25 0.25

J & W DB-1 MS 5,15, 30 0.25 0.10

Agilent HP-1 15 0.25 0.10

Agilent XLB 15, 30 0.25 0.10 Extremely low bleed

Varian factorFOUR™  5,15,30  0.25 0.10 Ultra low bleed

From Bjérklund et al. (2003)

Table 15. Relative response for BDE-209 vs BDE-99 and estimated LOD for BDE-209
on different columns

Column Estimated LOD (30 m) Relative response, BDE-209 vs BDE-99
(picograms injected)
30m 15m 5m
FactorFour 1.3 0.06 0.36 0.46
XL 250 0 0.008 -2
DB-5MS 0.9 0.05 0.33 0.50

From Bjérklund et al. (2003)
LOD, limit of detection
2 Not investigated.

In Table 16, the yield for the high-boiling decaBDE using different injection
techniques is presented.

Table 16. Yield of BDE-209 obtained using different injection techniques

Injection type Peak area BDE-209 (instrument response)
Mean splitless 20 000

Optimized splitless 50 000

On-column 165 000

Direct injection 165 000

From Tollback et al. (2003)
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(e} Phytolytic decomposition of PBDESs

Various studies have shown that PBDEs (especially decaBDE) and other
brominated organic compounds in solvents undergo rapid photolytic debromina-
tion in the presence of ultraviolet light under laboratory conditions (Sellstrém et al.,
1998; Herrmann et al., 2003). Due to this fact, it is strongly recommended that all
analytical treatments be undertaken in brown glass or in glassware covered with
aluminium foil.

() Analysis of method blanks

The analysis of blank samples has a special importance for the determination
of PBDEs in various biological tissues. Due to marginal contamination of solvents
and adsorbents used during PBDE analysis, all material has to be tested in
advance. In parallel to method development, the reduction of a potential blank
contamination needs special attention.

Along with each batch of samples, blank samples should be analysed as well.
Values for samples should be reported only if the sample level is at least twice the
blank level.

In Figure 4, a fish sample contaminated with low levels of PBDEs is compared
with a blank sample. The figure indicates the relatively low influence of the blank
on the sample values. It should be mentioned that blanks — depending on sample
type, sample amount, applied cleanup procedure and finally laboratory equipment
— may be quite different. Therefore, it is strongly recommended that a separate
block of blanks be available at least for each type of sample.

In the case of an unsatisfying influence of blanks on samples, a significant
reduction of the blank values could be achieved by the following procedures:

¢ Rotary evaporators should not be used in order to reduce the risk of contam-
ination. Volume reduction can be reached by moderate heating or by a gentle
stream of cleaned nitrogen/air.

¢ All glassware should be rinsed by analytical-grade solvents prior to use.

¢ Solvents and reagents should be tested before the laboratory procedures.
* Silica gel and sodium sulfate should be pre-washed.

« No plastic equipment should be used.

* Due to potential contamination of solvents and chemicals via air, containers/
bottles should be closed as soon as possible after usage.

e The methodology should be miniaturized by reducing solvent volumes, if pos-
sible.
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Figure 4. Comparison of PBDE levels in a blank and a fish sample
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Reprinted from Talanta, Vol. 63, Papke, O., First, P. & Herrmann, T., Determination of
polybrominated dipheny! ethers (PBDEs) in biological tissues with special emphasis on
QC/QA measures, pp. 1203—-1211, 2004, with permission from Elsevier.

(g) Example of a GC/HRMS run

In Figure 5, a typical GC/HRMS run of a medium-contaminated fish sample is
presented. In this figure, only one trace of each isomeric pattern is shown.

(h) Quality control and quality assurance
Quality control (QC) and quality assurance (QA) represent an important tool

of the total analytical concept. In total, more than 30% of the whole analytical effort
is covered by QC/QA measures.

(i) Internal measures

Internal measures performed on a routine basis include:

regular chemical and glassware checks (blanks), once a block of 4, 6 or 10

regular checks of so-called instrument blanks (GC/MS)

regular checks of QC samples (e.g. blood pools) (GC/MS)

daily calibration verification tests

regular GC performance tests (separation, retention time windows)
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¢ identification based on definite abundance ratio and retention time criteria,
with the use of internal and external standards

e quantification based on the isotope dilution method with the use of internal
and external standards

« establishing a five- to seven-point calibration curve and regular repetition of
single concentration points

» regular method performance checks by analysing control samples of known
PBDE concentrations

¢ daily MS performance checks to control the resolution and sensitivity

Figure 5. Mass fragmentograms of PBDEs in a fish sample
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Reprinted from Talanta, Vol. 63, Papke, O., Furst, P. & Herrmann, T., Determination of
polybrominated diphenyl ethers (PBDEs) in biological tissues with special emphasis on
QC/QA measures, pp. 1203-1211, 2004, with permission from Elsevier.

(i} External measures

External measures should include:

e regular participation in interlaboratory QC studies and proficiency tests
covering those matrices that are regularly analysed

¢ exchange of samples and control measurements of standards and samples
with other qualified laboratories

More detailed information with respect to QA/QC measures is given by Pépke et
al. (2004).
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4. SAMPLING PROTOCOLS

There are no specific guidelines for sampling protocols for food samples to be
analysed for their PBDE content. Therefore, basic rules for sampling for organic
contaminants or pesticides should be followed. The primary requirement is a
representative, homogeneous laboratory sample with no secondary contamina-
tion.

4.1 Personnel

A qualified, authorized person should perform sampling.

4.2 Representative sample

Samples must be representative of the lots or sublots from which they are
taken. Compliance with maximum levels or action levels should be established on
the basis of the concentrations determined in the laboratory sample.

¢ Lots are identifiable gquantities of food delivered at one time and determined
by the official to have common characteristics, such as origin, variety, type of
packaging, packer, consigner or markings. In the case of fish, they should be
of comparable size.

¢ Sublots are designated parts of a large lot to which the sampling method is
applied. Each sublot must be physically separate and identifiable.

¢ An incremental sample is a quantity of material taken from a single place in a
lot or sublot. As far as possible, incremental samples should be taken at
various places distributed throughout the lot or sublot.

¢ An aggregate sample is the combined total of all the incremental samples
taken from the lot or sublot. It should be at least 1 kg, unless impractical.

¢ A laboratory sample for the purposes of enforcement, trade and refereeing
should be taken from the homogenized aggregate sample, unless this
conflicts with Member States’ regulations on sampling. The sample used to
ensure enforcement should be large enough to allow at least duplicate
analysis.

4.3 Packaging, transport and storage of aggregate and laboratory
samples

Each aggregate and laboratory sample should be placed in a clean, inert
container offering adequate protection from contamination, loss of analytes by
adsorption to the internal wall of the container or damage in transit. Glassware
offers good protection from contamination and can be cleaned easily. Poly-
ethylene and polypropylene containers also provide protection against damage
during transit. Containers made from halogenated substances (such as polyvinyl
chloride) are not considered suitable for this purpose. Although PBDEs are
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chemically stable, samples must be stored and transported in such a way that the
food sample does not deteriorate. In particular, the fat content should not be
changed (e.g. by microbiological or enzymatic processes), as the content of the
compounds in food of animal origin is generally calculated on a fat basis.

4.4 Human milk samples

No guidelines are set for storage and transport of human milk samples.
However, the guidelines recommended by WHO in the case of dioxins can be
used. Specifically, WHO recommended the addition of potassium dichromate
tablets to human milk samples during collection of portions and for transport in the
third round of studies of exposure, if freezing of the portions cannot be guaran-
teed. This helps to avoid microbiological deterioration of the samples. If the
portions can be frozen immediately after collection and the collected portions can
be shipped in a frozen state, addition of potassium dichromate tablets is unneces-

sary.

4.5 Sealing and labelling

Each sample taken for official use should be sealed at the place of sampling
and identified following Member States’ regulations. A record must be kept of each
sampling, permitting each lot to be identified unambiguously and giving the date
and place of sampling, together with any additional information likely to be of
assistance to the analyst.

4.6 Edible parts

For determination of PBDEs in food, only the edible parts are analysed.
Vegetables should be washed with water to separate them from adhering soil.

5. EFFECTS OF PROCESSING

No data were available on the effects of processing on PBDE levels in foods.
However, as PBDEs are chemically stable, lipophilic substances, little changes in
PBDE content with processing would be expected.

Results of studies on the effect of processing on the dioxin content of foods
are assumed to apply in the absence of studies on PBDEs. Smoking of meat or
fish samples has been shown to increase the dioxin and furan content, depending
on the smoking conditions (Kérner & Hagenmaier, 1990; Mayer, 1998; Mayer &
Jahr, 1998). Broiling of hamburger samples resulted in an approximately 50%
decrease in the total toxic equivalents (wet weight) per hamburger, but the
decrease appeared to be due solely to the decrease in wet weight associated with
loss of water and loss of PCDDs/PCDFs with the fat (Schecter et al., 1996). In
further studies, it was shown that the total toxic equivalents (PCDDs/PCDFs and
PCBs) in hamburger, bacon and catfish decreased by an average of 50% as a
result of broiling. However, the concentration remained the same in hamburger,
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increased by 84% in bacon and decreased by 34% in catfish (Schecter et al,,
1997). On average, the total measured concentration (pg/kg whole weight)
increased by 14% in hamburger and by 29% in bacon and decreased by 33% in
catfish (Schecter et al., 1998). In a study of the effect of pan-frying beef patties,
the PCDD/PCDF concentration was reduced by 40-50% by cooking. Most of the
reduction was accounted for by the amount in fat liberated from the patties during
cooking (Petroske et al., 1997, 1998). No de novo synthesis of dioxins was
observed after deep frying of scallops of pork covered with egg and crumbs either
with or without salt and pepper. The frying temperature was high (180 °C).

Based on these results and the assumption that processing will have the
same effect on PBDE levels as it does on dioxin levels, it is unlikely that PBDEs
are formed or lost during usual cooking processes. Changes in PBDE content can
be expected to be seen on a fresh weight basis owing to changes in fat and water
content. As a whole, the PBDE content on a mass balance basis is expected to be
constant in meat, fat and juices. However, since PBDEs concentrate in the fat
portions of the food, such as the fatty tissue of the fish, removing the skin and
visible fat and using cooking methods that allow fat to drip off can reduce levels in
foods as consumed and the associated exposures.

6. LEVELS AND PATTERNS OF CONTAMINATION OF FOOD
COMMODITIES
6.1 Surveillance data

Data were submitted by two countries, Canada and Germany, and published
studies summarizing PBDE concentrations for various types of food samples were
submitted by the Netherlands, the United Kingdom and the United States. Pub-
lished data were also available for Finland, Japan, Spain and Sweden.

6.1.1 Canada

The PBDE data available for Canada were from two total diet studies (TDS)
conducted in Whitehorse in 1998 (Health Canada, 2004a) and Vancouver in 2002
(Health Canada, 2004b), as well as a specific survey on fish and seafood con-
ducted in 2002 in Vancouver, Toronto and Halifax (Health Canada, 2004c).

Each TDS consists of the purchase of foods at retail outlets, preparation and
cooking of individual foods where applicable, combining some food samples into
composites and laboratory analyses. The foods are typically purchased from three
or four supermarkets and processed as for consumption in the average household
kitchen (i.e. raw meats are cooked; fresh vegetables are cooked or properly
peeled, trimmed or otherwise cleaned for serving, if not cooked). The processed
foods are then mixed according to each category to make composites for analysis.
For PBDEs, about 50 food composites consisting of foods known to contain these
compounds, such as those of animal origin and relatively high fat content, along
with a few other individual food samples, have been analysed. The data available
from these two TDS are provided in Table 17.
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The survey on fish and seafood sampled farmed and wild-caught fish and
seafood products sold at the retail level. Samples of farmed and wild-caught char,
oysters, salmon, shrimp and tilapia were analysed for PBDEs. At the time of
sampling, there was only limited availability of wild-caught oysters, salmon, shrimp
and tilapia in retail outlets, and edible portions only (skin and bone removed) were
analysed for the various targeted contaminants. The data are shown in Table 18.

6.1.2 Finland

Kiviranta et al. (2004) measured concentrations of PBDEs in 10 market basket
surveys consisting of almost 4000 individual food samples representing 228
different food items collected between April 1997 and June 1999 from super-
markets, farmers’ markets and food producers and wholesalers in Finland. Five
PBDE congeners were analysed (BDE-47, BDE-99, BDE-100, BDE-153 and BDE-
154). The concentrations of the sum of PBDEs ranged from 0.82 to 850 pg/g fresh
weight, and the fish basket had the highest concentrations of PBDEs. Table 19
summarizes the detected concentrations.

6.1.3 Germany

Values for various food samples were submitted from Germany. Time of
collection was between May 2001 and September 2003. All reported values are
summarized in Tables 20 to 22. The concentrations are given for total PBDEs
(sum of BDE-28, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154) in ng/g
lipid. Due to the relatively high limit of quantification (LOQ) of 1 ng/g lipid, only
values for positive samples are reported in the summary tables.

Additional data on contamination levels in foods in Germany were available
from several publications. Concentrations in 13 fish samples from the German
market analysed by Papke et al. (2004) are reported in Table 23.

6.1.4  Japan

Ashizuka et al. (2004) analysed foods collected by a market basket food
study. The authors measured the levels of PBDEs in various fish samples and the
TDS food groups. The PBDE values found in the fish samples are relatively high,
between 79 and 747 pg/g wet weight (see Figure 6). Of the 13 food group samples
in the TDS, PBDEs were found in Groups IV (Qil), X (Fish), XI (Meat and eggs)
and XII (Milk and milk products) at concentrations of 122, 1259, 65 and 8.6 pg/g,
respectively. In the other groups, PBDEs were below the detection limit.

Ohta et al. (2002) measured the concentrations of PBDEs in fish, shelifish,
meat and vegetables sold in two food markets in the city of Hirakata, Osaka
prefecture. Table 24 summarizes the measured concentrations.
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Table 19. Concentrations of PBDEs and fat percentages of 10 market baskets and total
diet basket

Food basket Fat content (%) Sum of PBDEs (pg/g fresh weight)
NQ=0 NQ =LOQ

(1) Liquid milk products 2 0.82 2

(2) Solid milk products 21 34 40

(3) Fish 6.4 850 850

(4) Meat and eggs 11 13 15

(5) Fats 79 180 220

(6) Cereal products 21 15 15

(7) Potato products 0.34 1.3 1.4

(8) Vegetables 0.9 17 17

(9) Fruits and berries 1.3 3.8 42

(10) Beverages, spices, 5.4 5.5

sweets

Total diet basket 3.5 43 43

From Kiviranta et al. (2004)
LOQ, limit of quantification; NQ, not quantified

Table 20. PBDEs in milk, milk products and eggs and poultry’

Sample type Total number of % positive Positive samples
samples (values in ng/g
lipid)
Samples ND Positive Mean Range
samples samples

Farm collection 96 91 5 5 2 14
milk/raw milk
Cheese 32 31 1 3 2
Goat cheese 4 4 0 0
Butter 38 34 4 11 1.3 1-2
Eggs 106 76 30 28 1.7 1-5
Chicken 38 24 14 37 3.6 1-12
Duck, goose 22 1 11 50 2
Turkey 10 3 7 70 3.7 2-7

ND, not detected
* L0Q =1 ng/g.
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Figure 6. Levels and congener profiles of PBDEs in fish samples
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Taken from Ashizuka, Y., Nakagawa, R., Hori, T., Tobiishi, K. & lida, T. (2004) Levels of
polybrominated diphenyl ethers and polybrominated dioxins in fish, total diet study food
groups and Japanese meals. Organohalogen Compd., 66, 2553—2559.

Table 24. PBDE concentrations in food samples collected in the city of Hirakata, Japan

Food PBDE (pg/g Food PBDE (pg/g fresh
fresh weight) weight)

Young yellowtail 1650 Salmon 593
Young yellowtail 1580 Yellow tuna 18.5
Young yellowtail 1720 Yellow tuna 17.7
Young yellowtail 1620 Yellow tuna 26.2
Mackerel 1550 Short-necked clam 61.3
Mackerel 1400 Short-necked clam 435
Mackerel 1540 Short-necked clam 52.4
Mackerel 1280 Spinach 134
Yellowtail 1320 Potato 47.6
Yellowtail 985 Carrot 384
Salmon 1040 Pork 63.6
Salmon 897 Beef 16.2
Salmon 813 Chicken 6.25

From Ohta et al. (2002)
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6.1.5 The Netherlands

The Netherlands Institute of Fisheries Research (RIVO) investigated back-
ground concentrations of PBDEs in 91 samples of food products consumed by the
Dutch population. Table 25 lists the number of samples analysed per food group,
and Table 26 summarizes the concentrations in these foods.

Table 25. Food products analysed by RIVO

Category Product Number of (pooled) samples

Dairy and dairy products Blue-veined cheese 11
Hard cheese 2
Milk 6
Whipping cream 2
Coffee creamer 1

Eggs Egg

Meat and poultry Beef
Pork
Poultry

Animal fats Fat of cattle
Fat of pigs

WhHh OGN O

Fish Plaice
Salmon
Mackerel
Herring
Eel
Mussel
Shrimp

[

= NONNaa

Vegetable oil Oil
Sunflower olive oil

o N

From de Winter-Sorkina et al. (2003)
# Smoked eel (n = 1), lJsselmeer eel (n = 2), hatched eel (n = 3) and imported eel (n = 2).

Table 26. Mean concentrations per food category, according to scenario 1 (<LOD = 0.5
x [ OD) and 2 (<LOD = 0)

Category n>LOD Mean concentration (ng/g)
Scenario 1 Scenario 2

Cheese 2 0.3 0.04
Beef 4 0.7 0.08
Pork 2 2.1 0.08
Poultry 5 0.3 0.04
Herring 2 12.9 214
Salmon 1 34 0.57

From de Winter-Sorkina et al. (2003)
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6.1.6  Spain

Food samples — from local markets, big supermarkets and grocery stores
from seven cities (Barcelona, Tarragona, Lleida, Girona, L’'Hospitalet de Liobregat,
Badalona and Terrassa) of Catalonia — were collected between June and August
2000. For collection of samples, two groups were made up. The first group
included meat of beef (steak, hamburger), pork (loin, sausage), chicken (breast)
and lamb (steak); fish (hake, sardine) and shellfish (mussel); vegetables and
tubers (lettuce, tomato, potato, green beans, cauliflower); fresh fruits (apple,
orange, pear); and eggs. The second group included cow milk {whole, semi-
skimmed) and dairy products (yoghurt, cheese); cereals (bread, pasta, rice);
pulses (lentils, beans); fats (margarine) and oils (olive, sunflower); tinned fish
(tuna, sardine); and meat products (ham, hot dogs, salami). Two composite sam-
ples were analysed for each food item in group 1. Each composite was made up
of 10 individual samples, which were collected in five different places. For foods in
group 2, only one composite sample was analysed for each food item. This
composite was made up of eight individual samples of similar weights, which were
collected in four different places of the same city. The sums of the tetra- to octa-
brominated congeners were determined for each sample. In total, 54 samples
were analysed. The detection limits varied from 5 to 40 ng/kg dry weight, depend-
ing on the specific food and the respective congeners. Tables 27 and 28 sum-
marize the measured concentrations. The highest concentrations of total PBDEs
were found in oils and fats, followed by fish and shellfish, meats and meat prod-
ucts and eggs (Bocio et al., 2003).

6.1.7  United Kingdom

A survey was conducted in late 2001 to determine the concentrations of
PBDEs in brown trout and eels from locations upstream and downstream from a
site known to have manufactured both penta- and octaBDE until the late 1990s.
Table 46 in section 7.3.1 summarizes the detected concentrations (UK COT,
2004). In addition, a survey of the concentrations of PBDE congeners in food
samples from the 2001 TDS was conducted. None of the congeners measured
was detectable in this analysis.

6.1.8 United States

A market basket survey has been performed by Schecter et al. (2004a). Thirty-
two food samples purchased from three Dallas, Texas, supermarket chains in
2003 were analysed for 13 individual PBDE congeners (Table 29).

Further data on meat samples and dairy products from Schecter et al. (2004¢)
are presented in Tables 30 and 31.

In addition, data on PBDE concentrations in meat and meat products were
reported by Huwe (2004) (Table 32). Individual values below the limit of detection
(LOD = 3 times the standard deviation of the blanks) were considered non-



POLYBROMINATED DIPHENYL ETHERS

434

‘pasAjeue ssjdwes aysodwod Jo Jaquinu = U
‘(8njea puooss) 019z 40 (|N|eA 1s1Y) 0T eAnoadsal ayj JO Jey-auo o) [enbd Sem UOKEIIUSOUOD Bl ‘a0 a4y moteg
sem Jouabuoo e uaym jey) Buinsse pajenojed a1om senjea (sasayjuased ul) puooss pue isil 8yl ‘uaAlb ase sanjea omy ‘dnosb pooy yoes Jo4

{€002) "e 3o opog woid

q

e

(c'699) (zel) (e89) (¥'zo1) (02)

2185 (L've) 6Ly 691 Sv9 z60lL (gsze)eee (0)gs (0) 2S¢ oL (0L (zg) 6L wng
(e08) L'ey (062 @iz @sy Gs8Lvee rvee ez (062L ((©62L (02€ v 2J00
(e oL oy (@1 (€Ovy (g2ZD6€C oe)vs (v (0eg (0zz (081 (0020 edeH

(0'set) 611)
L'6EL oz (0so 6Ll (gzi)ser (oviy (2o sty (1L (060 @tvo exaH
(2°261) (g'52) (8'st)
LIS (yeadvez (Z9)zs g6z (Lv2)6ve 6GLlt (0¥o (0ee 0890 (0)so (e)yL ewued
(2'691) (c21) (z'g51)
269 (zov)zoL (0908 ¢l (geg)see egsL (vo (e (o2ee (0o 6oy ensr
A v (Gr=uw A v
c=u g=Uu
_ _ _ syonpoud _ _ ~ _ _
(e=uw syonpoid c=u) (z=u) Jeouw . (o=v) W=u) (=) (=uv Jf8=1)
S|I0 pue sye4 Aeq NN sbbg pue jesy pue ysi4 SjnI4  sjeasd) sas|ng slogn]  sajqelebap 3ag

[Mieds ‘ejuorejed uj pajosjjoo sejdwes pooy ul (3ybrom jom bx/bu) suonenussuod 3qgd Lz dIqel



POLYBROMINATED DIPHENYL ETHERS 435

detects (ND) and set to either LOD/2 or zero (in parentheses) before the averages
were calculated.

Table 28. PBDE concentrations in food samples collected in Catalonia, Spain

Food PBDE concentration®

ng/kg, lipid weight ng/kg, wet weight
Vegetables 8 (5)
Tubers 7(0)
Pulses 11(2)
Cereals 36 (0)
Fruits 6(0)
Whitefish 2359 (2052) 88 (37)
Shellfish 3140 (2961) 88 (83)
Tinned fish 2117 (1997) 260 (246)
Bluefish 10 839 (10 804) 1019 (1016)
Pork and pork products 597 (565) 172 (166)
Chicken 247 (0) 10 (0)
Beef and beef products 290 (248) 42 (36)
Lamb 261 (182) 31 (21)
Eggs 530 (482) 64 (58)
Dairy products 677 (557) 48 (34)
Whole milk 630 (525) 24 (20)
Unskimmed milk 618 (402) 10 (6)
Vegetable oils and fats 805 (795) 804 (794)
Margarine 188 (145) 155 (120)

From Bocio et al. (2003)

? Data were calculated assuming that when a congener was below the LOD, the
concentration was equal to one-half of the respective LOD. Values in parentheses were
calculated assuming that ND = 0.

Further data for meat samples coliected in three northern California markets
were published by Luksemburg et al. (2004) and are summarized in Table 33.

6.1.9 Other data

Hites et al. (2004) is another important source of data on PBDE contamination
of fish. Hites et al. (2004) analysed farmed and wild salmon produced and bought
worldwide. The highest PBDE concentrations were found in farmed salmon.



436 POLYBROMINATED DIPHENYL ETHERS

Figure 7 and Table 34 summarize the PBDE concentrations detected in fish from
Europe and the United States. The total BDE mean values from fish samples
collected in the United States were 10 times higher than those detected in fish
samples collected in Europe. This difference may be due to the fact that the
samples from the United States were mainly from rivers and lakes, while the fish
samples from Europe were mainly marine fish.

Table 29. PBDE concentrations in 32 food samples purchased in Dallas, Texas

Food PBDE concentration  Food PBDE concentration
(pg/g wet weight) (pg/g wet weight)

Margarine 0.9 Salmon fillet 2 3078

Evaporated milk 1 28.2 Catfish 2450

Evaporated milk 2 29.6 Bacon 1 0

Milk formula 30.3 Pork 41

Low-fat yoghurt 31.5 Ground beef 78.3

Ice cream 149 Bacon 2 104

Evaporated goat milk 290 Chicken breast 283

Butter 412 Ground turkey 713

Cheese 679 Duck 1282

Tilapia fillets 8.5 Wieners 1333

Texas shrimps 106 Pork sausage 1373

Rainbow trout 536 Non-fat milk 0

Catfish fillet 1547 Soya formula 16.9

Salmon 1752 Chicken eggs 73.7

Shark 1920 Calf liver 115

Salmon fillet 1 1994 Chicken liver 2835

Adapted from graphs in Schecter et al. (2004c)

Another collection of PBDE data in fish samples of different origins is given in
Table 35. Mean concentrations for samples collected from different countries
range between 14 and 2200 ng/g lipid.

Tritscher et al. (2003) reported on PBDE values for different types of fish, one
egg sample and five cow milk samples. The concentration of total PBDEs in fish
ranged between 1.1 and 5.4 ng/g lipid. The lowest value of all six samples was
found in Whiting, Peru, the only sample originating from the Southern Hemisphere
(Figure 8). The highest concentration in the egg yolk sample was found for BDE-
99 and BDE-47, at 1.1 and 0.5 ng/g lipid, respectively; the total BDE concentration
was reported to be 2.2 ng/g lipid. The total PBDE values for the five milk samples
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from northern France ranged between 0.12 and 0.55 ng/g lipid. In all cases, the
highest concentration was found for BDE-47.

Figure 7. Concentrations of PBDEs in farmed and wild salmon

Concentrations of PBDEs
In Farmed and Wild Salmon
E 7 Farmed Saimon Purchased
) Obtainedfrom from Supenmarkets Wid Saimon
] Saimon Farms
e
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Average errors for PBDE concentrations: plus or minus 20 percent

Taken from Hites, R., Foran, J., Schwager, S., Knuth, B., Hamilton, C. & Carpenter, D.
(2004) Global assessment of polybrominated diphenyl ethers in farmed and wild salmon.
Environ. Sci. Technol., 38 (19), 4945-4949.

6.2 Distribution curves

There were large differences in the amount, detail and quality of the data from
the various countries. In particular, the data available differed with respect to the
number of congeners analysed, whether concentrations were reported on a lipid or
a wet weight basis and the sensitivity of the method used. Some data were
available only as the sum of the congeners, and in some instances it was not clear
which congeners were included in these sums. Further, in some cases, an upper-
bound approach was used, i.e. substituting the LOQ (or LOD) for those congeners
that were not quantified, in calculating total PBDEs. In other cases, the concen-
tration of the contaminants may have been underestimated, when a lower-bound
approach, with a zero value used for those congeners that were not quantified,
was used. In some cases, the reported summaries did not clarify which approach
was used. When data were available on a per lipid basis, they were converted to a
per wet weight basis if the associated percent lipid information was available in the
database or publication. Several studies summarizing concentrations expressed
concentrations on a per fat basis and did not provide an estimate of the fat content
of the food samples. For these studies, an average estimate based on the fat con-
tent of similar foods from the other studies was used. It was not always possible to
determine which congeners were analysed; however, when that information was



447

POLYBROMINATED DIPHENYL ETHERS

(2661) "fe 12 pun|Bey 8/ 0L 0TV O¥r 02§ 191 I 166l 1al1y uowies B9 oNjeg
(6661) "fe 3 pundsy €le 009 0Z¢ 0LE 0O6E cel 8  G66L uowies €9 oljjeg
(Z002) e 1o wodeT 28, Z8L 08V 81lE 6V0  LZ) zz ooz JoAl ‘wealg Auewssg
(£661) "le Jo Woss|es 991 o€l 0€  0gl 09z /861 BunieH uspamg
(z002) "Ie 1o uoog 89, 9gc 'L SE€L T 9Ly 8Z 666l salads [e1oAdg €3G ULON
(€002) 'e 18 BBauuaz 96, I&L LTV  €9F 0Ov¥Z € 8 2002 UsysuuM puepeZIMS
(6661) " 10 uewpUERS 195 €0'L ¥e'9 V6P 6  866L jeidg e9g onjeg
(£661) "|e 32 Woss|ieg vle Loy €€6  L'¥T 0Ss /861 BuwseH uspamg
(€661) "le 18 wons||vs L9z 06'€ 02L 06 G 986l USYINUM uapamg
wnibjag
(z002) 'e 10 sqooer Z6L 180 LOL 95€ /8T 60l €L lLooe uowl[es  pue puepoos
(z002) "2 1 uasuaisLyD 9/l 82}l 690 9GI 9 000  sawads aauyp puejuaaI9
(6661) "fe 19 uewpueng €Ll 610 145 2 a4} € 866l BuiisH B3 Jfifeg
(€002) "e 10 BBauuaz oL 980 20 0LV 2T S ¥  200Z  Inoj moquiey puepsZIMS
(6661) 'le 1@ neaung €GL 8¥0 S60 09l ¥l 80l ¢ 8661 sewadsaaiyl €98 Jnleg
(2661) "|e 10 punibeH gel 1SL 0L €0) ¥ G686l BurieH B9 Jhjeg
(8661) uewauuaq g Jsog ap 0L'6 08'L 061 0O¥S I 66l [219¥2B I SspuepayieN
(Z002) "|e 10 wods? €9 80 120 860 VL0 0SY g 1002 JoAu ‘jp3 Aueuuag
aagdz 218 €61 001 66 Ly suop
VT TEN (pidyy 6/6u) uogenuaOUOd JQgd -edey ajeq adA] uoneso

ySy ul SUCHNQLISIP 18UaBU0D pue SUORENRUAIUOD JAGd TS 8Iqel



POLYBROMINATED DIPHENYL ETHERS

448

epeue)
‘elquiniod
(z002) ‘1e 1@ nowouoy| 8'L6 €6’V 12’9 ¥SslL 89l S8y 09 0002 9l0S yshlg
vSn ‘stouli
(2002) "leyo o201y ¥'89 7L 96'8 £€8'9 82L o've 9€ 6661 seaads om | g uebIyoIn
VSN JeAy
(€002) '|e 10 auhey 629 06'¢ o'y 028 ['/2 0°0¢ 4 2661 USUSyM elquiniod
VSN ‘lany
{(€002) '|e 10 auhey g6y 00¢C ooe 02’s 8g7ccC 89l ¥ 2661 Ysusuum elquinjod
epeue)
‘elquinjoy
(Z002) "[e 1@ nowouoy| e 1Sl 9l'g  Ss¥y 9L L'yl 92 2661 9jos yshug
vsn
(£002) "[e }o sufey Leh 9.0 €6°0 0s’L oLy 0TV € 9661 Usiauum “JoAlY UBd0|S
sueaw
L6y (Y 160 €29 V5SS 9'ce oUBWossH
6'C¢ 68’ 9’0 8e'Yy L19 y'ee as
suesaw
61l 2y 85’1 09l 66l 818 ueadoin3
(€661) '|e 30 wons|I9s SlS 0'Ls  0v9 ooty Sl 1861 Jeyd ooy uspams
(8661) Ie 18 wons|es 80 6'¢G 8¢l 9¢¢ 142 G661 SIoAL ‘AlId uapamg
(9661) woss|es 412 gve 8Ly 69¢ 43 /861 soI0ads |eloAdg uspams
3d4dd 1215 £G1 001 66 VA4

suoy

CRIIEIETEN (pidyj 6/6u) uonenuaouod 3ggd -nedey ajeq adAy uoRed0]

(ptuoo) pe ajqel



449

POLYBROMINATED DIPHENYL ETHERS

vsn
pue epeue)
(6661) "fe 1@ punidsy 0462 002 oLt 09€ 009 0041 9 9661 o ‘uebiyoiy axe]
VSN JoAry
(€002) "|e 1o aufey 0412 891 v've 19 099 O0LiC 9 0002 siaxong Aeusjooy|
(1002)
"|e Jo BiasaaN-191SayouBY 061 9l €0¢ 6¥c 6€C Ovel |74 9661 spluowles  uebludi axe
VSN oAy
(€002) "1e 10 aukey 0901 o'vy L'€9 8¥l 64y aze 14 G661 USUsiuM elquiniod
VSN 1oy
{(£002) |2 10 sufey 06S 2'0g 9’0y 9'LL €92 a8l I 661 Usualum eiquinjod
VSN JaAy
(£002) "|e 10 auiey 1258 0'0¢ 6'Ce 8'89 lZ¢ 641 4} 0002 USYSIUM elquiniod
VSN ‘e
(£002) "|e 1o aufey 86¢€ 8yl 8'€C S'er 8L zel I 9661 Usyajym elquinioy
(2002) "Ie 3@ JappoQ 89¢ v'ov L'y GGy 069 80¢ 0c 6661 Soloads [e1arsg Saxen jealo
vsn
(£002) 'jle 19 aufey oee '€l oLl c8e Ggl jor4 S 8661 ysysum  ‘oxe Aeusjooy
vsn
pue epeued
(2002) "1e 3@ ssoum FAYA 96'6 66l 0. LGl oy 0002 noJ; axen ‘sayen jeain
VSN JaAry
(€002) "|e 10 aukey 681 ov'L 6¢ClL £€2C Vv'es ¥'€9 6 0002 UsyslumM elquinjod
3a9dx 411 €6l 00l 66 FA4
suoy
90UBI9)0Y (pidy) 6/6u) uolenuaouod Jagd -neday ajeq adAy uoned0

(puoo) pe ajqel



POLYBROMINATED DIPHENYL ETHERS

450

UOREBIABD piepue)s ‘dS
(¥002) e 1@ SaNH woid

sueaw
80¢€ 99l 09l 68 L'E9 o191 PINENTETS)
(1244 g'g8lL £el g'6L L'€S Gl¢ as
suesw
0s0lL 1'€S 8'Ge Gol Ll 229 uedLaWY YLON
ulgjses
(1002} e 1o 9eH 00¢. gee Gec  Oivlk  €8L  OPSY 14 8661  sopads sauy| “BIUBIA
3049d3 41" €Sl 00L 66 Ly
suop
CLIETETE | (pidy) 6/6u) uonesuaouod 3agd -neday ajeq adA| uonedo

(piuoo) pg 9jqel



POLYBROMINATED DIPHENYL ETHERS 451

available, the BDE-28, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154 con-
geners were the ones most reported analysed. Therefore, the following analyses
assume that, at a minimum, these six congeners were analysed in all studies. For
the studies in which additional congeners were analysed and concentrations of the
individual congeners were available, the assessment restricted the analyses to the
six congeners listed above.

Table 35. PBDEs in fish samples, various studies

Area Reference Year of Sample n Mean values
collection (range) (ng/g
lipid weight)
Norway Schlabach et 1999 Trout 1/lake 43.2 (7.9-124)°
(13 lakes) al. (2001)
Baltic Sea Nylund et al. 1999 Herring 12-20/site 17.0 (12-30.7)°
(7 sites) (2001)
German CVUA (2001) 2001 Plaice 44 30 (151)°
market
are Rosefish 64 14 (196)°

Scotland Jacobs et al. 1999 Salmon 8 53.6 (1.1-

(2002) 85.2)°
Belgian 2001 5 19.6 (3.1-
market 521y
San Holden et al. 2002 Perch 6 696
Francisco (2003) )
Bay area Halibut 4 2235

Bass 4 1925
Shark 1 489

River Elbe Lepom et al. 2001 Bream 22 198 (26-728)°

2002

( ) Eel 5 6.3 (3.6-21.4)°

# Range of individual data.
® Range of means.
¢ Maximum.

Concentration data available on fish samples collected in the United Kingdom
were clearly identified as targeted samples and were therefore excluded from the
analyses. It was impossible to identify analytical results for targeted samples for
the other countries; all the remaining data were therefore considered represen-
tative of total contamination of foods.

Foods for which PBDE contamination data were available were grouped in six
food groups: Meats and products (including beef, pork, poultry and game), Dairy
and dairy products, Fish and shellfish, Fats and oils, Eggs and Fruits and
vegetables.
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Figure 8. PBDEs in fish samples and egg yolk
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Taken from Tritscher, A., Stadler, R., Scanlan, F., Collingro, C. & Papke O. (2003)
Determination of polychlorinated diphenylethers in samples of raw cow’s milk, fish and egg.
Organohalogen Compd., 61, 131-134.

Data were generally available in an aggregated form; although individual data
were available from some studies, there were not enough samples per study to
allow the generation of a full curve for the distribution of concentrations. As agreed
at the FAO/WHO workshop on exposure assessment of contaminants (WHO,
2000), the data from the various studies were grouped by geographical region,
and a lognormal distribution was assumed for each food group and each region.
To estimate the mean of the distribution, the aggregated data were weighted as a
function of the number of initial samples. Each result was multiplied by the number
of individual samples in the original survey, and the sum of the products was then
divided by the total number of individual samples to obtain a weighted mean of the
contamination of foods by PBDEs. In a second step, the geometric standard devi-
ation (GSD) of the distribution was derived by calculating the weighted standard
deviation of the log-transformed means available for each country and food group.
An average GSD of 2 was used to represent variability between countries within a
given geographical region.

In addition, a GSD was estimated from the studies for which data on individ-
ual samples were available. An average GSD of 5.6 was used for fish and shell-
fish, whereas an average standard deviation of 2.6 was used for the other food
groups. The within-food component of the variation represents variation in concen-
trations in different portions of one food group bought in one area. This component
is not used in estimating long-term intakes, because the long averaging time for
PBDE intake renders “meal-to-meal” variation irrelevant to the consideration of
long-term risk. In the case of iong-term intakes, it is assumed that consumers
choose food randomly with respect to the distribution of concentrations of contam-
inants and will therefore have an intake over time that is an approximation of the
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true mean of that distribution. This component, however, would be used, in con-
junction with the between-countries variation, in the calculation of short-term
intakes if acute exposures to PBDEs are considered of interest.

National data were aggregated by region when sufficient data were available:
Western Europe, North America and Far East. There were no data for countries in
other regions. Two sets of distributions were generated and used in the regional
intake assessments: “lower-bound” distributions, where estimates were derived
from studies setting non-detects at zero; and “upper-bound” distributions, where
estimates were derived from studies setting non-detects at the LOD. The percen-
tiles of these distribution curves were determined, and the median values and 90th
percentiles are presented in Tables 36 and 37. In addition, Figures 9 to 12 illus-
trate these distributions for two food groups and two regions.

7. DIETARY INTAKE ASSESSMENT

7.1 Introduction and background

PBDEs have been detected at low levels in food, human milk, outdoor air,
indoor air, water, household dust, human blood and human fat tissue. The main
sources of exposure of humans to PBDEs are through food, human breast milk
and dust (Health Canada, 2004f). In 1979 and 1980, the first record of the occur-
rence of PBDEs in fish samples was published by Andersson & Blomkvist (1981).
Concentrations between 950 and 27 000 ng/g lipid were found in fish sampled
along the Swedish river Viskan, where numerous textile industries are located.
These industries have used various brominated flame retardants in the production
of textiles. Due to the importance of fish in the diet worldwide, a number of fish
studies have been undertaken. PBDEs accumulate in fatty tissues and fluids such
as milk due to their physicochemical properties.

7.2 Methods
7.2.1 Definitions

The following definitions were adopted:

o Dietary intake: The dietary intake of PBDEs is defined as the amount of these
contaminants that is ingested in food per unit time. Dietary intake is
expressed in one of two ways: intake per unit of time, or intake per kilogram
body weight per unit of time. The latter measure requires that data on body
weight be available. In the current assessment, intake is expressed as pico-
grams of total PBDEs per capita per day.

* Region: When applied to concentrations and diets, region is an area com-
posed of individual nations or other geopolitical units that are likely to have
separate food sources and markets but common dietary characteristics. The
five Global Environment Monitoring System Food Contamination Monitoring
and Assessment Programme (GEMS/Food) regional diets fit this definition.
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Figure 9. Simulated distributions of PBDEs in dairy products for use in the long-term
intake assessment for the Western European region
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Figure 10. Simulated distributions of PBDEs in fish and shellfish for use in the long-
term intake assessment for the Northern American region
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» Between-person vanation: When applied to intake and food consumption,
between-person variation is defined as variation between individuals in a pop-
ulation within a nation or other geopolitical unit that is likely to have common
food sources and markets.

s Between-country variation: When applied to concentrations, between-country
variation is defined as variation between long-term mean concentrations in
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Figure 11. Simulated distributions of PBDEs in dairy products for use in the acute
intake assessment for the Western European region
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Figure 12. Simulated distributions of PBDEs in fish and shellfish for use in the acute
intake assessment for the Western European region
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specific food groups in areas that predominantly do not share food sources or
markets. National boundaries are assumed to define these populations within
an acceptable degree of error for this analysis.

o Within-food variation: When applied to concentrations, within-food variation is
defined as variation between consumed portions of a given food group during
the period considered in the analysis. For example, the within-food variation in
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PBDE concentration for the group “Fish” would comprise the variation in
PBDE concentration from one meal to the next during the period of exposure
(lifetime or other) of that individual. This variation is composed of variation
due to differences between species and variation related to differences
between fish of the same species. The within-food variation in PBDE concen-
tration is assumed to be equivalent to the between-sample variation for the
samples considered for each food group in this analysis.

7.2.2 Intake calculations

Mean intake per person can be calculated from mean food consumption, the
composition of the diet and the mean concentrations of PBDE in food from a local
market, as follows:

Equation 1:

- - N —_—
)=

where .7, is the long-term mean personal intake of a contaminant, a is the mean
concentration (in different portions) of the contaminant in food group i, | P is the

mean food consumption (g/day), N is the number of food groups considered and f;
is the fraction of food group i that contributes to total food consumption.

The contribution of a food group i to the total intake of PBDEs is obtained
from the partial intake, J; for group i/, as follows:

Equation 2:

Ji = ’Tt 5)’ fy

If the mean food consumption per person and the mean concentration are
considered random variables, it becomes possible to evaluate the distribution of
the dietary intake by a certain population. The approach used corresponds to the
method for assessing intake of contaminants and toxins in food recommended by
an FAO/WHO workshop on the topic (WHO, 2000). In short, the following proce-
dure was followed:

1. Concentration distributions indicating between-country variation in the mean
were constructed for various regions and food groups from the data on occur-
rence submitted by the countries. These distributions were assumed to be
lognormal (see section 6.2).

2. Data on food consumption were used to estimate mean consumption and the
between-person variation in food consumption in different diets. Lognormal
food consumption distributions were constructed for each diet. Additionally,
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the contribution of the recognized food groups to total food consumption in
these diets was derived from data on food consumption.

3.The dietary intake of a particular population was assessed by combining the
concentration and the food consumption distributions for that population by
Monte Carlo simulations (with 10 000 trials for each simulation). In each
Monte Carlo trial, dietary intake was estimated by multiplying random realiza-
tions of food consumption and concentrations in different food groups sam-
pled from their distributions (Eq. 1). The concentrations were weighted
according to the fraction that each food group contributes to total food intake
(Egs. 1 and 2). The collective intake estimates obtained by the Monte Carlo
approach thus form a distribution of dietary intake for each population studied.
The distributions are characterized by the median intake and two high percen-
tiles (80th and 90th). Note that the 90th percentile is a realistic estimate cor-
responding to the mean intake that is exceeded by 10% of the population
considered.

7.2.3 Compounds

Dietary intake was calculated for the sum of the following PBDEs: BDE-28,
BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154.

7.2.4 Distributions of concentrations

Data on occurrence were available for various countries (see section 6.1),
and these data were used to compile regional distributions of concentrations, each
distribution characterized by two parameters, the median (see Table 38) and a
GSD. Two sets of distributions were derived: the first was derived assuming non-
detects are set at zero, while the second was derived assuming non-detects are
set at the LOD. Since the data available from the various countries were not
always derived using the same sets of assumptions, different countries were
included in the two sets of distributions. In order to construct complete data series
for each region, missing data are typically replaced by data for the closest region,
e.g. Western European data for North America. However, since the fish concen-
tration data were shown to be different between the two regions when non-detects
were set at 0, it was not possible to use the Western European data as a surro-
gate for the missing North America data when non-detects were set at the LOD.
Since Japan was the only country in the Far Eastern region for which data were
available, data from Western Europe had to be used as a surrogate for the foods
missing data in the Far Eastern region. Essentially, the variation in concentrations
within each food group and region consists of a “between-country” and a “within-
food” component.

(a) Between-country variation

In calculating long-term intakes, only the between-country component of the
variation in concentration is relevant. Such variation implies that each region has
areas with less and more contaminated areas. In other words, it is assumed that
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persons living in a country where there is higher contamination will not “dilute”
their daily intake of PBDEs by eating food from a country where there is less
contamination, nor will persons living in a less contaminated area frequently con-
sume foods from a more contaminated area. The between-country variation was
estimated from the results available for this assessment, which consisted mainly of
means of aggregated data, i.e. measurements in pooled samples or means of
series of individual measurements (see section 6.2). The GSD of a data series of
means thus refers to the variation between those means.

The GSD values ranged from 1.2 to 10.8 and clustered around 2. On the
basis of these results, a universal between-country GSD of 2 was assumed.

(b) Within-food variation

The within-food component of the variation represents variation in concen-
trations in different portions of one food group bought in one area. This component
is not used in long-term intake estimates, because the long averaging time for
PBDE intake renders “meal-to-meal” variation irrelevant to the consideration of
long-term risk. In the long-term intake assessment, it is assumed that consumers
choose food randomly with respect to the distribution of concentrations of contam-
inants and will therefore have an intake over time that is an approximation of the
true mean of that distribution.

An accurate estimate of the GSD for within-food variation requires measure-
ment of concentrations in a set of individual products within one food group and
one area. Some of the data available were on a per individual sample. The GSDs
varied from 4.7 to 7.0 in the case of fish and shellfish and from 1.2 to 5.2 for the
other foods. On the basis of these results, an average within-food GSD of 5.6 was
assumed for fish and shellfish and of 2.6 for the other foods. The within-food
variation should be used in estimation of acute (short-term) intakes.

7.2.5 National diets

National diet estimates were summarized by the various intake studies avail-
able. Some were based on TDS, others on national consumption surveys. Only
mean intake estimates were provided.

7.2.6 International diets

Calculations were also performed for the GEMS/Food regional diets (WHO,
1998). These diets are derived not from data on food consumption but from food
production and import and export balances, as summarized by the FAO in their
Food Balance Sheets. Comparison with the detailed results of national food con-
sumption surveys shows that this type of data on food consumption provides
estimates that are more than 15% higher than actual mean food consumption
(WHO, 1998). The same estimate of between-person variation in total food con-
sumption that was assumed for dioxins (1.3) was assumed here.
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7.3 Estimates of dietary intake

7.3.1 National estimates for adults

National intake estimates were submitted by Australia, Canada, The Nether-
lands and New Zealand. The Canadian estimate was based on the Canadian
TDS. The Australian and New Zealand estimates were derived using concen-
tration data from the Canadian TDS and consumption estimates from Australia
and New Zealand. The Netherlands estimate was based on a report prepared by
RIVO and consumption data from the Dutch National Food Consumption Survey.
In addition, estimates for other countries were available in published reports and
studies.

(a) Australia

No Australian or Codex maximum permitted levels or Australian analytical
data exist for PBDE concentrations in foods at present. Australia submitted esti-
mated exposures calculated using the concentration levels of PBDEs in Canadian
foods, analysed in samples of the food groups reported in the Canadian 1998
Whitehorse and 2002 Vancouver TDS (Health Canada, 2004a, 2004b) and
Australian food consumption data. Specifically, the exposure assessment was
conducted using Australian food consumption data with Canadian mean and
maximum concentration data derived from the two Canadian TDS.

Estimated dietary exposures to PBDEs based on Canadian concentration data
and Australian food consumption data are presented in Table 38.

Table 38. Estimated dietary exposure to PBDEs using Canadian concentration data
and Australian food consumption data

Exposure units All respondents® Consumers only®
(n =13 858) (n=13810)
Mean Median Mean Median 95th percentile

Using mean concentrations

pg/day 3741 27.0 37.2 27.2 103.9
pg/kg bw per day 0.6 0.4 0.6 04 1.8
Using maximum concentrations

pg/day 48.8 33.6 49.0 33.7 142.0
pg/kg bw per day 0.8 0.5 0.8 0.6 24

? Respondents: This includes all members of the survey population whether or not they
consumed a food that contains the contaminant.

® Consumers only: This includes only the people who have consumed a food that contains
the contaminant.
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(b) Canada

Intake estimates for Canada are available from Ryan & Patry (2001) and from
Health Canada (2004d, 2004¢e). Ryan & Patry (2001) estimated the PBDE intake
of Canadian adults by sampling commercial foods from an ongoing total diet
market basket study. This resulted in a daily intake of total PBDEs of about 44 ng.
The main intake of PBDEs was observed to be correlated with the intake of meat.
Health Canada estimated the total diet PBDE intake based on food composites
collected from Whitehorse in the winter of 1998 and from Vancouver in the spring
of 2002. The intake estimate is based on an average consumption rate for all ages
and both sexes using a 60-kg person (Table 39). On inspection of the data, it
appears that the intake of PBDEs by Canadians from consumption of commercial
foods is about 30-40 ng total. Based on limited information, this value does not
appear to have changed substantially from 1998 to 2002.

Table 39. Dietary intakes of total PBDEs in two Canadian cities in 1998 and 2002

Food group PBDE intake (ng/day)
Vancouver 2002 Whitehorse 1998
Dairy 5.9 3
Meat 12.5 29.6
Fish 86 1.2
Other 34 45
All foods 30.4 38.2

(c) Finland

Kiviranta et al. (2004) measured the concentrations of PBDEs in 10 market
baskets consisting of almost 4000 individual food samples representing 228 differ-
ent food items, as well as in the total diet basket. The fish basket contributed most
to the concentrations of PBDEs, in which the lower-bound range was from 0.82 to
850 pg/g. The associated average daily intake of these substances by the Finnish
adult population was 44 ng/day (Table 40). Fish contributed most to the PBDE
intake.

(d) Japan

For Japan, two independent intake studies have been reported by Ashizuka et
al. (2004). They compared the results of their market basket food study and the
duplicate study. The average composition of the total diet for Fukuoka residents is
given in Table 41. The total dietary PBDE intakes per day and per person for the
two estimating methods are calculated as follows:

Market basket study: 114 ng/day
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Table 40. Average intakes of PBDEs in Finland based on 10 market baskets and total
diet basket

Market baskets NQ=0 NQ =L0Q
PBDE intake % PBDE intake %
(ng/day) (ng/day)
(1) Liquid milk products 0.35 0.8 0.86 0.9
(2) Solid milk products 1.1 2.6 1.3 29
(3) Fish 23 55 23 52
(4) Meat and eggs 1.8 4.2 2 4.5
(5) Fats 6.5 15 7.9 18
(6) Cereal products 2.8 6.6 2.8 6.2
(7) Potato products 0.16 0.4 0.17 0.4
(8) Vegetables 1.9 45 1.9 4.3
(9) Fruits and berries 0.85 2 0.93 21
(10) Beverages, 3.9 9.2 4 8.8
spices, sweets
Sum of baskets 43 45
Total diet basket 44 44

LOQ, limit of quantification; NQ, not quantified

Meal samples study (duplicate study). 68.2 ng/day (range: 10.8-212.7
ng/day)

(e) The Netherlands

Mean dietary intakes of PBDEs were estimated by de Winter-Sorkina et al.
(2003) using data collected by RIVO (section 6.1) and the consumption data from
the third Dutch National Food Consumption Survey. The calculated mean dietary
intakes of the “middle” scenario (derived assuming ND = LOD/2) are 3.2-3.5 ng/kg
bw per day. When the ND was set at zero (the “low” scenario), the estimated
intake is 0.2 ng/kg bw per day (Table 42).

() New Zealand

No New Zealand or Codex maximum permitted levels or New Zealand analyt-
ical data exist for PBDE concentrations in foods at present. New Zealand sub-
mitted estimated exposures calculated using the concentration levels of PBDEs in
Canadian foods, analysed in samples of the food groups reported in the Canadian
1998 Whitehorse and 2002 Vancouver TDS (Health Canada, 2004a, 2004b) and
New Zealand food consumption data. Estimated dietary exposures to PBDE
based on mean and maximum Canadian concentration data and New Zealand
food consumption data are presented in Table 43.
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Table 41. Average composition of total diet of average person in Fukuoka, Japan

Food group Average weight (g/day) % (by weight) of total diet
Rice and rice products 409.0 25.6
Grains, seeds and potatoes 192.8 121
Sugar and confectionaries 32.6 2.0
Oils 15.2 1.0
Legumes and legume products 73.2 4.6
Fruits 113.9 7.1
Carrots and green leafy 86.9 54
vegetables

White leafy vegetables, 184.6 11.5
mushrooms and seaweeds

Fish and fish products 172.2 10.8
Meat and eggs 82.1 5.1
Milk and milk products 107.9 6.8
Other processed foods 122.5 7.7
Water 5.6 0.4
Total 1598.5 100.0

From Ashizuka et al. (2004)

(g) Spain

The dietary intake of PBDEs for an adult male was 97.3 ng/day (ND = 0.5 x
LOD) or 81.9 ng/day (ND = 0), as given in Table 44. The greatest contribution to
these values corresponds to fish and shellfish, with approximately one third of the
total intake.

(h) Sweden

Darnerud et al. (1998b), using primarily Nordic data, estimated the exposure
of the Swedish population to PBDEs from food in a report to the Nordic Council of
Ministers. Their estimates were based on the upper range of total PBDE levels in
herring caught in the Baltic Sea (528 ng/g lipid). The total PBDE intake was
estimated by assuming a similar relative intake from different dietary sources as
described earlier in a Swedish estimation for PCBs (Wicklund-Glynn et al., 1996).
Consequently, according to this very approximate calculation, the total PBDE
intake for the Nordic consumer would be 200-700 ng/day.

A more detailed Swedish intake estimate was published by Darnerud et al.
(2000), on the basis of PBDE levels (BDE-47, BDE-99, BDE-100, BDE-153 and
BDE-154) in market basket samples collected in 1999. Analyses of food group
homogenates were performed, and not detected values were recognized as 0.5 x
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LOD. Total PBDE intake was obtained by adding intake from fish, meat, dairy
products, eggs, fats/oils and pastry food groups. Using this method, total intake in
Sweden was estimated to be 51 ng/day. About 50% of the intake originated from
fish. All data given above are summarized by Darnerud et al. (2001).

Table 42, Total average dietary intake of PBDEs by the Dutch population, according to
scenario 1 (ND = 0.5 x LOD) and scenario 2 (ND = 0)

Compound Mean intake (ng/kg bw per day)®
Scenario 1 Scenario 2

BDE-28 0.01 0.01

BDE-47 0.7 0.5

BDE-99 0.5 0.3

BDE-100 02 0.1

BDE-153 1.0 0.1

BDE-154 0.5 0.2

Sum PBDEs 3.2 (scenario A)° 0.2 (scenario A)
3.5 (scenario B)® 0.2 (scenario B)

From de Winter-Sorkina et al. (2003)

? The mean body weight of Dutch National Food Consumption Survey participants was 65.8
kg.

® Scenario A: congener scenario.

¢ Scenario B: food group scenario.

Table 43. Estimated dietary exposure to PBDE using Canadian concentration data and
New Zealand food consumption data

Exposure units All respondents® Consumers only®
(n = 4636) (n = 4624)
Mean Median Mean Median 95th percentile

Using mean concentrations

pg/day 48.7 331 48.8 33.2 140.8
pg/kg bwperday 0.7 0.5 0.7 0.5 1.9
Using maximum concentrations

pg/day 65.4 41.8 65.6 41.9 199.4
pg/kg bw perday 0.9 0.6 0.9 0.6 2.7

? Respondents: This includes all members of the survey population whether or not they
consumed a food that contains the contaminant.

® Consumers only: This includes only the people who have consumed a food that contains
the contaminant.
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Table 44. Estimated dietary intake of PBDESs by adult population of Catalonia, Spain®

Food group Daily consumption (g) PBDE intake (ng/day)
Vegetable 226 (15.7) 1.8(1.2)
Pulses 24 (1.7) 0.3 (0.05)
Cereals 206 (14.3) 7.4 (-)
Tubers 74 (5.1) 0.6 (-)
Fruits 239 (16.6) 14 (-)
Fish and shelifish 92 (6.4) 30.7 (29.9)
Meat and meat products 185 (12.8) 20.2 (18.9)
Eggs 34 (2.4) 2.2(2.0)
Dairy products 106 (7.3) 5.1 (3.6)
Milk 217 (15.0) 3.7 (2.9)
Fats and oils 41 (2.8) 24.1(23.3)
Total intake 1444 (100) 97.3 (81.9)
14(1.2°

From Bocio et al. (2003)

? Results are given for a male adult of 70 kg bw. In parentheses are percentages of total
consumption. Data were calculated assuming that when a congener was below the LOD,
the concentration was equal to one half of the respective LOD. Values in parentheses
were calculated assuming that ND = 0.

Total intake expressed in ng/kg bw per day.

The latest intake study for Sweden was presented by Lind et al. (2002). The
intake data of total PBDEs in female Swedish subjects are shown in Table 45. For
females, a mean daily intake of 0.63 ng/kg bw (40.8 ng/day) was found. The intake
data for male individuals are quite similar to the female data, at a mean of 0.58
ng/kg bw per day.

(i)  United Kingdom

Table 46 summarizes the intake of PBDEs from brown trout and eels from
locations upstream and downstream from a site known to have manufactured both
penta- and octaBDE until the late 1990s.

A preliminary assessment of human exposure to PBDEs in the United Kingdom
is given by Wijesekera et al. (2002). They reported data on a duplicate-diet study
for 10 individuals. The daily dietary intake of total PBDEs (total of BDE-47, BDE-
99, BDE-100, BDE-153 and BDE-154) was calculated using data on the total
content of the diet samples and food mass ingestion data for the individuals
consuming each sample. The estimated median lower-bound value of 90.5 ng had
a range between 37.2 and 235 ng/person per day.
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Table 45. Intake of PBDEs from different food groups in Sweden, females age 17-74

Food n PBDE intake (ng/day)
group

Mean Median Range 95th

percentile

All fish 629 30.2 171 0.0-654 87.5
Fatty 629 9.37 2.02 0.0-551 435
Baltic fish
Other fatty 629 18.8 9.90 0.0-598 64.1
fish
Other fish 629 4.87 2.79 0.0-48.9 12,5
Meats, 626 2.38 2.28 0.0-8.15 4,74
chicken
Dairy 626 3.38 3.15 0.0-12.4 6.75
products
Vegetable 626 1.60 1.26 0.0-12.1 417
fats
Other fats 626 276 2.51 0.0-11.6 6.02
Eggs 626 0.52 0.31 0.0-3.77 1.88
Total
intake
ng/day 621 40.8 281 1.28-666 96.4
ng/kg bw 621 0.63 0.43 0.02-11.7 142
per day

From Lind et al. (2002)

() United States

Intake estimates for the United States are based on concentration data
detected in the market basket survey conducted by Schecter et al. (2004a)
(section 6.1.8). Figure 13 summarizes the estimated daily intake of PBDEs for 20-
to 49-year-old males and females. The estimated intakes, 2.0 ng/kg bw and 1.4 ng
kg/bw, are about 2-3 times higher than the daily intake in Europe.

(k) Summary of national intake estimates

A summary of the eight dietary PBDE intake studies performed worldwide to
date is given in Table 47.
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Table 46. Estimated average dietary intake of PBDEs following consumption of trout

or eels from the Skerne-Tees river system

Sampling location Species Number of Concentration = Maximum Maximum
samples range® (ug/kg intake average
fresh weight) (ug/portion)®  intake
(ug/kg bw
per day)°
Ricknall Grange® Trout 5 12-14 1.6 0.003
Haughton Road® Trout 7 59-197 24 0.056
Ricknall Grange® Eels 1 53 3.7 0.0088
Oxenfield Bridge® Eels 5 164-288 20.2 0.048

From UK COT (2004)

@ Reported as sum of BDE-28, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154.

® Portion sizes were assumed to be 120 g trout or 70 g eels, as cited in the United Kingdom
Ministry of Agriculture, Fisheries and Food’s Food Portion Sizes.

¢ Average daily intake was calculated assuming consumption of one portion of trout or eels
per week and an adult body weight of 60 kg.

Control site for Skerne River.

® Test site showing the highest concentration of PBDEs in trout or eels.

Figure 13. Daily PBDE intake estimate for adults in the United States, 2003
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Taken from Schecter, A., Papke, O., Tung, K.C., Staskal, D. & Bimbaum, L. (2004a)
Polybrominated dipheny! ethers contamination of United States food. Environ. Sci. Technol.,

38 (20), 5306-5311.
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Table 47. Summary of data on human exposure to PBDEs through the diet

Country Characteristics of PBDE intake Remarks Reference
the study (ng/day)
Australia Canadian total Mean intake: ND=0 Food
diet study, 37.1 pg/day Standards
Australian food Maximum Australia New
ti Zealand (2004
consumption (per intake: 48.8 ( )
capita)
pg/day
Canada Food basket 44 Ryan & Patry
study, most food (2001)
samples of animal
origin
TDS conducted in  38.2 Calculations for Health Canada
Whitehorse in {(Whitehorse) intake were done  (2004a, 2004b)
1998 and assuming that
Vancouver in 30.4 ND =0
2002 (Vancouver)
Catalonia TDS 81.9 (lower) ND =0 Bocio et al.
Spai 2003
(Spain) 54 samples 97.3 (upper)  ND=LOD (2003)
11 food groups sum of tetra- to
octaBDEs
Finland 10 market Market baskets Kiviranta et al.
baskets and total (2004)
diet basket 43 ND =0
45 ND =LOD
Total diet
basket
44 ND=0
44 ND =LOD
Japan a) Market basket a) 114 Ashizuka et al.
tud 2004
study b) 68.2 (10.8— (2004)
b) Duplicate-diet  212.7)
study
Netherlands TDS 13 (low ND =0 de Winter-
estimate Sorkina et al.
213 (middle
6 food groups estimate)
New Canadian TDS, Mean intake: ND =0 Food
Zealand New Zealand food 48.7 pg/day Standards
consumption Maximum Australia New
Zealand (2004
intake: 65.4 ealand ( )

pg/day
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Table 47. (contd)

Country Characteristics of PBDE intake Remarks Reference
the study (ng/day)

Sweden Market basket 51 Calculations for Darnerud et al.
samples: fish, intake were done  (2001)
meat, dairy sum of assuming that

products, eggs, congeners 47, ND = % LOD
fats/oils, pastry ~ 99: 100, 153,

154
Sweden Food of animal 40.8 (mean) Calculations for Lind et al.
origin, National intake were done  (2002)
Swedish Diet females (18-74  555uming that
Inventory years) ND =0
sum of
congeners 47,
99, 100, 153,
154
United Duplicate-diet 90.5 (median)  Calculations for Wijesekera et
Kingdom samples intake were done  al. (2002)
sum of assuming that
congeners 47, Np =g
99, 100, 153,
154
United Food basket Females: 1.4 ND =0 Schecter et al.
States study, 49 ng/kg bw (20043a)
individual
mavicua Males: 2.0

samples, most
food samples of N’k bw
animal origin

LOD, limit of detection; ND, non-detects; TDS, total diet study

7.3.2  Regional estimates

The regional estimates for dietary intake presented use the concentration
distributions derived by adjusting only for between-country variability and repre-
sent long-term intake estimates. The concentration distributions used in the
assessment are those for Western Europe, the Far East (data from Japan) and
North America (data from Canada and the United States).

Consumption data for the regional estimates were based on GEMS/Food
regional diets. As these diets provide only point estimates of intakes, distributions
of intake (representing interperson variability) assumed a lognormal distribution
with a GSD of 1.3. Table 48 summarizes these distributions.

The estimated median long-term intakes from the GEMS/Food regional diets
are listed in Table 49.

The estimated long-term intakes of PBDEs in the GEMS/Food regional diets
(Tables 49 and 50) are considerably higher than those for the national diets
summarized in section 7.3.1, particularly for the Western European region and the
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Northern American region. This difference is driven by the fact that food consump-
tion is overestimated in the GEMS/Food regional diets, as they are based on food
production balances instead of actual food consumption.

Table 48. Statistical descriptors of the food consumption distributions used in the
assessment (based on the GEMS/Food regional diets)

Region Parameter Per capita food consumption estimate (g/day)
Dairy & Eggs Fish & Fruits, vege- Meat& Fats &
dairy shellfish tables, roots poultry  oils
products & tubers
Europe Mean 336.1 376 468 826.0 217.3 494
and North
America GSD 1.3 1.3 1.3 1.3 1.3 1.3
Median 303.7 340 423 746.6 196.4 446
90th 4251 476 59.2 1045.0 274.8 62.5
percentile
Far East Mean 32.8 131 315 372.8 47.0 16.0
GSD 1.3 1.3 1.3 1.3 1.3 1.3
Median 29.6 11.8 285 337.0 425 14.5
90th 415 16.6 399 471.6 59.5 20.3
percentile

GSD, geometric standard deviation

Table 49. Statistical descriptors (median, 80th and 90th percentiles) of estimated
distributions of long-term PBDE intake in GEMS/Food regional diets

Source of Diet Total PBDE intake Total PBDE intake
concentration (ng/day per person), (ng/day per person),
data using distributions using distributions

derived assuming derived assuming

ND=0 ND =LOD

Median P80 P90 Median P80 P90
Western Europe  European 109 166 210 250 350 420
North America European 189 264 318 259 361 433
Far East Far Eastern NA NA NA 73 103 125

LOD, limit of detection; NA, not available; ND, not detected; P80, 80th percentile; P90, 90th
percentile

A large difference is observed between the estimates using the lower-bound
concentration distributions (generated with ND = 0) and those derived using the
upper-bound concentration distributions (generated with ND = LOD), reflecting the
large uncertainty in the concentration estimates due to the large number of non-
detects in the data and to the fact that different studies were used in the
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generation of these sets of distributions. When estimates using the lower-bound
distributions are considered, the Western European intake estimates are driven by
the fish and shelifish intakes, whereas meat, fat and oil and fish and shellfish
intakes drive the North American intake estimates (Table 50). On the other hand,
when estimates using the upper-bound distributions are considered, the Western
European intake estimates are driven by the fish and shellfish and dairy intakes,
whereas dairy intakes drive the North American intake estimates and fish and -
shellfish and fruit and vegetable intakes drive the Far Eastern intake estimates
(Table 50). It should be noted that these estimates are based in some instances
on a very small number of studies and are therefore largely uncertain.

Table 50. Contribution of the various food groups to the mean long-term intake in the
GEMS/Food regional diets

Diet Dairy & Eggs Fish & Fruits & Meat& Fats Total
dairy shellfish vegetables poultry & oils
products

Contributions to total diet at the mean level (ng/day) (ND = 0)

Western 10 2 81 6 17 13 128
Europe

North 25 8 42 6 63 46 188
America

Far East NA NA NA NA NA NA NA

Per cent contributions to total diet at the mean level (ND = 0)

Western 8% 1% 64% 4% 13% 10% 100%

Europe

North 13% 4% 22% 3% 33% 24% 100%

America

FarEast NA NA NA NA NA NA NA
Contributions to total diet at the mean level (ng/day) (ND = LOD)

Western 81 5 85 8 49 45 274

Europe

North 81 5 42 8 52 52 240

America

FarEast 8 2 28 27 1 13 79

Per cent contributions to total diet at the mean level (ND = LOD)

Western 30% 2% 31% 3% 18% 17% 100%
Europe

North 34% 2% 17% 3% 22% 22% 100%
America

Far East 10% 2% 36% 34% 2% 17% 100%

LOD, limit of detection; NA, not available; ND, non-detects
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7.3.3  Dietary intake for infants

Nearly all PBDE intake studies are calculated for adults. In Table 51, prelim-
inary estimates of the daily PBDE intake by nursing infants via human milk are
presented. On the basis of this information, it can be concluded that the daily
intake for breastfed infants is between 1 and 2 orders of magnitude higher than
that for adults.

Table 51. Daily PBDE intake in nursing infants (calculation made under the
assumption of consumption of 800 ml milk per day with a lipid content of 3%)

Germany United States  Viet Nam

PBDE concentration in human milk 2.3° 30° 0.48"
(ng/g lipid)

Total PBDE intake per day (ng) 48.3 630 10
Total PBDE intake per day (ng/kg bw) 9.7 126 2

2 First (2001).
P Schecter et al. (2004c).

7.4 Potential sources of intake other than food

The knowledge of pathways/sources other than food for the daily intake of
PBDEs is quite limited. Potential additional pathways for intake are inhalation of air
and the uptake of dust (especially household dust). Detailed information on the
importance of these pathways is difficult to obtain. Wijesekera et al. (2002)
analysed nine indoor air samples for PBDEs (presented in Table 52).

Table 52. PBDE concentrations in indoor air samples

Location Sum PBDEs (ng/m®)® Location Sum PBDEs (ng/m®)
1w 0.77 3D 2.35

2W 15.9 7D 1.62

4w 17.9 oD 0.91

5W 1.43

6w 5.73

8w 9.1

Median W 2.3 Median D 1.62

From Wijesekera et al. (2002)
D, domestic; W, workplace
# Total of BDE-47, BDE-99, BDE-100, BDE-153, BDE-154.

The adult respiration rate was estimated as 20 m3/day. Due to the low level of
outdoor air PBDE concentrations (low pg/m3 range; de Wit, 2002), no remarkable
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influence was expected. Using the measured data, assuming a 100% absorption
of intake and taking into account a 40-h weekly working time, a daily human expo-
sure to PBDEs via inhalation was calculated at 32.9 ng/person. The intake via
contaminated dust is more difficult to estimate. Various authors have described
wide ranges of contamination of household dust. Data from Leonards et al. (2001),
Knoth et al. (2002, 2003), Sjédin et al. (2004b), Stapelton et al. (2004), Schecter et
al. (2005) and Wilford et al. (2005) are presented in Table 53.

Table 53. PBDE concentrations in household dust

Area Author Year of n Mean values
collection (range) (ng/g)
EU Leonards et al. (2001) 1995 7° 195
Germany Knoth et al. (2002, 2003) 2000-2001 40 63
United States Stapelton et al. (2004) 2004 17 5563 (780-
29 700)
United States  Schecter et al. (2005) 2004 9 12 136 (705
69 283)
Canada Wilford et al. (2005) 2002-2003 68 5500 (170-
170 000)
United States  Sjddin et al. (2004b) 2004 10 4240 (534—
28 763)
Australia Sjodin et al. (2004b) 2004 10 1166 (506—
12772)
United Sjodin et al. (2004b) 2004 10 10 292 (952
Kingdom 54 313)
Germany Sjodin et al. (2004b) 2004 10 17 (74-552)

? Includes The Netherlands, Finland, Denmark (n = 2), Sweden, Italy (n = 2).

8. PREVENTION AND CONTROL

As with other lipophilic contaminants, control of PBDE residues in animal feed
is likely to have an impact on the concentrations of PBDEs found in meat, poultry,
farmed fish and other animal-derived products. In addition, indoor air and dust are
currently being investigated as possible significant sources of human exposure to
PBDESs from consumer products (Wilford et al., 2004; Jones-Otazo et al., 2005).

9. LEVELS AND PATTERNS OF CONTAMINATION OF HUMANS

9.1 Comparison of analytical data in different tissues

With respect to comparability of PBDE data determined in different samples, it
is important to have data for concentrations in various tissues. As will be seen, a
comparison is possible only in the case of lipid-based data. Hirai et al. (2003)
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analysed the distribution of PBDEs among bile, blood, liver and adipose tissue.
Table 54 gives the relationship between PBDE concentrations in these tissues.

Table 54. Comparison of PBDE congener levels among different tissues in Japan: Bile,
blood, liver and adipose tissue

BDE Mean + SD
Bile/ Liver/ Adipose Liver/ Adipose Liver/
blood blood tissue/ bile tissue/ adipose
blood bile tissue
71 11+06 15+06 14108 2731 23+18 12107
47 16+15 1204 161207 33+36 43159 1.0%12
100 16215 11+04 17207 23123 39%38 0705
99 22+26 13+06 16107 34130 46+46 0909
153 15+¢13 1105 18111 23+22 4259 07204

Total (25 13310 121204 171209 24+24 38+51 08106
congeners)

From Hirai et al. (2003)
SD, standard deviation

A comparison of the PBDE distribution between human milk and placenta was
undertaken for sum PBDEs (BDE-28, BDE-47, BDE-99 and BDE-153) by
Strandman et al. (2000). As can be seen in Figure 14, the concentrations are
similar in both tissues.

Figure 14. Sum of PBDEs in human milk and placenta from 11 donors

7.00
6.00 .
4.00
3.00
2.00

| Human milk

Sum PBDE (ng/g fat)

Donor

Taken from Strandman, T., Koistinen, J. & Vartiainen, T. (2000) Polybrominated diphenyl
ethers (PBDEs) in placenta and human milk. Organohalogen Compd., 47, 61-64.
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Weiss et al. (2004a, 2004b) compared PBDE concentrations in serum
samples from Dutch mothers and from infants. As can be seen in Figures 15 and
16, the higher brominated congeners tend to have higher concentrations in the
maternal samples when comparing the lipid-based values. Due to the low lipid
content of cord blood, all values are significantly lower when reported on a fresh
weight basis.

Figure 15. Mean PBDE concentrations on a lipid weight basis in Dutch mothers and
infants

Lipid weight basis

B Cord blood (n = 12)
QWeek 35 and 20 (n = 78}

s IS am 1

Fat % BOE47 BDE100 BDEX9 BDE154 BDE153 HBCDD

Taken from Weiss, J., Meijer, L., Sauer, P., Linderholm, L., Athanasiadis, |. & Bergman, A.
(20042) PBDE and HBCDD levels in blood from Dutch mothers and infants. In: The Third
International Workshop on Brominated Flame Retardants. BFR 2004, Toronto, Ontario, 6-9
June 2004, pp. 71-74 (http://mww.bfr2004.com).

Figure 16. Mean PBDE concentrations on a wet weight basis in Dutch mothers and
infants

Fresh weight basis

B Cord blood (n = 12)
OWesk 35 and 20 (n = 78)

poalw.

o W 0 ] e ]

Fat % BDE47 BODE100 BDEY9 BDE154 BDE153 HBCDD

Taken from Weiss, J., Meijer, L., Sauer, P., Linderholm, L., Athanasiadis, |. & Bergman, A.
(20042a) PBDE and HBCDD levels in blood from Dutch mothers and infants. In: The Third
International Workshop on Brominated Flame Retardants. BFR 2004, Toronto, Ontario, 6-9
June 2004, pp. 71-74 (http://www.bfr2004.com).
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A comparison of PBDE concentrations in blood and human milk was reported
by Schecter et al. (2004b). They analysed 52 milk samples and 29 blood samples
collected in 2003. When looking at the total PBDEs, presented in Figure 17, a
great similarity can be observed in both tissues. On the other hand, it is important
to mention that the samples analysed are from different individuals.

Figure 17. PBDE levels in human milk (n = 52) and blood (n = 29) from the United
States
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Taken from Schecter, A., Pépke, O., Tung, K.C., Joseph, J., Dahlgren, J. & Harris, T.R.
(2005) Polybrominated diphenylether (PBDE) flame retardants in the US population: current
levels, temporal trends, and comparison with dioxins, dibenzofurans and polychlorinated
biphenyls. J. Occup. Environ. Med., 47 (3), 199-211.

(]

9.3 Different countries
9.3.1 Australia

The first data for PBDEs in the Australian population were provided by
Harden et al. (2004). They analysed pooled samples collected in 2003 for different
areas from Australia for males and females. Each pool consisted of about 100
individual samples. The age of the participants was between 31 and 45 years.
Results of the study are given in Figure 18. The average total concentration (sum
of 13 PBDESs) across all samples was 11.0 + 3.9 ng/g lipid. Overall concentrations
ranged from 6.7 ng/g lipid in a pooled sample collected from females from the
South region to a maximum of 19 ng/g lipid in a pooled sample collected from
males in the West region.
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Figure 18. Concentration of PBDE congeners in blood sera from Australians aged 31-
45 years
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Taken from Harden, F., Toms, L.M., Ryan, J.J. & Miiller, J. (2004) Determination of the
levels of polybrominated diphenylethers (PBDEs) in pooled blood sera obtained from
Australians aged 31-45 years. In: The Third International Workshop on Brominated Flame
Retardants. BFR 2004, Toronto, Ontario, 6-9 June 2004, pp. 59-62
(http://www.bfr2004.com).

9.3.2 Belgium

Levels of selected PBDEs in Belgian human milk were published by Pirard et
al. (2003). The samples, 14 from primiparous and multiparous women between
the ages of 26 and 38 years, were collected between 2000 and 2001. The values
are given in Table 55.

Table 55. BDE concentrations in investigated Belgian breast milk samples

BDE congener Concentrations (ng/g lipid weight) SD
BDE-28 0.09 0.17
BDE-47 1.69 1.90
BDE-100 0.17 0.209
BDE-99 0.35 0.319
BDE-154 0.12 0.082
BDE-153 0.43 0.388
Total BDEs 2.85

From Pirard et al. (2003)

SD, standard deviation
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9.3.3 Canada

For Canada, 10 individual human milk samples were obtained in 1992 as part
of a countrywide survey of concentrations of organochlorines in Canadian women.
The results of this study are shown in Table 56.

Table 56. Concentrations of PBDEs in individual human milk (n = 10) collected in 1992
from Ontario and Quebec

Sample Concentration (ng/g, lipid basis)

no- BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-183 6 BDEs
1 010 164  1.11 0.25 0.30 0.15 3.55
2 012 209 126 036 0.27 0.08 4.18
3 ND 0.31 010 007 0.21 0.10 0.79
(0.05)
4 007 091 024  0.10 0.14 ND (0.05) 1.46
5 013 070 030  0.16 0.34 ND (0.05) 1.63
6 015 246 087 042 0.23 0.10 423
7 026 457 170 065 1.31 0.71 9.20
8 122 1872 563 2.4 0.76 ND (0.05) 28.47
9 ND 065 022 0.2 0.35 0.39 173
(0.05)
10 010 185 043  0.16 0.14 ND (0.05) 2.68
Median 013 175 065  0.21 0.29 0.13 3.14
Average 022 339 119 044 0.41 0.15 5.79

From Ryan & Patry (2000)
ND, not detected

At the same time, pooled milk samples were also prepared by combining
samples from 20 individuals from each of five geographic regions and from 100
and 200 individuals across Canada. The data are reported in Table 57.

Further information on levels of PBDEs in maternal human blood from ethnic
groups living in different areas is presented by Ryan & van Oostdam (2004) (Table
58).

9.3.4 Czech Republic

Crhova et al. (2002) analysed adipose tissue samples collected postmortem
between 2000 and 2001 from 24 individuals. The age of the donors ranged
between 23 and 78 years. Concentrations are given in Table 59. In the groups
studied, lower concentrations of PBDEs were observed in women than in men.
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Table 57. Variation of PBDEs in composite samples of Canadian human milk samples

Region of origin Time collected  No. of individual milk BDE concentration (sum

samples of six congeners) (ng/g
milk lipid)
Maritimes 1992 20 19.08
Quebec 1992 20 18.75
Ontario 1992 20 2.57
Prairies 1992 20 5.70
Canada-wide 1992 100 16.24
Canada-wide 1981-1982 200 0.21

From Ryan & Patry (2000)

9.3.5 Faroe Islands

The aim of the study of Fangstrém et al. (2004b) was to determine the tem-
poral trend for PBDEs in human milk samples from the Faroe Islands. It was
demonstrated that an ongoing increase is taking place (Table 60).

9.3.6 Finland

The first measurements for the Finnish population were performed by
Strandman et al. (1999), as given in Table 61. The tissue samples were randomly
selected from an epidemiological population study. The range for the sum of three
PBDE congeners was between 6.15 and 18.72 ng/g lipid.

Strandman et al. (2000) analysed pairs of placenta and human mitk from 11
mothers in Finland, collected between 1994 and 1998. The data for the human
milk samples are presented in Table 62.

9.3.7 Germany

The first PBDE data for Germany have been published by Schriter-Kermani et
al. (2000). The study was conducted with blood samples archived by the German
environmental specimen bank. Whole blood samples from 20 subjects (10 male
and 10 female) participating in the monitoring programmes were chosen. The age
of the participants ranged between 20 and 30 years. As can be seen in Table 63,
a time-related increase was found. During the period 1985-1999, median PBDE
concentrations in blood increased from 3.08 to 4.69 ng/g lipid.

Furst (2001) compared PBDE data in human milk collected in 1992 and 2000.
The values for most congeners were quite similar in the samples of either collec-
tion period. Slightly higher values were found only for BDE-153 and BDE-183 in
the samples collected in 2000.
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Table 59. Concentration of PBDE congeners in human adipose tissue

POLYBROMINATED DIPHENYL ETHERS

PBDE Concentration (ng/g fat)
congener Male (n = 10) Female (n = 14)

Mean Minimum  Maximum Mean Minimum  Maximum
BDE-28 0.13 0.028 0.53 0.034  0.004 0.145
BDE-47 1.18 0.230 3.69 0.400  0.087 0.821
BDE-99 0.340 0.075 1.14 0.117  0.015 0.233
BDE-100 0.590  0.088 2.35 0.132  0.013 0.330
BDE-154 0.055  0.012 0.110 0.026  0.002 0.054
BDE-153 0.520  0.520 1.89 0413  0.080 1.47
BDE-183 0440 0.075 1.59 0.320 0.049 1.74
Total PBDEs 3.26 1.03 11.3 1.44 0.25 4.79

From Crhova et al. (2002)

Table 60. Concentrations of congeners identified in human milk from the Faroe

Islands®
Concentrations (ng/g lipid weight)
1987 1994-1995 1998-1999
(n=10) (n=10) (n=10)
BDE-47 0.5 1.2 1.7
BDE-99 0.20 0.50 1.0
BDE-100 0.25 0.60 1.0
BDE-153 0.60 14 3.6
Sum PBDE 15 3.6 7.2

From Fangstrom et al. (2004b)
# The samples were pooled with samples in each pool.

Very recent data for German mothers are reported by Vieth et al. (2004), with
milk samples collected in 2001-2003. Statistical data from this investigation are
presented in Table 64.

Significantly lower PBDE levels were observed in the group of mothers pre-
ferring a vegetarian or vegan diet and in the mothers nursing their second or third
child. However, it should be pointed out that the sample size of mothers nursing
their second or third child is higher in the group of vegetarians/vegans. BDE-209
was quantified in 40% of the human milk samples corresponding to background

level.
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Table 61. Concentration of three PBDE congeners in Finnish human adipose tissue

Age Concentration (ng/g fat)
(ea'S) "BDE.47  BDE-99  BDE-153  Total BDEs (three congeners)
36 3.07 0.80 3.05 6.92
45 6.17 2.77 2.88 11.82
47 8.76 5.51 3.74 18.0
54 3.94 0.74 1.47 6.15
57 6.55 1.55 3.25 11.35
62 16.75 3.27 1.68 217
64 6.23 1.31 1.26 8.8
69 14.46 245 1.81 18.72
82 3.48 1.40 1.61 6.49
84 3.39 0.88 2.54 6.81
11.7 (mean)

From Strandman et al. (1999)

Table 62. Concentrations of PBDEs in human milk (n = 11)

Concentration (ng/g lipid)

BDE-28 BDE-47 BDE-99 BDE-153

Total BDEs (four congeners)

Mean 0.16 1.31
SD 0.15 1.15
Median 0.13 0.85
Minimum 0.04 0.30
Maximum 0.59 4.25

0.39
0.23
0.35
0.14
0.94

0.39
0.20
0.29
0.19
0.72

2.25
1.73
1.62
0.67
6.5

From Strandman et al. (2000)
SD, standard deviation

Table 63. Statistical data on ZPBDE levels in human blood, time trend, Germany

Year n  Concentrations (ng/g lipid)
Maximum  25th Median Arithmetic Geometric 75th
percentile mean mean percentile
1985 20 15.72 1.94 3.08 3.91 286 4.03
1990 20 12.35 1.73 3.88 4.89 3.57 6.82
1995 19 17.56 3.30 3.90 5.55 4.59 5.9
1999 20 12.61 3.98 4.69 5.57 4.87 7.27

From Schréter-Kermani et al. (2000)
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9.3.8 Italy

The first data of the PBDE concentrations in Italian nulliparous women of
reproductive age were reported by De Felip et al. (2003). They analysed blood
samples originating from three pools consisting of 10, 6 and 6 individuals, respec-
tively. The mean concentration, as a sum of six congeners, was 2.0 ng/g lipid.

Ingelido et al. (2004) reported data on PBDE levels in human milk from
mothers from the general population of Rome and Venice and its surroundings.
The mean values, as presented in Table 65, range between 1.6 and 4.1 ng/g lipid.
A positive correlation with the fish consumption was not observed.

Table 65. PBDE congener concentrations and distribution in pooled human milk
samples from Venice and Rome

PBDE Concentrations (ng/g lipid)

Venice (LC)® Venice (MC)" Venice (HC)® Rome

(n=10) (n=13) (n=16) (n=10)
BDE-17 0.004 0.004 <0.002 0.004
BDE-28 0.065 0.064 0.036 0.082
BDE-47 1.5 0.90 0.55 1.9
BDE-66 0.015 0.037 <0.006 0.019
BDE-85 0.035 0.045 0.018 0.074
BDE-99 0.41 0.51 0.14 0.97
BDE-100 0.28 0.19 0.15 0.48
BDE-138 <0.01 0.020 <0.01 0.013
BDE-153 0.41 0.47 0.60 0.47
BDE-154 0.025 0.047 0.020 0.070
BDE-183 0.061 0.19 0.050 0.092
XPBDEs 2.8 25 1.6 4.1

From Ingelido et al. (2004)

@ LC= low fish consumption.
® MC = medium fish consumption.
¢ HC = high fish consumption.

9.3.9 Japan

Human adipose tissue samples from around the Tokyo area in Japan were
collected in 1970 (n = 10) and 2000 (n = 10) from 40- to 50-year-old female
individuals (Choi et al., 2002). As can be seen in Table 66, a dramatic increase
over time can be observed for all congeners.
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Table 66. Concentrations of seven PBDE congeners and total PBDEs from Japanese
human adipose tissue in 1970 and 2000

Compound Concentrations (pg/g fat)

1970 (n = 10) 2000 (n =10)

Median Range Median Range
BDE-28 23 <1.0-7.6 76 47-487
BDE-47 17.0 4.4-60.4 459 109-979
BDE-100 21 <2.5-6.1 250 41-527
BDE-99 3.9 <2.5-13.9 118 42-362
BDE-154 <6.3 <6.3 60 14-104
BDE-153 <6.3 <6.3 382 122-631
Total PBDEs 29.2 6.8-78.4 1288 466-2753

From Choi et al. (2002)

Takasuga et al. (2002) published human PBDE residue data from a study for
the development of halogenated components. Nine married couples, 37—48 years
old, participated in the study. Concentrations for PBDEs are given in Table 67.
The mean and median values are 3550 and 1902 pg/g lipid, respectively.

Table 67. PBDE concentrations in Japanese human blood for a 2-year study period

PBDE Concentration (pg/g fat weight)

Average Median Minimum Maximum
BDE-15 770 100 53 20 000
BDE-28 410 125 65 8 600
BDE-47 830 1200 100 14 000
BDE-99 210 670 130 63 000
BDE-100 260 140 57 1200
BDE-153 670 510 370 2100
BDE-183 160 140 56 520
Total PBDEs 3550 1902 951 37 250

From Takasuga et al. (2002)

9.3.10 Mexico

The first data on PBDE contamination of Mexican women were reported by
Lopez et al. (2004). They analysed blood and milk samples originating from two
different areas, 300 km apart. The authors stated that in some samples, BDE-209
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was the dominant congener or was a significant contributor to the sum of PBDEs.
As presented in Table 68, the concentrations are significantly higher in plasma
than in milk.

Table 68. Concentrations of individual PBDEs and total PBDEs in plasma and milk
samples from Mexico

Analyte Concentration (ng/g lipid weight)

Plasma (San Luis Potosi City) Milk (La Huastecha Potosina)

(n=5) (n=7)

Mean Range Mean Range
BDE-47 9.0 3.0-145 1.7 1.14.3
BDE-99 20 0.6-3.6 0.6 0.3-1.2
BDE-100 37 1.8-7.4 0.8 0.5-1.3
BDE-154 1.0 0.5-1.3 0.2 0.1-0.3
BDE-153 3.9 0.9-6.6 0.8 0.4-1.6
BDE-209 9.5 4.8-14.6 0.3 0.1-0.6
Sum PBDEs 29.7 21.5-37.5 21 0.8-5.4

From Lopez et al. (2004)

9.3.11 The Netherlands

In 1998, 108 breast milk samples were obtained from Dutch primiparous
women and analysed for PBDEs (de Winter-Sorkina et al., 2003). The results of
the study are given in Table 69.

Weiss et al. (2004a, 2004b) analysed a number of blood samples collected
from Dutch mothers and infants. The data measured for the adults are given in
Table 70.

9.3.12 Norway

For four different areas of Norway, Polder et al. (2004) analysed human milk
samples collected in 2003 (Table 71). The median values found for Norway range
between 1.66 and 2.52 ng/g lipid.

A time trend-related study on PBDEs in serum samples from the general pop-
ulation in Norway was performed by Thomsen et al. (2001). As with other coun-
tries, a time trend was observed in Norway as well (Figure 19).

Additional data from Norway on a congener-specific basis are presented in
another study from Thomsen et al. (2004). The samples (n = 130) were obtained
from individuals reporting a normal consumption of fish and game. The samples
collected in 1999 are presented in Table 72.
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Table 69. Statistical summary of PBDE congener concentrations measured in 103
Dutch breast milk samples taken in 1998

Congener Number Concentration (ng/g fat)

> LoD Minimum  Maximum Median Mean Relative standard
deviation

BDE-17 10 <0.03 0.13 <0.03

BDE-28 108 0.05 0.43 0.11 0.13 0.50
BDE-47 108 0.45 6.50 1.23 1.56 0.70
BDE-66 36 <0.06 0.32 <0.06

BDE-85 13 <0.08 0.17 <0.08

BDE-99 108 0.17 270 0.40 0.50 0.76
BDE-100 108 0.09 1.72 0.31 0.37 0.67
BDE-153 108 0.33 3.88 0.91 1.02 0.51
BDE-154 51 <0.08 0.26 <0.08

BDE-183 105 <0.09 1.90 0.42 0.45 0.61
Total 1.43 18.01 3.63

PBDEs

From de Winter-Sorkina et al. (2003)

Table 70. PBDE concentrations in maternal serum collected at gestation week 20 (n =
8) and week 35 (n = 70)

PBDE concentration (ng/g lipid weight)®

Mean Median Range
BDE-47 3.2 2.4 0.6-13
BDE-99 0.92 0.76 <0.124.3
BDE-100 0.69 0.69 0.11-2.9
BDE-153 45 45 0.79-39
BDE-154 1.5 1.1 0.26-6.

From Weiss et al. (2004a, 2004b)
? Fat percentage: mean 0.77%, median 0.74%, range 0.4—1.8%.

9.3.13 Republic of Korea

Lee et al. (2002) reported a study of potential exposure of Korean municipal
waste incinerator workers, with the comparison group taken from the general pop-
ulation living near the incinerator. The total value found for the total of five
congeners was 41.577 and 24.695 ng/g lipid for the incinerator workers and
general population, respectively (Table 73).
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Table 71. Median concentrations and ranges of sum PBDEs in human milk from four
different areas in Norway

Sum PBDE? concentration (ng/g milk fat)

Rogaland Telemark Troms Ostfold

(n=17) (n=4) (n=28) (n=3)
Median 2.47 1.66 2.52 1.95
Minimum 1.00 1.06 1.41 1.73
Maximum 10.79 2.55 10.56 3.76

From Polder et al. (2004)
# Sum PBDESs: sum of BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154.

Figure 19. Concentration of individual PBDE congeners and sum PBDEs in pooled
serum samples from Norwegian men age 40-50 years sampled between 1977 and 1999

4

1977 m1981 1986 01990 W 1995 1999

ng/g lipids

BDE-28 BDE-47 BDE-100 BDE-99 BDE-154 BDE-153 TBBP-A Sum
PBDE

Taken from Thomsen, C., Lundanes, E. & Becher, G. (2001) A time trend study on
brominated flame retardants in serum samples from the general population in Norway.
Organohalogen Compd., 52, 206—-209.

9.3.14 Spain

Schumacher et al. (2004) analysed milk samples collected in 2002 from
women living near and far from a hazardous waste incinerator in Spain. They
concluded that living in the vicinity of the hazardous waste incinerator did not
suggest any additional exposure to PBDEs (or PCBs) for the general population of
the area. The PBDE data are given in Table 74.
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Table 72. PBDEs in blood, Norway, n = 123

#28  #47 #99 #100 #153 #154 #183 Total

Mean (ng/g lipid) 030 2.98 1.00 056 145 058 0.29 6.84
Median (ng/g lipid) 0.18 1.68 0.69 034 111 041 022 4.71
RSD? (%) 187 268 119 190 87 82 76 162
Minimum (ng/g lipid) 0.05 0.25 0.27 0.04 0.02 0.10 0.009 1.40

Maximum (ng/g
lipid)
Number of detects 66 123 123 119 123 122 &1 123

456 87.93 10.60 11.2 956 291 1.09 121.7

From Thomsen et al. (2004)
RSD, relative standard deviation of the mean
# Seven samples have been excluded from calculation due to high blank value.

Table 73. Comparison of the concentrations of PBDE congeners in blood between this
study and previous studies in general population (n = 11), Republic of Korea

Congener Concentration (ng/g lipid based)
Waste incinerator workers General population
BDE-33 1.163
BDE- 47 15.860 9.842
BDE-99 5.468 4.316
BDE-100 2.655 1.692
BDE-153 7.321 5.217
BDE-154 0.487
BDE-183 8.603 3.628
Total PBDEs 41.557 24.695

From Lee et al. (2002)

9.3.15 Sweden

For Swedish human milk, decreasing levels of certain organochlorine com-
pounds have been found by Norén & Meironyté Guvenius (2000). In contrast,
levels for PBDEs have increased continuously since 1972. Recently, Meironyté
Guvenius & Norén (2001) reported that after the peak level found for Swedish
human milk in 1997, a decline for the years 1998-2000 was observed (Figure 20).

In 1998, Darnerud et al. (1998a) reported on PBDE values in 39 individual
samples of breast milk from primiparous woman from Uppsala County (Table 75).
The values are provided on both a fresh weight and lipid weight basis.

Further data for Uppsala County are given in Table 76.
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Table 74. Levels of total PBDEs and percent fat in samples of human milk from women
living near a hazardous waste incinerator, Catalonia, Spain

Sample code Total PBDE concentration Fat content (%)
(ng/g fat)
1 5.6 3.2
2 25 31
3 3.7 1.6
4 26 1.6
5 1.8 3.0
6 1.5 1.7
7 1.2 41
8 1.5 1.6
9 1.4 3.0
10 14 4.7
11 1.0 3.6
12 6.6 25
13 23 4.1
14 1.3 43
15 1.7 34
Mean 2.4 3.0

From Schumacher et al. (2004)

In the study of Lind et al. (2001), the authors stated that the PBDE levels in
human milk are associated with factors other than age, body mass index, alcohol
consumption, smoking habits and dietary intake of PBDEs.

Important information on the distribution of PBDEs in the general population
was given by van Bavel et al. (2002). They collected blood from a cohort of 220
persons from Sweden. The distribution of selected samples is shown in Figure 21.
A normal distribution can be seen between 1.0 and 13 ng/g lipid, with a mean
value of 4.9 ng/g lipid. However, in 10 of the remaining samples, extremely high
values for PBDEs were found, with one exceeding 1000 ng/g lipid.

9.3.16 United Kingdom

Kalantzi et al. (2004) collected human milk samples between late 2001 and
early 2003 from 54 mothers in the United Kingdom. Of these, 27 originated from
southeast England (London) and the other 27 from northwest Engiand (Lan-
caster). For BDE-47 and ZPBDEs, a difference could be found for the investigated
areas, as presented in Table 77.
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Figure 20. Mean concentration of PBDEs (ng/g lipid) in Swedish human milk from 1972
to 2000
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Taken from Meironyté Guvenius, D. & Norén, K. (2001) Polybrominated diphenyl ethers in
Swedish human milk. The follow-up study. In: The Second International Workshop on
Brominated Flame Retardants. BFR 2001, 14-16 May 2001, Stockholm University,
Stockholm, pp. 303-305.

Table 75. PBDE levels in breast milk from primiparous women in Uppsala County,
Sweden

BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 Sum PBDEs
pg PBDE/g fat weight

Mean 2516 717 475 648 70 4452
Median 1830 442 340 478 60 3373
Minimum 331 181 60 255 30 1139
Maximum 16 100 4470 5140 4320 270 28170
pg PBDE/g fresh weight

Mean 77 24 14 19 21 137
Median 58 16 10 14 1.5 102
Minimum g 4 1.5 8 15 28
Maximum 358 222 114 96 6 626

From Darnerud et al. (1998a)
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Table 76. PBDE levels in breast milk from primiparous women (n = 93) in Uppsala
County, Sweden

PBDE concentration (ng/g fat weight)
BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 ZPBDEs

Mean 2.35 0.619 0.377 0.597 0.068 4.01
Median 1.78 0.432 0.269 0.496 0.060 3.15
Minimum  0.20 0.100 0.050 0.197 0.030 0.906
Maximum  16.1 4.47 5.14 4.32 0.270 28.2

From Lind et al. (2001)

Figure 21. The distribution of 143 samples rerun using negative chemical ionization to
enhance LOD for PBDEs; 5% of the samples showed levels of PBDEs above 30 ng/g
lipid
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Taken from van Bavel, B., Hardell, L., Kitti, A., Lijedahl, M., Karlsson, M., Petterson, A,
Tysklind, M. & Lindstrdm, G. (2002) High levels of PBDEs in 5 % of 220 blood samples from
the Swedish population. Organohalogen Compd., 58, 161-164.

9.3.17 United States

The first data on PBDEs in adipose samples collected in 1987 were published
by Stanley et al. (1991). The study essentially confirmed the presence of PBDEs
in adipose tissue. The full-scan analysis demonstrated the presence of a hexa-
BDE, which was estimated to exceed 1 ng/g lipid. The presence of other PBDEs
was confirmed by additional HRMS—-selected ion monitoring (SIM) analysis,
although it was not possible to confirm the concentrations from this preliminary
study due to a lack of standards for individual PBDE isomers.
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Table 77. Comparison of concentrations of PBDE congeners in human milk from
London and Lancaster, United Kingdom

Congener Geometric mean (median; range) (ng/g milk fat)  Significance (P-
London Lancaster value)

BDE-47 3.9 (4.6; 1.0-36) 1.8 (2.2; 0.1-17) Yes

BDE-99 0.9 (1.0; ND-12) 0.8 (0.6; ND-6.8) No

BDE-100 0.6 (0.5; 0.7-7.0) 0.5 (0.4; ND—4.5) No

BDE-153 1.4 (1.2; ND4.9) 1.4 (1.4; ND-3.5) No

BDE-154 0.5 (0.5; ND-2.1) 0.4 (0.3; ND-2.4) No

ZPBDE 7.8 (8.1; 3.1-69) 4.6 (5.0; 0.3-34) Yes

From Kalantzi et al. (2004)
ND, not detected

Approximately 10 years later, five adipose tissue samples were collected in the
late 1990s from northern California women and analysed for PBDEs (She et al.,
2000). The authors suggested that from these preliminary limited data, it was
reasonable to conclude that the background level of PBDEs in the general
population is in the low ng/g range (less than 100 ng/g). The data are given in
Table 78.

Table 78. Concentration of PBDEs in human adipose tissue samples

Sample no. % lipid Concentration (ng/g lipid)
BDE-47 BDE-99 BDE-153 Total PBDEs
1 44.6 23 7.3 23 32.6
2 50.8 11 3.6 1.6 16.2
3 85.6 7.0 341 1.5 11.6
4 89 28 6.6 24 37
5 845 20 4.1 3.2 27.3
Mean 70.9 18 4.9 22 251
SD 213 8.6 1.9 0.69

From She et al. (2000)
SD, standard deviation

Due to unexpectedly high PBDE concentrations found in a pooled human milk
sample in the United States (Papke et al.,, 2001), the pooled material was
analysed in three laboratories with extensive experience in determination of
halogenated contaminants in human samples: ERGO in Hamburg (O. Papke),
Chemical and Veterinary Control Laboratory in Miinster (P. First) and Karolinska
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Institute in Stockholm (K. Norén). Comparing the HRMS results from the three
laboratories, the differences in concentrations for most congeners are quite low,
and the total PBDE concentrations of 204, 196 and 217 ng/g lipid are similar. Due
to the relatively difficult determination of compounds with high boiling points such
as PBDEs, the results of this comparison were helpful (Figure 22).

Figure 22. PBDEs in human milk (comparison of data from three laboratories with
different analytical methods)

160 1 /:.,,, T e -
140 | OERGO/LRMSNCI |
120 " OERGO/HRMSEl |
i EICVUA/ HRMS EI T

" | mKarolinska / HRMS EI

——

ng/g, lipid based
[+
o

Adapted from Papke, O., Bathe, L., Bergman, A., First, P., Meironyté Guvenius, D.,
Herrmann, T. & Norén, K. (2001) Determination of PBDEs in human milk from the United
States, comparison of results from three laboratories. Organohalogen Compd., 52, 197-200.

Congener BDE-47 occurred at the highest level, followed by BDE-99, BDE-
100 and BDE-153. These compounds contributed approximately 61-69%, 11—
17%, 10-13% and 5-9%, respectively, to the total PBDEs in the pooled milk
sample in the United States. It is striking that a concentration of PBDEs as high as
almost 200 ng/g lipid weight is indicated for human milk in the United States. The
first study on individual samples of human milk in the United States was published
by Schecter et al. (2004c). They analysed 47 milk samples collected in 2002. The
data are given in Table 79 and in Figure 23. The mean and median values for total
PBDEs are 73.9 and 34 ng/g lipid, respectively.

Archived serum samples from the United States have been analysed by
Petreas et al. (2002) and Schecter et al. (2004b). They did not find significant con-

centrations of PBDEs in pooled samples collected in the 1960s and 1973, respec-
tively.

Sjodin et al. (2004a) analysed archived serum samples from the United
States collected at four different time periods. The concentration of most of the
PBDEs had significant positive correlations with time of sample collection, showing
that PBDEs are increasing in serum collected in the United States. The data are
given in Table 80.
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Figure 23. PBDEs in breast milk from Texas, USA, collected in 2002, n = 47
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Taken from Schecter, A., Pavuk, M., Papke, O., Ryan, J.J., Birnbaum, L. & Rosen, R.
(2004c) Polybrominated diphenyl ethers (PBDEs) in US mothers’ milk. Environ. Health
Perspect., 111 (14), 1723-1729.

Table 80. Concentration of selected PBDEs in archived serum pools from the United
States, stratified according to 5-year collection periods

Compound Median concentration (range) (ng/g lipid)

1985-1989 1990-1994 1995-1999 2000-2002

(n=9) (n=14) (n=10) n=7)
BDE-47 5.4 (<1-44) 28 (3.7-49) 46 (24-68) 34 (29-98)
BDE-85 <0.5 (<0.5-1.08) 0.61(0.50-1.4) 0.78 (0.50-1.9) 0.70 (0.50-1.4)
BDE-99 <2 (<2-15) 10 (1.3-18) 13 (9.1-29) 11 (6.8-26)
BDE-100 0.81 (<0.5-7.3) 4.0 (0.63-7.7) 6.7 (3.8-14) 5.9 (3.5-18)
BDE-153 0.84 (<0.5-7.3) 1.6 (0.67-15) 4.2 (2.5-16) 7.3 (1.8-17)
BDE-154 <0.5 (<0.5-0.94) <0.5(<0.5-1.07) 0.88(0.52-1.8) 0.95 (0.50-1.8)
ZPBDEs 9.6 (4.6-74) 48 (7.5-86) 71 (42-120) 61 (47-160)

From Sjédin et al. (2004a)

She et al. (2004) analysed 16 recently collected human milk samples from
residents of the Pacific Northwest of the United States. The total BDE values and
the lipid content are given in Table 81.

The congener profiles for the 16 Northwest United States human milk
samples, using means of individual PBDE congeners, are shown in Figure 24.
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Table 81. Summary results of PBDE concentrations in 16 Northwest United States
human milk samples

Minimum Maximum Mean Median SD
% fat 2.78 5.06 4.19 4.50 0.69
¥PBDESs? (ng/g lipid) 6.34 309 77.5 48.5 79.6

From She et al. (2004)
SD, standard deviation

® Total of BDE-28/33, BDE-32, BDE-47, BDE-66, BDE-71, BDE-85, BDE-99, BDE-100,
BDE-153, BDE-154, BDE-183, BDE-209.

Figure 24. Pattern of 12 PBDE congeners analysed in Northwest United States human
milk, n = 16, mean
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Taken from She, J., Holden, A., Sharp, M., Tanner, M., Williams-Derry, C. & Hooper, K.
(2004) Unusual pattern of polybrominated diphenyl ethers (PBDEs) in US breast milk.
Organohalogen Compd., 66, 3945-3950.

9.3.18 Summary

Human PBDE data are available for a number of countries. Typical values
found for human samples such as human milk, blood and adipose tissue collected
in various regions are shown in Tables 82 and 83.

9.4 Data on time trends for PBDEs

The first data on the observation of an increasing time trend for PBDE con-
centrations in humans were published by Norén & Meironyté Guvenius (1998).
Subsequently, similar time trend data for PBDEs have been observed in many
countries. In Table 84, observations on this time trend are summarized.
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Table 82. PBDEs in human milk from Europe, North America and Asia

Country Collection Sample Total PBDEs (ng/g, References
year type®; lipid)
number -
Median Range
Canada 1982 P;n=200 <0.2 - Ryan & Patry (2000)
1986 P;n=100 0.6 - Ryan & Patry (2000)
1992 I;n=72 3.0 0.6-580 Ryan & Patry (2001)
2001- I;n=98 22 0.8-956 Ryan et al. (2002);
2002 Pereg et al. (2003)
Canadian 1989~ I;n=20 1.7 ND-14 Pereg et al. (2003)
Arcti 1991
(Nunavik) in=20 6.8 0.2-318
1996—
2000
Faroe Island 1987 P;n=10 1.5 - Fangstrom et al.
4
1994- P;n=10 36 - (2004b)
1995
1998 P;n=10 7.2 -
1999
Finland 1994— I;n=11 1.6 0.9-5.9 Strandman et al.
1998 (2000)
Germany 1992 P;n>500 1.7 - Furst (2001)
2000 l;n=7 1.8 -
2002 I;n=8 6.6 4.3-12 Weber & Heseker
(2004)
2001- I;n=62 1.78 max. 7.25 Vieth et al. (2004)
2003
Italy 1998— P;n=39 - 1.6-4.1 Ingelido et al. (2004)
2001
Japan late 1990s |; n=12 13 0.7-1.8 Ohta et al. (2002)
Japan 1973 P;n=21 <0.1 - Akutsu et al. (2003)
1983 P;n=19 0.6 -
1993 P;n=35 23 -
2000 P;n=27 14 -
1999 I;n=13 1.6 0.64.0
(single
sample =

291)
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Table 82. (contd)

Country Collection Sample Total PBDEs (ng/g, References
year type®; lipid)
number -
Median Range
Mexico notgiven |;n=7 2.1 0.8-54 Lopez et al. (2004)
(mean)
Netherlands 1998 ;n=103 3.3 1.0-13 Baumann et al. (2003)
Norway 1993, P;n=10- 19,29 - Thomsen et al. (2003)
2001 12
2001 I;n=9 2.8 2.0-10
Spain 2002 l;n=15 24 1.2-6.6 Schumacher et al.
(2004)
Sweden 1972 P; n=227 041 - Meironyté Guvenius et
o al. (1998, 1999, 2003);
1984~ Pin=102 07 - Norén & Meironyté
1985 Guvenius (2000)
1994 P;n=20 22 -
1997 P;n=40 4.0 -
2000- in=15 2.1 0.6-7.7
2001
Sweden 1996— ;n=93 3.2 0.9-28 Lind et al. (2003)
1999
2000- bn=31 29 1.5-1.8
2001
United 2001- I, n=152 6.6 0.3-69 Kalantzi et al. (2004)
Kingdom 2002
USA; New 1997 bn=17 147 - Ryan et al. (2002)
York
USA 2000 P;n=20 196 - Papke et al. (2001)
USA; Texas 2002 I;n=47 34 6.2419 Schecter et al. (2003)
USA 2002—- ;bn=20 58 10-1080  Lunder & Sharp (2003)
2003
USA,; west 2003 bn=9 50 13-156 Northwest
coast Environment Watch
(2004)

max., maximum; ND, not detected

2 P = pooled sample, | = individual samples.
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Table 83. Total PBDE concentration in different tissues from various countries
Country Year of Sample Total PBDE n Reference
collection  type concentration (ng/g,
lipid based)
Mean Range
Australia 2003 Blood 11 6.7-18 10 pools  Harden et al.
(98-100 (2004)
samples/
pool)
Belgium Not given  Adipose 3.7 1.7-10.1 20 Covaci &
Schepens
(2001)
Canada 1994 Blood 23.3 13.146.4 Ryan & van
1999 Oostdam
(2004)
Czech 2000- Adipose 3.26/ 1.03-11.3 10/14 Crhova et al.
i 1 . 2002
Republic 200 1.44 0.25-4.79 (2002)
Finland Unknown, Adipose 11.7 6.49-21.7 10 Strandman et
from al. (1999)
ongoing
study
Germany 1999 Blood 5.8 0.9-126 20 Schroter-
Kermani et
al. (2000)
italy 2001 Blood 2.0 22 De Felip et
al. (2003)
Japan 1970 Adipose 0.03 0.01-0.08 10 Choi et al.
2002
2000 Adipose 1.29 0.47-2.75 10 ( )
Mexico Not given  Blood 29.7 21.5-375 5 Lopez et al.
(2004)
Republic of 2001 Blood 247 11 Lee et al.
Korea (2002)
Spain Not given  Adipose 1.4 0.2-5.8 13 Meneses et
al. (1999)
USA 1998 Adipose 251 11.6-37.0 5 She et al.

(2000)
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Table 84. Total PBDE concentration in different tissues from various countries

Country Firstyear Latestyear  Sample Increasing Reference
of of collection  type effect
collection
Canada 1982 2001-2002 Human Strong effect Ryan & Patry
milk (2000); Ryan et
al. (2002)
Faroe 1987 1998-1999  Milk Strong effect Fangstréom et al.
Island 2004a, 2004b
SN =100 (n=10) (20042 )
Germany 1992 2000 Milk Moderate effect Schroter-Kermani
et al. (2000)
No effect First (2001)
Japan 1970 2000 Adipose Strong effect Choi et al. (2002)
(n =10) (n =10)
Norway 1977 1999 Serum Strong effect Thomsen et al.
(2001)
Sweden 1972 2001 Milk Meironyté
Guvenius &
Norén (2001)
United 1973 2003 Milk Strong effect Schecter et al.
States (2004c¢)
1985— 20002002  Serum Strong effect Sjodin et al.
1989 (2004a)

10. DOSE-RESPONSE ANALYSIS AND ESTIMATION OF RISK

10.1 Contribution of above data to assessment of risk

10.1.1 Pivotal data from biochemical and toxicological studies
(a) DecaBDE

In repeat-dose short-term oral studies, DecaBDE appears to induce limited
toxic effects in experimental animals. In a well conducted chronic feeding student
in rodents (NTP, 1986), DecaBDE (94-97% purity) caused a variety of non-
neoplastic and neoplastic organ changes, mainly in the liver and thyroid gland,
when administered in the diet (2.5% or 5.0%) over 2 years. In rats, the incidence
of neoplastic nodules (hepatoproliferative lesions) was significantly increased
compared with controls in males (both dose groups) and females (high dose only),
while in male mice, the combined incidence of hepatic adenomas and carcinomas
was significantly increased (low dose group) along with thyroid gland follicular cell
adenomas or carcinomas (combined) in both dose groups. Overall, NTP (1986)
classified the cancer potential for DecaBDE as equivocal for male mice and
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suggestive for rats. IARC estimated a TDs value, defined as the chronic dose that
results in one half of animals developing tumours, of 2220 mg/kg bw per day
based on the male rat neoplastic nodule response (McGregor, 1992), but has
placed DecaBDE in its Group 3 category (not classifiable as to its carcinogenicity
to humans). Comparison of the TDso value with an estimated lifetime average oral
daily intake of 0.7 pg/kg bw per day for DecaBDE (NAS, 2000) would suggest a
low to negligible cancer risk (Gold et al., 1992).

Regarding non-cancer end-points, a recent study has suggested that BDE-
209 can induce behavioural alterations in mice, similar to effects seen with less
brominated congeners. Exposure of newborn NMRI male mice to a single oral
BDE-209 dose of 20.1 mg/kg bw on PND 3 caused persistent changes in spon-
taneous behaviour with testing up to 6 months after dosing (Viberg et al., 2003b).
No consistent effects were observed in mice with a dose of 2.22 mg/kg bw on
PND 3 or similar doses when administered on PND 10 or PND 19. While the mode
of action is not fully understood, it does not appear to require solely the presence
of BDE-209 and/or metabolites in the brain. Similar amounts of radioactivity
associated with a gavage dose of [U-14C]BDE-209 were seen in the brains of
neonatal mice 24 h and 7 days after dosing on either PND 3 or 10, whereas
behavioural alterations were associated with dosing only on PND 3. In contrast to
these findings, treatment of NMRI mice with BDE-99 on either PND 3 or PND 10
was effective in causing neurobehavioural alterations (Eriksson et al., 2002).
Although this represents a single experimental observation with BDE-209 in one
strain of mice, similar changes in spontaneous behaviour have been induced with
lower brominated congeners in both NMRI and C57BL mice and Sprague-Dawley
rats.

Timing of the dose in this experimental model appears to be critical for effects
and is likely related to the brain growth spurt period, which in rodents occurs 2-3
weeks after parturition (peaks on PND 10). For the human infant, this critical
period begins in the third trimester of pregnancy and extends into the first 2-3
years after birth (Eriksson & Talts, 2000).

Gestational exposure of rats to doses of BDE-209 up to 1000 mg/kg bw per
day had no significant effect on fetal survival or development (Hardy et al., 2002).
Based on fetal liver bromine analysis, it has been reported that there is no
significant in utero transfer of decaBDE after maternal exposure to doses up to
1000 mg/kg bw per day during gestation (GD 6-15) (Norris et al., 1975a).

(b) OctaBDE

Initial investigations into the toxic potential of commercial OctaBDE suggested
that target organs for effects would be liver, kidney and thyroid. Short-term (up to
14 days) and subchronic exposure of rats to dietary concentrations of OctaBDE
from 100 to 10 000 mg/kg (equivalent to 7-9 to 1000 mg/kg bw per day) resulted
in increased relative liver and thyroid weights and a variety of histopathological
changes to the above-described target organs. Liver weight increases and micro-
scopic changes were shown to be persistent in the highest dose group, even
following a 12-month withdrawal period. The estimated lowest-observed-adverse-
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effect level (LOAEL) from these feeding studies was 100 mg/kg diet or approx-
imately 7-9 mg/kg bw per day. in a preliminary investigation with commercial
OctaBDE (45.2% octa-, 47.4% nona- and 5.7% decaBDE; Norris et al., 1975b),
bioaccumulation was evident, based on detected increases in the bromine content
of both adipose tissue and liver that persisted following a 90-day recovery period.
Overall, the database for OctaBDE is limited, with no chronic duration studies (e.g.
cancer) available for evaluation. Based on the largely negative results from vari-
ous mutagenicity/genotoxicity screening assays (bacterial mutagenicity, DNA
repair, sister chromatid exchange, chromosomal aberrations), any cancer risk by a
genotoxic mode of action is unlikely.

Short-term exposure of weanling rats to the OctaBDE commercial mixture
DE-79 resulted in hepatic enzyme induction and decreases in both serum TT4 and
TT3 levels, with BMDL estimates (20% decrease) of 5.29 and 11.98 mg/kg bw per
day, respectively (Zhou et al., 2001). CYP2B enzyme induction was the most
sensitive experimental end-point measured, with a BMDL of 0.40 mg/kg bw per
day. This dose is in agreement with longer-duration exposure (90 days), where
doses as low as 0.78 ymol/kg bw per day (0.62 mg/kg bw per day) of a commer-
cial OctaBDE mixture (8.5% hexaBDE, 45.1% heptaBDE, 30.7% octaBDE)
resulted in increases in activity of O-ethyl-O-p-nitrophenyl phenylphosphonothio-
ate detoxification and p-nitroanisole demethylation (Carlson, 1980b). The latter
substrates have been shown to be preferentially metabolized by phenobarbital-
inducible forms of cytochrome P450s.

Developmental toxicity studies have been conducted in rats and rabbits with
commercial OctaBDE mixtures (DE-79 and Saytex 111) at doses ranging from 2.0
to 50 mg/kg bw per day during gestation (Great Lakes, 1986). Significant toxic
effects on the developing fetus, including reduced weight gain and decreased live
births per litter, were observed at doses greater than 10 mg/kg bw per day, while
maternal toxicity (reduced gestational weight gain and increased relative liver
weight) was seen at doses of 25 mg/kg bw per day and greater. A BMDLs of 8.7
mg/kg bw per day has been estimated for the reduced fetal weight gain in rats
(VCCEP, 2003).

While no neurotoxicity studies have been conducted with commercial Octa-
BDE mixtures, BDE-153, one of the main congeners detected following oral expo-
sure of male rats to DE-79 (Huwe et al., 2002), has been tested in a spontaneous
activity protocol. A single oral dose of BDE-154 at 0.9 or 9.0 mg/kg bw (1.4 or 14
umol/kg bw) on PND 10 altered locomotor activity and spatial learning in adult
mice (Viberg et al., 2003a). Similar effects were observed, albeit at higher doses,
when neonatal mice were exposed to BDE-203 at 16.8 mg/kg bw and to BDE-206
at 18.5 mg/kg bw (Eriksson et al., 2004).

The lowest effective dose of 0.4 mg/kg bw per day for CYP2B induction in
neonatal rats (Zhou et al., 2001) would not be considered toxicologically relevant
of and by itself. Subchronic exposure to doses approximately 10-fold higher have
been associated with relative liver weight increases and histological changes. A
single BDE-153 dose of 0.45 mg/kg bw during a critical developmental period did
not induce alterations in spontaneous behaviour in mice (Viberg et al., 2003a).
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Significant time-dependent bioaccumulation of bromine in adipose and liver has
been shown in rats after ingestion of OctaBDE at 0.1 mg/kg bw per day for up to
180 days (Norris et al., 1975b).

(c) PentaBDE

Unlike the higher brominated congeners that predominate in commercial
DecaBDE and, to a certain extent, OctaBDE mixtures, PentaBDEs are readily
bioavailable and persistent (bioaccumulation potential). Initial studies in rats with
commercial PentaBDEs have shown that subchronic exposure to doses as low as
0.44 mg/kg bw per day results in hepatic enzyme induction that persists into a 30-
day recovery period (Carlson, 1980a). At higher doses (greater than 2 mg/kg bw
per day), relative liver weight increases along with hepatocytomegaly have been
observed. Perinatal exposure (GD 6 to PND 21) of rats to DE-71 resulted in
significant decreases in serum T4 levels in offspring, with BMDL,; estimates of
0.94 mg/kg bw per day (Zhou et al., 2002). In a recent study (Stoker et al., 2004a),
daily oral exposure of juvenile rats to DE-71 from PND 22 to PND 26 also resulted
in decreases in serum TT4, with a BMDLs of 0.28 mg/kg bw per day. In aduit
C57BL/6 mice, acute doses of DE-71 as low as 0.8 mg/kg bw have been reported
to decrease serum TT4. Gestational exposure of Wistar rats to BDE-99, a major
congener found in PentaBDE mixtures, has also been shown to disrupt thyroid
hormones in offspring at single doses as low as 60 ug/kg bw (Kuriyama et al.,
2004a). In a similar experimental design, exposure of rats to BDE-47 on GD 6 also
caused thyroid hormone changes in offspring at a dose of 140 pg/kg bw (Kuriyama
et al., 2004b). These latter responses may be species-specific, as perinatal
exposure of NMRI mice to multiple BDE-99 doses of 80 pmol/kg bw (45 mg/kg bw)
had no effect on thyroid hormones of dams or offspring (Skarman et al., 2005).
While thyroid histological changes and thyroid hormone perturbations by Penta-
BDEs are a consistent experimental observation, the significance of this end-point
to humans is open to interpretation. In rodents, fluctuations in serum T4 are
influenced by a number of mechanisms, including enhanced biliary excretion
through induction of UDPGT and competition for TTR binding by hydroxylated
BDE metabolites. In humans, TBG has the highest binding affinity and carries the
majority of T4, while UDPGT is thought to be more easily inducible in rodents
(Capen, 1997).

Neurobehavioural alterations in rodents have also been observed following
exposure to the two main congeners found in PentaBDE commercial mixtures,
BDE-47 and BDE-99. The calculation of BMDs for BDE-99, using doses of 0, 0.4,
0.8, 4.0, 8.0 or 16 mg/kg bw by gavage on PND 10 in mice, revealed lower-bound
BMDs of 0.31, 0.85 and 1.2 mg/kg for a 10% change in total activity, locomotion
and rearing, respectively (Sand et al., 2004). The authors of the primary study had
suggested a NOEL of between 0.4 and 0.8 mg/kg bw (Viberg et al., 2004b).

Compared with rats, mice appear to be more sensitive to these effects, with
BMDLs (total activity) for BDE-99 estimated at 0.31 mg/kg bw following a single
neonatal exposure (Sand et al., 2004). However, gestational exposure of rats to
BDE-47 (140 pg/kg bw) or BDE-99 (60 pg/kg bw) has also produced slightly
increased locomotor activity in offspring at puberty. In contrast, perinatal exposure
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of rats to DE-71 at doses up to 100 mg/kg bw per day (estimated BDE-99 dose of
50 mg/kg bw per day) had no effect on motor activity or spatial learning in the
adult male offspring, but doses of 30 and 100 mg/kg bw per day were able to
affect fear conditioning (cue-based performance) (Taylor et al., 2003).

While no reproductive toxicity studies are available for commercial Penta-
BDEs or their major congeners, gestational exposure to BDE-99, while not affect-
ing fertility, did cause significant decreases in spermatid numbers and daily sperm
production in adult rat offspring. At a single dose of 60 pg/kg bw on GD 6, male
offspring had a 31% decrease in daily sperm production (95% Cl 25-38%),
without associated changes in gonadotrophins (inhibin, LH, testosterone) or testis
and seminal vesicle weights (Kuriyama et al., 2005). While not associated with a
decline in fertility or follicle numbers, the same low dose of BDE-99 has been
shown to induce ultrastructural degenerative changes in ovarian cells in the
female offspring (Talsness et al., 2003).

(d) Benchmark dose calculations for endocrine and neurotoxic effects

BMDs have been calculated so far only in four studies (Zhou et al., 2001,
2002; Sand et al., 2004; Stoker et al., 2004a). The results are shown in Table 85.
BMD values are available only for the technical mixtures DE-71 (mainly penta-
BDE) and DE-79 (mainly octaBDE) and the congener BDE-99. Additional calcu-
lations may be useful for reduced TT3 and elevated TSH in male rats (Stoker et
al., 2004a). Also, gene expression of the AR (Ceccatelli, 2004), decreased thyroid
weights and reduced circulating estradiol in male offspring (Lilienthal et al., 2004)
appear to be particularly sensitive to BDE-99 after gestational exposure, but in
these studies only three dose levels were used.

10.1.2 Pivotal data from human clinical/epidemiological studies

Limited quantitative information is available for evaluation purposes from
either clinical or epidemiological studies.

10.1.3 Biomarker studies

A number of detailed reviews have been conducted with various human tis-
sues (serum/plasma, adipose and human milk) that provide evidence for the bio-
accumulative potential of PBDEs. In general, lower brominated congeners such as
BDE-47, BDE-99 and BDE-153, found in commercial PentaBDE mixtures, pre-
dominate. Preliminary analysis of serum and milk samples collected in North
America indicated higher concentrations of PBDEs than in similar samples from
European countries or Japan (Hites, 2004). Maternal blood samples (n = 12) col-
lected in the United States in 2001 give median concentrations of sum PBDEs of
41 ng/g lipid, with congeners BDE-47 and BDE-99 representing approximately
82% of the total. In a larger survey of human milk collected in 2001 (n = 47; Texas,
USA), the median sum PBDE concentration was 34 ng/g lipid, with the same two
congeners accounting for 70% of the total. In Canadian human milk samples (n =
98) collected in 2001-2002, median concentrations of sum PBDEs are similar,
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22.1 ng/g lipid, with the highest value being 956 ng/g lipid (Ryan, 2004). As with
the other North American samples, BDE-47 and BDE-99 were almost 74% of the
total. In comparison, in a limited sample of Swedish maternal blood samples col-
lected in 2000, the sum PBDE concentration was 1.8 ng/g lipid, with BDE-47 and
BDE-99 contributing 57% of the total. Similar results were found with human milk
samples collected in Sweden in 2000.

10.2 General modelling considerations
10.2.1 Selection of data

A variety of experimental data sets from studies with limited dosing schedules
that focused on either changes to thyroid hormones or behavioural alterations
have been summarized (Tables 86-91).

Additional toxicological end-points for risk estimation include acute dosing of
rats during gestation with BDE-47 and BDE-99 and subsequent effects on loco-
motor activity and sperm production observed in the adult offspring. Mechanistic
data are limited for comparison with possible human relevancy.

10.2.2 Measure of exposure

Because PBDEs have long half-lives and tend to bioaccumulate, their hazard
to health can be estimated only after consideration of intake over a period of
months. Short-term variations in PBDE concentrations in foods have much less
effect on overall intake than might be the case for other food contaminants. The
distribution of long-term mean intake in various populations was caiculated by the
following procedure:

e The distributions of PBDE (total of the following congeners: 28, 47, 99, 100,
153 and 154) concentrations were constructed for various regions and food
groups from the available data. The distributions were assumed to be log-
normal. Data were available to construct such distributions for three regions
only (Far East, North America and Western Europe). Since only summary
data were available from most studies, two sets of distributions were derived,
one representing lower-bound estimates of the concentrations (derived using
data from studies where non-detects were set at zero), the other representing
upper-bound estimates (derived using data from studies where non-detects
were set at the LOD).

e Data on food consumption from the GEMS/Food regional diets were used to
estimate mean consumption of six major food groups in each diet. A log-
normal distribution was constructed from these data, with a GSD of 1.3
extrapolated from the results of the food consumption survey in the Nether-
lands in order to account for interindividual variation in consumption. The
average contributions of the six basic food groups to total food consumption
were derived for each diet.
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o The dietary intake of a particular population was assessed by combining
the concentrations in food and food consumption distributions for that
population with a Monte Carlo approach. In each Monte Carlo trial, the
dietary intake was estimated by multiplying random values for food con-
sumption and concentrations in various food groups. The concentrations
were weighted according to the contribution of the food group to total food
consumption. The estimates of intake were combined to form a distribution
of long-term mean dietary intake for each population studied. The distribu-
tions are characterized by median, 80th-percentile and 90th-percentile
intake.

The simulated intakes of PBDEs in the GEMS/Food regional diets are
presented in Table 49 in section 7.3.2. These intakes are, however, likely to be
overestimates, as it was generally not possible to determine whether the data on
concentrations were derived from targeted surveys or whether they were truly
random samples, and as the GEMS/Food regional diets are based on data on
food supply (apparent consumption), which are known to overestimate food con-
sumption by at least 15%.

More reliable estimates of intake, derived from national studies (see Table 47
in section 7.3.1), use national food consumption data rather than data on the food
supply (apparent consumption) from the GEMS/Food regional diets.

The calculated contributions of various food categories to the intake of PBDEs
showed that the largest fraction (>60%) is from food of animal origin in GEMS/
Food regional and national diets.

Information was lacking on both the quality of data and geographical repre-
sentativeness for some regions. More data are required on the occurrence of
PBDEs in food products, particularly from geographical regions other than Europe
and North America, so that more representative estimates of intake can be made
for all regions.

The regional difference, in terms of exposure to PBDEs, is also apparent
when considering intake by nursing infants. Based on a North American median
human milk PBDE concentration of 30 ng/g lipid, total intake by a nursing infant
can be estimated at 126 ng/kg bw per day (average 3.0% fat content of milk, 800
ml milk/day, 5.0 kg bw during nursing) (see Table 51 in section 7.3.3). For two of
the main PBDE congeners detected in human milk, this would be approximately
73 ng/kg bw per day for BDE-47 and 22.5 ng/kg bw per day for BDE-99. in
comparison, based on an average total PBDE concentration of 2.3 ng/g lipid found
in German milk samples, estimated exposure by a nursing infant would be
approximately 10-fold lower.

Limited biomarkers of exposure (internal dosing) are available from the identi-
fied experimental data sets. Pharmacokinetic studies indicate that lower bromin-
ated congeners such as BDE-47 and BDE-99 are readily bioavailable following
oral exposure, whereas higher brominated congeners have limited potential for
bioaccumulation. PBDE concentrations (lipid normalized) have been reported
{(McDonald, 2004) from a study in which rats were exposed by gavage to doses of
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1.0 mg/kg bw per day from GD 6 to GD 21 (Taylor et al., 2003). In another study,
plasma PBDE concentrations following oral exposure were also reported in rela-
tion to observed changes in thyroid hormone levels in rats (Darnerud et al., 2004).
A total estimated exposure to BDE-47 of 2.7 mg (14 consecutive doses of 1 mg/kg
bw per day; Hallgren & Darnerud, 2002) resulted in a plasma concentration of 28
ug/g lipid and had no effect on hepatic enzyme induction or thyroid hormones (TT4
or FT4). In comparison, exposure of rats to the commercial PentaBDE mixture
Bromkal 70-5-DE at an estimated total dose of 48 mg (18 mg/kg bw per day for 14
days) resulted in a total plasma PBDE concentration of 463 pg/g lipid (sum BDE-
28, BDE-47, BDE-66, BDE-99, BDE-100, BDE-138, BDE-153, BDE-154) and
significant decreases in both FT4 and TT4.

10.2.3 Measure of response

The indicated data sets have been used to estimate benchmark doses (see
Table 85 above).

10.3 Potency estimates
10.3.1 Potency estimates in humans based on epidemiological data

No studies are available in humans for evaluating either potency estimations
or dose—response relationships.

10.3.2 Potency estimates in humans based on biomarkers

Biomarkers of exposure are available in the form of lipid-normalized serum or
human milk values. For the purpose of risk estimations, comparison with any
experimental biomarkers assumes that food is the main source of exposure. In a
survey of human milk collected across Canada in 2002 (n = 98), the mean
concentration of total PBDEs (sum of congeners 28, 47, 99, 100, 154, 154 and
183) was 60.4 ng/g lipid (Ryan, 2004). This represented an approximate 4-fold
increase when compared with the previous human milk survey conducted in 1992
(mean = 15 ng/g). Five per cent of the 2002 sample set had a PBDE concentration
of equal to or greater than 236 ng/g lipid, similar to a sample from the United
States for which the 95% value was 378 ng/g lipid (Schecter et al., 2005).

However, while comparison of PBDE exposures in the United Kingdom sug-
gests that diet is the major source, maximum inhalation exposure (96 ng/person
per day) can equal that of average dietary intakes (90-107 ng/person per day)
(Harrad et al., 2004).

10.3.3 Potency estimates in test species and basis for extrapolation to
humans

Major congeners detected in foods and human tissue samples more closely
resemble commercial PentaBDE and OctaBDE mixtures. Although sum PBDE
results for human samples sometimes include highly brominated congeners such



524 POLYBROMINATED DIPHENYL ETHERS

as BDE-183 and BDE-209, they comprise only a minor component (less than 2%
of total mass).

Only the DecaBDE commercial mixture has been subject to a chronic toxicity
test, and the lowest concentration tested (2.5% in the diet) produced adverse
effects. For PBDE commercial mixtures (PentaBDE and OctaBDE) whose con-
gener patterns resemble residues found in food and human samples, there is
limited toxicological information. Only short-term feeding studies (up to 13 weeks)
have been conducted in rats, with liver, kidney and thyroid identified as target
organs. Dose-related increases in relative liver weights and microscopic liver
changes (hepatocellular enlargement with vacuolation) were noted in a study with
a commercial OctaBDE mixture (DE-79) at 100 mg/kg diet or approximately 8
mg/kg bw per day. Similar effects were seen in a subchronic feeding study with a
PentaBDE mixture (DE-71); dose-related increases in liver weights and histolog-
ical changes (hypertrophy, slight degeneration and necrosis) were noted at the
lowest dose level, 2 mg/kg bw per day. The effects were still partially evident in
female animals at the lowest dose group after a 24-week recovery period. At
higher doses (210 mg/kg bw per day), decreases in circulating thyroid hormones
(T4) were observed. This latter observation is supported by a developmental
toxicity study conducted in rats with the commercial PentaBDE (DE-71), in which
decreases in serum T4 were seen in both fetuses and newborn pups at a maternal
dose of 10 mg/kg bw per day (GD 6 to PND 21).

A number of additional preliminary studies were reviewed, available as
extended abstracts involving acute dosing protocols on a single day during either
gestation or lactation using mainly PentaBDE commercial mixtures (DE-71), BDE-
47 or BDE-99. A variety of effects in both mice and rats were observed involving
neurological development (behaviour, memory and activity), thyroid hormone per-
turbation and sexual maturation at doses as low as 60 pyg/kg bw. Due to a lack of
mechanistic information and adequate dose—response relationships, a clear inter-
pretation of the significance to human health could not be made at this time.

Developmental exposure of rats to the PentaBDE commercial mixture, DE-71,
results in reductions in thyroid hormones in offspring, with an estimated BMDL2, of
0.94 mg/kg bw per day. In comparison, exposure of weanling rats to DE-71 also
resulted in thyroid hormone decreases, with a BMDLs estimate of 0.28 mg/kg bw
per day. Differences in the two values are related not only to the exposure proto-
cols but to the level of response for effect modelling (20% former, 5% latter).
Based on a single exposure of newborn mice to BDE-99, a BMDLqo for total
activity changes was estimated at 0.31 mg/kg bw. Exposure during a similar criti-
cal developmental stage in humans can be compared based on PBDE concen-
trations in human milk. Median intake for total PBDEs by North American new-
borns would be on average 135 ng/kg bw per day, or approximately 2000-fold
lower than the BMDL for a 5% decrease in thyroid hormones. Alternatively, the
maximum concentration of total PBDEs found in human milk samples in the United
States was approximately 420 ng/g, which would result in an estimated intake of
1.9 ug/kg bw per day, or 147-fold less than the thyroid hormone BMDL.. Based on
results from a Canadian survey of human milk samples collected in 2001-2002,
5% of the sample population (n = 98) had total PBDE values equal to or greater
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than 236 ng/g lipid (maximum 956.2 ng/g lipid). Comparison of this 95th percentile
value with the estimated BMDL for thyroid hormone changes would give a
difference of 226. Similarly, the BMDLq for total activity changes induced by BDE-
99 in mice is approximately 940-fold greater than the estimated single-day
exposure of 0.3 pg/kg bw by a nursing infant based on a BDE-99 concentration in
human milk of 62.8 ng/g lipid (average of 95th percentile values from human milk
surveys in the United States and Canada).

11. COMMENTS

11.1 Absorption, distribution, metabolism and excretion

The majority of detailed studies of the absorption, distribution, metabolism
and excretion of PBDEs are limited to the individual congeners BDE-47, BDE-99
and BDE-209. The absorption of PBDEs is directly related to the extent of
bromination of the parent diphenyl ether; as a general rule, greater substitution
with bromine leads to a decrease in bioavailability. Intestinal absorption of deca-
BDE is limited, with >90% of an orally administered dose being rapidly excreted in
the faeces. For congeners with a lower degree of bromination (tetra- and penta-
substituted), >80% of an orally administered dose is absorbed, with patterns of
distribution in tissue being largely determined by lipid content. The metabolism of
PBDEs consists of hydroxylation and methoxylation reactions and, in the case of
congeners with a higher degree of bromination, oxidative debromination. Faecal
excretion appears to be the predominant route of elimination; however, some
differences exist between species. Urinary excretion of BDE-47 is a minor path-
way in rats but is as important as faecal excretion in mice. Limited data were
available regarding the half-lives of individual PBDE congeners; however, prelim-
inary values in female rats exposed to a commercial pentaBDE mixture, Bromkal
70-5-DE, ranged from 30 to 90 days for the tetra- to hexa-substituted congeners.

Limited pharmacokinetic data were available for humans. On the basis of the
observed increase in concentrations of PBDEs in tissue with time, PBDEs are
absorbed and bioaccumulate.

11.2 Toxicological data

In the toxicological studies reviewed, PBDEs were administered by the oral
(gavage or diet) route of exposure, unless otherwise stated.

The acute toxicity of mixtures of PBDEs is low in rodents. Generally, even at
the highest doses (several grams per kilogram of body weight), there are no
observable effects in standard tests for acute toxicity after exposure to decaBDE
and octaBDE, although certain effects (increased mortality, behavioural symptoms
and changes in gross pathology) are seen after exposure to pentaBDE at similar
high doses. Induction of enzymes, changes in levels of hormones and neuro-
behavioural effects are observed after bolus administration of mixtures of PBDEs
(pentaBDE and octaBDE) and of specific congeners at considerably lower doses.
In short-term studies of toxicity, the main effects of mixtures of PBDEs were seen
in the liver, kidney and thyroid of both sexes. Enlargement of the liver is a common
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finding, which may be connected to increased activity of microsomal enzymes in
the liver. Histological changes occur in liver (enlargement, “round bodies,” vacuo-
lization, necrosis), kidney (hyaline degenerative cytoplasmic changes) and thyroid
(hyperplasia). In short-term studies, effects on thyroid hormone, vitamin A homeo-
stasis and microsomal enzymes were observed at doses of 1-10 mg/kg bw per
day.

The only long-term study with PBDEs was conducted with the decaBDE
mixture. In this NTP study of carcinogenicity (NTP, 1986), decaBDE (purity, 94—
99%; brominated dioxins and furans reported not to be detected), given in the diet
at high concentrations (2.5% or 5%) for 111-113 weeks, significantly increased
the combined incidence of hepatocellular adenomas and carcinomas in male
mice, but not in female mice. In spite of an increase in follicular cell hyperplasia,
the incidence of thyroid follicular cell adenoma/carcinoma was not significantly
increased. In male and female rats, the incidence of liver adenomas, but not
hepatocellular carcinomas, was increased. Other effects, such as liver hypertro-
phy, granulomas, thrombosis and degeneration, thyroid follicular cell hypertrophy
and lymphoid hyperplasia, were also noted. The Committee concluded that evi-
dence for the carcinogenicity of decaBDE in experimental animals was limited and
noted that no information was available on the carcinogenic potential of the other
PBDE mixtures.

The results of the majority of tests for genotoxicity performed in vitro (point
mutations, chromosomal aberrations, unscheduled DNA synthesis, sister chroma-
tid exchange) and limited data from tests in vivo (chromosomal aberration) indi-
cated that PBDE mixtures and individual congeners are not genotoxic.

The developmental toxicity of deca-, octa- and pentaBDE mixtures has been
studied in rats and rabbits. In rats, preparations of pure decaBDE (purity, 97-98%)
had no effects on developmental parameters, while decaBDE of lower purity
(decaBDE, 77.4%; nonaBDE, 21.8%,; octaBDE, 0.8%) caused fetotoxic effects.
Exposure to commercial octaBDE mixtures (Saytex 111 and DE-79) produced
developmental toxicity as indicated by increased numbers of late resorptions,
reduced fetal weight, severe oedemas, reduced ossification of skull bones and
bent rib and fimb bones at a dose range of 10-50 mg/kg bw per day; only slight
maternal toxicity (decreased body weight) was observed at doses of 25-50 mg/kg
bw per day. A pentaBDE mixture (Saytex 115) has been tested in only one study,
with no clear adverse effects at a dose of 100 mg/kg bw per day.

In rabbits given a commercial octaBDE mixture (Saytex 111) during gestation,
no major fetotoxic effects were observed, but an increase in the incidence of
delayed ossification of sternebrae was seen at 15 mg/kg bw per day.

The Committee concluded that the embryo and fetus may be more sensitive
to PBDEs than maternal animals and that exposure to octaPBDE mixtures causes
an increase in the incidence of developmental abnormalities.
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11.3 Special studies

Studies with purified PBDE congeners in vitro have shown lack of activation of
the Ah receptor at doses 6 orders of magnitude higher than the half-maximal
effective concentration (ECso) of TCDD, suggesting that some toxicity data may be
confounded by the presence of traces of impurities that are potent agonists of the
Ah receptor.

In studies with the commercial PBDE mixtures PentaBDEs (Bromkal 70-5-DE
and DE-71), OctaDBE (DE-79) and DecaBDE (DE-83R), various strains and both
sexes of adult mice and rats have been used and acute or short-term dosing
schedules applied to examine effects on thyroid hormone homeostasis. In the
majority of studies, concentrations of TT4 and, in some cases, FT4 in the blood
were found to be suppressed, with almost no corresponding alteration in TSH. DE-
79 was reported to be more potent than DE-71, while no effects were found after
exposure to DE-83R. When pregnant rats were given DE-71 at maternal doses of
23 mg/kg bw per day, circulating concentrations of T4 in the offspring were found
to be reduced until weaning, with recovery of T4 values within 2 weeks thereafter.
In juvenile rats given DE-71, reductions in serum concentrations of T4 were similar
in both sexes, but concentrations of TSH were elevated and serum concentrations
of T3 were significantly decreased only in males. Plasma concentrations of TT4
and FT4 were decreased in adult female mice and rats given Bromkal 70-5-DE at
a dose of 18 mg/kg bw per day for 2 weeks. At doses at which circulating con-
centrations of T4 were decreased (>1 mg/kg bw per day), the activities of UDPGT
and EROD were often found to be increased, suggesting that Ah receptor-
dependent effects are most likely to be mediated by contamination of commercial
PBDE mixtures with dioxin-like compounds. A similar observation was also made
in studies with individual PBDE congeners (BDE-47 and BDE-99).

Of the individual congeners, only BDE-47, BDE-99 and BDE-209 have been
studied. With regard to effects on the concentrations and activities of thyroid
hormones, the available data indicated that BDE-209 is much less potent than
BDE-47 and BDE-99, but lack of data precluded a comparison of the potencies of
BDE-47 and BDE-99. In general, the results of studies with individual congeners
indicated that their effects on thyroid hormones were similar to those observed
with mixtures. The most pronounced effects were reduced concentrations of cir-
culating TT4 and FT4. TSH was not affected in the majority of studies.

Recent studies, available as extended abstracts, showed that the offspring
(both males and females) of rats given a single oral dose of BDE-99 (60 pg/kg bw)
or BDE-47 (140 pg/kg bw) on day 6 of gestation had altered concentrations of T3
and T4 during the weaning period. Serum concentrations of TSH were also
reduced during lactation. These alterations in thyroid hormones recovered during
postnatal development. In general, examination of effects on the thyroid after
maternal exposure to mixtures of PBDEs or to individual congeners demonstrated
that the offspring were more susceptible than the dams.

While competitive inhibition of the binding of T4 to TTR by hydroxylated
metabolites of PBDE is thought to be one of the mechanisms responsible for
decreases in circulating concentrations of thyroid hormones in rats, the
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significance of this for human exposure is questionable. TBG, which is absent in
rats, is the main thyroid hormone transport protein in humans. Metabolites of
PBDE have been shown to have limited binding affinity to human TBG. A general
observation by the Committee was the apparent lack of consistency in the results
of a number of experimental studies measuring thyroid hormone changes; signifi-
cant decreases in serum concentrations of T4 were observed in the absence of
corresponding effects on TSH. There was insufficient information about the effects
of PBDEs on feedback mechanisms in the hypothalamus and pituitary. In a num-
ber of studies in which the effects of PBDE congeners or mixtures on thyroid
hormones were measured, induction of hepatic EROD was also observed, which
could indicate the presence of dioxin-like contaminants. Alterations in thyroid
hormones are also a sensitive response in experimental animals exposed to
dioxin-like chemicals. The available data were considered to be insufficient to
determine the mechanism for the reported effects on thyroid hormones and the
possible role of pure PBDEs in altering delivery of maternal thyroid hormones
across the placental barrier to the developing embryo/fetus and into the brain.

Possible effects of PBDEs on steroid hormones and steroid-related end-
points have been reported in a limited number of studies (mainly in extended
abstracts) with a commercial PentaBDE mixture (DE-71) and two congeners,
BDE-47 and BDE-99. In weanling rats treated by oral administration with a com-
mercial PentaBDE mixture (DE-71) for 20 days (female) or 31 days (male), the
onset of puberty was delayed in both sexes at doses of 30-60 mg/kg bw per day.
After a single oral dose of BDE-47 (700 pg/kg bw) on day 6 of gestation,
decreased serum concentrations of FSH were seen in male offspring. With the
same exposure protocol, BDE-99 was recently reported to reduce sperm pro-
duction at a dose of 60 pg/kg bw. Induction of hepatic EROD was observed in all
these experiments; therefore, Ah receptor-mediated effects by possible dioxin-like
contaminants could not be excluded.

In rats given BDE-99 at doses as low as 1 mg/kg bw per day by sub-
cutaneous administration during days 1018 of gestation, decreases in the circu-
lating concentrations of sex steroid hormones (estradiol and testosterone) were
observed in weanling and adult male offspring. Anogenital distance was reduced
in male offspring, and reproductive organ weights were altered in both sexes. The
onset of puberty was delayed in females and accelerated in males, while there
was a marked reduction in the expression of AR mRNA in the ventral prostate on
PND 120. In the same study, exposure to a technical mixture of PCBs (Aroclor
1254), known to possess dioxin-like activity, at a dose of 30 mg/kg bw per day did
not affect several of these end-points, indicating that contamination of the BDE-99
with dioxin-like compounds was unlikely to account for these observations.

The majority of investigations examining neurotoxicity in vivo involved oral
exposure of mice and rats to individual congeners. In almost all experiments in
mice, individual congeners (e.g. BDE-47, BDE-99, BDE-153, BDE-183, BDE-203,
BDE-206 and BDE-209) given to neonates as a single oral dose on a specific
postnatal day produced changes in activity patterns and habituation, which
became more pronounced with ageing. Essentially identical results were observed
in the same laboratory with two different strains of mice, in both sexes, and also in
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rats. In general, the congeners with a lower degree of bromination appeared to be
more potent than the congeners with a higher degree of bromination. Most of the
neurotoxicological examinations were performed in rats treated with BDE-99
during gestation. Decreases in LTP in the cortex and hippocampus, as well as
influences on sexually dimorphic brain structures, reductions in mating behaviour
and feminization of sweet preference behaviour, were reported at doses of
21 mg/kg bw per day administered subcutaneously. As some of these end-points
were not affected by administration of Aroclor 1254 at higher doses, this would
indicate that mechanisms similar to those for dioxins are unlikely to be involved.
Impaired hippocampal LTP and conditioned behaviour were also detected in the
offspring of female rats treated with the PentaBDE mixture (DE-71) at oral doses
of 30-100 mg/kg bw per day from day 6 of gestation to PND 21. Altered locomotor
activity was reported in the offspring of female rats given a single oral dose of
BDE-47 (140 or 700 pg/kg bw) or BDE-99 (60 or 300 ug/kg bw) on day 6 of
gestation. Because of the preliminary nature of these findings, an interpretation of
their significance for human health could not be made.

11.4 Observations in humans

No clinical observations have been reported in humans after oral ingestion of
PBDEs. Although several studies have been conducted in workers exposed occu-
pationally to PBDEs, these subjects were also exposed to other substances,
making it difficult to attribute any observed effects solely to PBDEs. Therefore, the
Committee did not consider these studies to be useful for evaluation of the
potential health effects of dietary exposure to PBDEs. In a case—control study,
elevated concentrations of BDE-47 were found in the adipose tissue of patients
with NHL (incident cases), but the etiological significance of this association is
uncertain. In a study of adult male consumers of Baltic fish, plasma concentrations
of BDE-47 were inversely related to concentrations of TSH and were not related to
the concentrations of any of the thyroid hormones measured, suggesting that
exposure to BDE-47 via frequent consumption of fish does not impair thyroid
function in adult men.

The Committee concluded that the available studies in humans were not ade-
quate to evaluate whether exposure to PBDEs, at the levels studied, is associated
with adverse health effects.

In human milk collected in Sweden between 1972 and 1997, the concentra-
tions of PBDEs increased, doubling every 5 years, resulting in current concentra-
tions in the low nanogram per gram of lipid range. Recent investigations with
human milk from other European countries showed similar levels of contamination.

Analysis of a limited number of samples of human serum collected between
1985 and 1999 in the United States also showed an increase in concentrations of
PBDEs over time.

Analysis of a limited number of recently collected human samples (blood,
milk, adipose) from North America has indicated that average concentrations of
PBDEs are 10-20 times higher than those in samples collected in European
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countries. The reason for the higher values found for North America was not
thought to be solely related to dietary intake. The significance of pathways of
exposure other than food, such as indoor air and indoor dust, is currently under
investigation.

Generally, lipid-based concentrations are similar in different human sampies,
such as milk, blood and adipose tissue.

The typical pattern of congeners found in humans is normally dominated by
BDE-47, followed by BDE-99 and the hexabrominated congener BDE-153. Pre-
liminary results indicated that congener BDE-153 is becoming more prominent in
European samples.

11.5 Analytical methods

GC-HRMS using the isotope dilution technique (**C-labelled standards) has
been found to be the most reliable method for the determination of PBDE con-
geners in food and environmental samples, as well as in samples of human
tissues.

The total number of possible PBDE congeners is 209. For reasons of occur-
rence in food and human samples and analytical capability, only a limited number
of congeners has been measured in recent years. This number ranged between
three and nine congeners (BDE-28, BDE-47, BDE-66, BDE-99, BDE-100, BDE-
153, BDE-154, BDE-183, BDE-209). With increasing analytical power and avail-
ability of standards, the number of individual congeners measured in food and
human samples could be increased.

The physical and chemical properties of the BDE-209 congener are such that
great demands are made of the analytical method, including sample preparation,
extraction and cleanup, as well as final chromatographic separation. The problems
encountered during the analysis of PBDE congeners of high relative molecular
mass are associated with thermal instability and sensitivity to light rather than with
their high boiling points.

Typical limits of detection for tetra/pentaBDEs range from 0.005 to 0.05 ng/g,
depending on lipid content and sample size.

The Committee noted that as DecaBDE was the only commercial formulation
currently marketed in Europe and North America, analytical methods should
include the determination of this fully brominated congener.

11.6 Effects of processing

No data were available on the effect of processing on concentrations of
PBDEs in foods.
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11.7 Prevention and control

As with other lipophilic contaminants, control of PBDE residues in animal feed
is likely to have an impact on the concentrations of PBDEs found in meat, poultry,
farmed fish and other animal-derived products. Additional investigations should
also consider the significance of exposure from other non-food sources (indoor air,
dust) as a means of control.

11.8 Levels and pattern of food contamination

The Committee reviewed data available on concentrations of PBDEs in foods
(Table 92). Some of the data were from TDS conducted either at the national level
(Finland, Netherlands and Sweden) or at the regional level within a given country
(e.g. Vancouver and Whitehorse in Canada, and Catalonia in Spain), while others
were from more limited, market basket surveys targeting special foods, e.g. foods
of animal origin or fish and seafood, or were from grab samples collected from
local markets (Canada, Germany, Japan, United Kingdom, United States). The
data from the Canadian TDS and Special Fish and Seafood Survey and the TDS
from the Netherlands and Sweden were available in reports published by the
respective national agencies, while the data from the other studies were available
in published scientific journals or were submitted by local governments. Concen-
tration data were available for individual congeners or their sum. The patterns of
congeners detected were not uniform across the various foods tested and were
different from those present in any one commercial mixture.

In general, the available data on concentrations of PBDEs in food for the
various countries have not covered the entire diets in these countries or are based
on a small number of samples. Thus, the currently available data do not allow a
comprehensive assessment to be made of contamination in all foods. Differences
in concentrations were detected in samples of similar foods collected from various
geographical areas.

11.9 Dietary intake assessment

Preliminary estimates of mean intake of PBDEs, based on a limited number of
samples from Canada, some European countries, Japan and the United States, as
reported in published studies and reports, range from 13 to 113 ng/day (Table 92).
Fish and shellfish were the main contributors to total intakes of PBDEs in the
European countries and Japan, while meats, poultry and products of these foods
were the major contributors to the total intakes of PBDEs in Canada and the
United States.

Estimates of regional intakes for the European and North American region
were made using the GEMS/Food regional diets and concentration data from
studies summarized in Table 92. Table 93 summarizes the food consumption data
used in this estimation and the estimated mean intakes of total PBDEs for these
regions. Although the North American diet is included under the European diet in
GEMS/Food, intake estimates for the North American and European regions were
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derived separately in light of the potential differences between concentrations of
PBDEs detected in foods in Europe and North America. The estimated mean
intakes of PBDEs for the European and North American regions were 2.2 and
3.6 ng/kg bw per day, respectively. Consumption of fish contributed most to Euro-
pean intake estimates, while meats and poultry contributed most to the North
American intake estimates. No data on concentrations of PBDEs were available
for countries in the following GEMS/Food regions: Africa, the Middle East or Latin
America, and limited data were available for the Far East. The Committee derived
estimates of international intake for these regions using the GEMS/Food regionat
diets and assuming that concentrations of PBDEs in food in these regions were
equal to the average levels of contamination derived from European and North
American data.! Estimated intakes for Africa, the Middie East, Latin America and
the Far East were 1.5, 1.3, 2.1 and 1.2 ng/kg bw per day, respectively. Fish and
shellfish contributed most to estimated intakes in the African, Latin American and
Far Eastern regions, while fats and oils contributed most to the estimates for the
Middie East. It should be noted that these estimates were only rough approxima-
tions since they were based on concentration data from other regions.

Table 93. Estimated intakes of total PBDEs in GEMS/Food regional diets

Food group Consumption Estimated intake of PBDEs (ng/day)®

(g/day) " . -
European diet North American diet

Dairy and products 336 10 24

Eggs 38 2 8

Fats and oils 49 13 47

Fish and shellfish 47 84 40

Meat and poultry 217 17 66

Other foods 826 6 29¢

Total (ng/day) 131 213

Total (ng/kg bw per 22 3.6

day)®

Non-detects set at zero.

Concentration data from Finland, Germany, Netherlands, Spain and Sweden were used in
the estimation.

¢ United States and Canada.

Limited data were available for this region; therefore, the combined data from the other
regions were used instead.

Based on a body weight of 60 kg.

' For the Far Eastern region, limited data were available for some food groups and were
used in combination with data from the North American and European regions for the
remaining food groups.
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A regional difference was apparent when considering intake by breastfeeding
infants. Based on a median concentration of PBDEs of approximately 23 ng/g of
lipid in human milk (n = 145), intake by a breastfeeding infant in North America
was estimated at 120 ng/kg bw per day (average fat content of milk, 3.0%; 750 ml
of milk per day; 5.0 kg bw during nursing). In comparison, based on a median con-
centration of PDBEs of 1.8 ng/g of lipid in samples of human milk, estimated
intake for a breastfeeding infant in Germany would be approximately 10 ng/kg bw
per day.

The Committee recognized the preliminary nature of the data on concentra-
tions of PBDEs in food and human milk, which adds considerable uncertainty to
the intake estimates.

11.10 Dose-response analysis

Only the commercial DecaBDE mixture has been tested in a long-term study
of toxicity; the lowest concentration tested (2.5% in the diet) produced adverse
effects. Limited toxicological information was available for commercial PBDE mix-
tures (PentaBDE and OctaBDE) whose congener patterns resemble those of
residues found in food and human tissues. Only short-term feeding studies (up to
13 weeks) have been conducted in rats, with liver, kidney and thyroid being
identified as target organs. Dose-related increases in relative liver weights and
microscopic liver changes (hepatocellular enlargement with vacuolation) were
noted in a study with a commercial OctaBDE mixture (DE-79) at a concentration of
100 mg/kg of diet (approximately 8 mg/kg bw per day). Similar effects were seen
in a short-term feeding study with a commercial PentaBDE mixture (DE-71); dose-
related increases in liver weights and histological changes (hypertrophy, slight
degeneration and necrosis) were noted at the lowest dose, 2 mg/kg bw per day.
The effects were still partially evident in females at the lowest dose after a 24-
week recovery period. At higher doses (210 mg/kg bw per day), decreases in
concentrations of circulating thyroid hormones (T4) were observed. The latter
observation was supported by the results of a study of developmental toxicity in
rats given the commercial PentaBDE mixture (DE-71); decreases in serum con-
centrations of T4 were seen in both fetuses and newborn pups at a maternal dose
of 10 mg/kg bw per day administered on day 6 of gestation to PND 21.

The Committee also reviewed a number of preliminary studies of acute toxic-
ity involving dosing with mainly commercial PentaBDE mixtures, BDE-47 or BDE-
99 on a single day during gestation or lactation. In mice and rats, there were a
variety of effects involving neurological development (behaviour, memory and
activity), thyroid hormone perturbation and sexual maturation at doses as low as
60 pg/kg bw. Owing to a lack of mechanistic information and adequate data on
dose-response relationships, a clear interpretation of the significance to human
health could not be made at the present time.
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12. EVALUATION

For non-genotoxic substances, the Committee would normally allocate a pro-
visional maximum tolerable daily intake (PMTDI) or provisional tolerable weekly
intake (PTWI) based on the NOEL for the most sensitive adverse effect; however,
the available data on PBDEs were not adequate for such an approach because:

e PBDEs represent a complex group of related chemicals, and the pattern of
PDBE congeners in food is not clearly defined by a single commercial mix-
ture.

¢ Data are inadequate to establish a common mechanism of action that would
allow a single congener to be used as a surrogate for total exposure or, alter-
natively, as the basis for establishing toxic equivalence factors.

¢ There is no systematic database on toxicity including long-term studies on the
main congeners present in the diet, using standardized testing protocols, that
could be used to define a NOEL for individual PBDEs of importance.

¢ Several of the reported effects are biological outcomes for which the toxicol-
ogical significance remains unclear.

¢ Studies with purified PBDE congeners in vitro have shown a lack of activation
of the Ah receptor; however, many of the adverse effects reported are similar
to those found with dioxin-like contaminants, suggesting that some toxicity
data may be confounded by the presence of traces of impurities that are
potent agonists of the Ah receptor.

DecaBDE was the only brominated diphenyl ether for which a long-term study
of toxicity was available. A complete hazard characterization for this PBDE will
become increasingly important, as at the time of the present evaluation it was the
primary commercial mixture in use worldwide.

The limited toxicity data suggested that for the more toxic PBDE congeners,
adverse effects would be unlikely to occur in rodents at doses of less than approx-
imately 100 ug/kg bw per day. The current estimates of dietary intake were
approximately 0.004 pg/kg bw per day, while intake by breastfeeding infants could
be up to 0.1 ug/kg bw per day for the sum of all measured PBDE congeners,
including the less toxic ones. In consequence, there appeared to be a large mar-
gin of exposure (MOE) for a non-genotoxic compound, which, despite the inade-
quacy of the data on toxicity and intake, gave reassurance that intakes of PBDEs
are not likely to be a significant health concern. The Committee noted that, as with
related bioaccumulative persistent contaminants (PCBs, dioxins), a more appro-
priate dose metric for interspecies comparison of risk would be a measure of the
internal dose. For the majority of PBDEs studied, however, the data from experi-
mental animals or on concentrations in human tissue were insufficient to allow a
comparison with external dose.
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12.1 Recommendations

Although no specific recommendations for PBDEs were made by the Com-
mittee, it was noted that as DecaBDE was the only commercial formulation
currently marketed in Europe and North America, analytical methods should
include the determination of this fully brominated congener.

The Committee also considered that continuing studies of PBDEs in samples
from humans, including human milk, would be useful in assessing the overall
exposure to PBDEs in foods and other possible sources.
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APPENDIX 1: LIST OF COMMON BROMINATED DIPHENYL ETHER (BDE)

CONGENERS

Congener number

Bromine substitution pattern

BDE-0
BDE-1
BDE-2
BDE-3
BDE-7
BDE-8
BDE-10
BDE-11
BDE-12
BDE-13
BDE-15
BDE-17
BDE-25
BDE-28
BDE-30
BDE-32
BDE-33
BDE-35
BDE-37
BDE-39
BDE-47
BDE-51
BDE-66
BDE-71
BDE-75
BDE-77
BDE-85
BDE-99
BDE-100
BDE-101
BDE-105

diphenyl ether
2-monobromodiphenyl ether
3-monobromodipheny! ether
4-monobromodipheny! ether
2,4-dibromodiphenyl ether
2,4'-dibromodiphenyl ether
2,6-dibromodiphenyl ether
3,3'-dibromodiphenyi ether
3,4-dibromodipheny! ether
3,4'-dibromodipheny! ether

4 ,4'-dibromodipheny! ether

2,2' A-tribromodiphenvi ether
2,3',4-tribromodiphenvi ether

2,4 4'-tribromodiphenvl ether

2,4 6-tribromodipheny! ether

2,4' 6-tribromodiphenyl ether
2',3,4-tribromodiphenyl ether
3,3',4-tribromodiphenyl ether

3,4, 4'-tribromodiphenyl ether

3,4' 5-tribromodipheny! ether

2,2',4 4'-tetrabromodiphenyl ether
2,2',4,6'-tetrabromodiphenyl ether
2,3',4,4'-tetrabromodiphenyl ether
2,3',4' 6-tetrabromodiphenyl ether
2,44 6-tetrabromodiphenyl ether
3,3',4,4'-tetrabromodiphenyl ether
2,2',3,4,4'-pentabromodiphenyl ether
2,2',4,4' 5-pentabromodiphenyl ether
2,2',4,4' 6-pentabromodiphenyl ether
2,2',4,5,5"-pentabromodipheny! ether
2,3,3',4,4'-pentabromodipheny! ether
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Appendix 1 (contd)

Congener number

Bromine substitution pattern

BDE-116
BDE-119
BDE-126
BDE-128
BDE-138
BDE-140
BDE-151
BDE-153
BDE-154
BDE-155
BDE-166
BDE-172
BDE-176
BDE-181
BDE-183
BDE-185
BDE-189
BDE-190
BDE-192
BDE-197
BDE-203
BDE-206
BDE-209

2,3,4,5,6-pentabromodiphenyt ether
2,3',4,4' 6-pentabromodipheny! ether
3,3',4,4' 5-pentabromodipheny! ether
2,2',3,3',4,4'-hexabromodiphenyl ether
2,2',3,4,4' 5'-hexabromodiphenyl ether
2,2',3,4,4' 6'-hexabromodiphenyl ether
2,2',3,5,5',6-hexabromodiphenyl ether
2,2',4,4' 5,5'-hexabromodiphenyl ether
2,2',4,4,5,6-hexabromodiphenyl ether
2,2',4,4' 6,6'-hexabromodipheny! ether
2,3,4,4',5,6-hexabromodiphenyl ether
2,2'3,3',4,5,5"-heptabromodiphenyl ether
2,2',3,3',4,6,6'-heptabromodiphenyl ether
2,2',3,4,4' 5,6-heptabromodiphenyl ether
2,2',3,4,4'5',6-heptabromodipheny! ether
2,2',3,4,4'5',6-heptabromodiphenyl ether
2,3,3',4,4' 5,5-heptabromodiphenyi ether
2,3,3',4,4',5,6-heptabromodiphenyl ether
2,3,3',4,5,5',6-heptabromodiphenyl ether
2,2',3,3',4,4',6,6"-octabromodiphenyl ether
2,2',3,4,4' 5,5 6-octabromodiphenyl ether
2,2'3,3',4,4' 5,5',6-nonabromodiphenyl ether
2,2'3,3',4,4'5,5',6,6'-decabromodipheny! ether






