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PURPOSE

This document was written in response to a request from the Michigan Department of Environmental Quality (MDEQ) management for information about PBDEs.  The information was needed to make decisions regarding placement of PBDEs on the Critical Materials Register (CMR) and the Department’s response to proposed legislation to ban PBDEs in Michigan.  
This document includes the following information about PBDEs:  
· What they are

· How they are used

· Toxicity

· Environmental fate and chemical characteristics

· Environmental levels

· Potential risks to humans

· Regulatory and legislative action

· Conclusions and recommendations

The information presented is not a complete summary of all available data, but focuses on the information that will be most helpful to the decision-making process regarding the CMR and proposed legislation.  The data cited includes original research articles, as well as review summaries.
EXECUTIVE SUMMARY
PBDEs are brominated fire retardants (BFRs) used primarily in plastics and textile coatings.  In this class of compounds, two to ten bromines are attached to the diphenyl ether molecule.  PBDEs are of significant environmental concern because they are toxic, bioaccumulative, and persistent, and levels in humans and wildlife are increasing exponentially.  The primary commercial products of PBDEs are Penta-, Octa-, and Deca-PBDEs.  Each is a mixture of specific PBDE chemicals or congeners (Figure 2).  For example, commercial Penta-BDE contains 0.1% Tri-BDE, 24‑38% Tetra-BDE, 50-62% Penta-BDE, and 4-8% Hexa-BDE.  The 209 possible PBDE congeners are identified in the International Union of Pure and Applied Chemistry (IUPAC) numbering system, which arranges them in ascending numerical order of the degree of bromination.  For example, BDE-99 is 2,2’,4,4’,5-Penta-BDE.  See Table 1 for a partial listing of IUPAC numbers/specific PBDE congeners. 
Toxicity:  Toxicity data for PBDEs are limited.  Exposure of laboratory animals to PBDEs has resulted in histopathological changes to the liver, neurodevelopmental effects in developing animals, and/or reductions in thyroid hormone levels.  The United States Environmental Protection Agency (EPA) currently uses the induction of liver enzymes or other effects in the liver as the critical effect in the derivation of reference doses (RfDs) for three of the PBDE congeners.  However, more recent studies suggest that effects on the developing brain may be as or more sensitive than effects on the liver.  Deca-BDE is the only PBDE congener that has been tested for carcinogenicity; some evidence of carcinogenicity was found for rats following exposure to very high levels in feed.  Overall, the lower brominated congeners and mixtures appear to be more toxic than the higher brominated compounds. 
Concerns have been expressed that PBDEs exhibit toxicity similar to dioxins.  Dioxins have high affinity for the Ah receptor; the cascade of toxic effects caused by dioxin begins with binding to the Ah receptor.  Dioxins also significantly induce ethoxyresorufin-o-deethylase (EROD), which represents an ability to induce CYP1A liver enzymes.  Studies have shown that some of the PBDE congeners have a low-to-moderate binding affinity for the Ah receptor and a weak potential to induce EROD.  Some congeners have been shown to have no binding affinity for the Ah receptor or to have an antagonistic effect.  A recent study concluded that the concentrations of PBDEs currently detected in biota contribute negligibly to dioxin-like activity compared with other contaminants found in biota.  
Toxicokinetics:  Limited toxicokinetic data are available in the scientific literature on PBDEs.  There is evidence in animals and humans that PBDEs are bioavailable, although the lower brominated ones (Tetra- through Hexa-BDEs) appear to be more readily absorbed than the higher brominated congeners (Hepta- through Deca-BDEs).  The lower brominated congeners appear to distribute preferentially to lipid rich tissues, especially adipose tissue.  The higher brominated congeners once absorbed, appear to be distributed to more highly perfused tissues, with less accumulation in adipose tissue.  Metabolism has been directly indicated or strongly suggested, has some species specificity (more pronounced in mice as compared to rats), and occurs more readily for the higher brominated congeners.  Oxidative debromination has been observed with some PBDEs resulting in hydroxylated and sometimes methoxylated metabolites.  Fecal excretion appears to be the predominant elimination pathway in rats.  Metabolites are found in the bile and urine.  Metabolism and urinary excretion have been demonstrated to be an equally important elimination mechanism in mice.

The identification of OH-PBDE residues in blood suggests that PBDE is metabolized in many species.  Some OH-PBDEs are potent competitors for transthyretin (TTR), the plasma protein responsible for the transport of thyroid hormones.  Therefore, PBDEs may be capable of affecting hormonal systems via formation of active metabolites.  Interaction of OH-PBDE with TTR and thyroid receptors may lead to a cascade of thyroid effects.

Although previously thought to be biologically unavailable, recent studies indicate some bioavailability for Deca-BDE.  A recent study indicates evidence of limited bioavailability of Deca-BDE in carp.  Seven apparent debrominated products of BDE-209 accumulated in whole fish and liver tissues.  A study in mice demonstrated uptake in the brain, liver, and heart after oral exposure to 14C-labelled BDE-209.  Several recent studies have identified detectable levels of BDE-209 in human tissues.
Chemical Characteristics and Environmental Behavior:  Based on the chemical characteristics of PBDEs, they are expected to be persistent and bioaccumulative in the environment.  The half-life of PBDEs in soil and water was estimated to be 150 days and 600 days in sediment.  Little is known about the environmental degradation of PBDEs, however, a recent study suggests they can loose bromine atoms.  PBDEs are highly lipophilic indicated by their high log Kow values ranging from 5.9-7.9.  The lipophilic nature of these chemicals indicates they would likely bioaccumulate in animals.  
Environmental Media Levels:  Data on levels of PBDEs in environmental media are limited.  Three-year average concentrations (1997-1999) of total PBDEs in ambient air from four sites in the Great Lakes basin ranged from 5.5-52 picograms per cubic meter (pg/m3), with the highest concentration found in the urban area of Chicago, Illinois (Strandberg et al., 2001).  PBDE levels measured in the Lake Michigan water column in 1997-1999 ranged from 0.031-0.158 nanograms per liter (ng/l) compared to 0.006 ng/l in Lake Ontario (Hale et al., 2003).  PBDEs have also been found in sediments from freshwater tributaries and lakes, as well as in sewage sludge samples.  The PBDE concentrations in sewage sludge samples from North America are significantly higher than those found in Europe (Hale et al., 2003).  
Concentrations in Biota and Food:  PBDEs have been detected in aquatic and terrestrial biota from numerous locations around the globe.  The most prevalent congeners were BDE-47, BDE-99, and BDE-100.  Concentrations in several species of biota have increased dramatically between 1980 and the present.  Within some geographic regions, higher concentrations have been observed in the relatively warmer climates.  Generally, North American biota appears to have higher concentrations than European biota. 
Little published data exist on PBDEs in the United States (U.S.) food supply.  PBDEs have been detected in chicken, milk, and fish.  Great Lakes fish have been observed to have relatively high concentrations of PBDEs compared to other foods.  However, concentrations in milk and chicken may be considered substantial given the total quantities of these items consumed by the public.   

Human Tissue Levels:  Data on concentrations of PBDEs in human blood, breast milk, and adipose tissue have consistently shown levels to be significantly higher in North America compared to Europe or Japan.  Levels found in the U.S. are the highest of all countries for which there are data and are about 10 – 100 times greater than human tissue levels in Europe.  Two recent studies of U.S. breast milk levels showed total PBDE concentrations ranged from 6.2 – 419 nanograms per gram (ng/g) lipid in one study (Schecter et al., 2003) and 9.5 – 1,078 ng/g in another study (EWG, 2003).  Typically, BDE-47 is found at the highest concentration in human tissue and comprises more than half of the total PBDEs.  The next most abundant congener often found is BDE-99.  

Temporal trends of PBDEs in human tissues show levels in North America are increasing significantly over time.  Data on blood levels from 1959 – 1966 showed no detectable levels of BDE-47 compared to levels of <10 – 511 ng/g lipid in blood samples from 1997 – 1999 (Petreas et al., 2003).  PBDE levels in breast milk also show similar increases over time and appear to be doubling every two to five years in North America (Betts, 2002).

Potential Risks:  Human exposure data are currently very limited.  As a result, an evaluation of potential risks cannot be conducted in a quantitative manner.  Based on a qualitative evaluation, significant concern regarding the potential risks of PBDEs is warranted due to the following facts:

· Adverse effects are seen in experimental animals

· Levels of PBDEs in the environment and in human tissue are increasing at alarming rates
· PBDEs are present in Great Lakes fish

· Other media such as commercial food products and house dust are assumed to contain PBDEs based on limited data from other states

Regulatory Action/Legislation:  A recent MDEQ staff report recommends that Penta-, Octa-, and Deca-BDE products should be placed on the CMR.  House Bill 4406, which was introduced early this year, underwent a bill analysis by MDEQ staff; a draft bill analysis by the Department indicated that the bill would not be supported as written.  

In early 2003, the European Union (EU) adopted a directive, which bans the marketing and use of Penta- and Octa-BDE in all consumer products beginning August 15, 2004.  In addition, a separate Europe-wide ban under the Restriction on Hazardous Substances (RoHS) (which has a specific focus on electronics), will eliminate all PBDEs in electronics by 2006.  This ban allows for an exemption for Deca-BDE if supported by a risk assessment currently underway.
California was the first state to ban the manufacture and commercial distribution of products containing more than one-tenth of 1% of Penta- or Octa-BDE.  The EPA has included PBDEs in the High Production Volume Evaluation and Testing Programs and also in a pilot program for the Voluntary Children’s Chemical Evaluation Program.  Recently, the main U.S. manufacturer of Penta- and Octa-BDE announced that it will voluntarily cease production of these two formulations by the end of 2004.  Replacement chemicals must be adequately tested to assure they will not present unacceptable risks to human health and the environment.  
Conclusions and Recommendations:  A qualitative assessment of the data concludes that Penta- and Octa-BDEs present an unacceptable risk to public health and the environment.  In particular, the future level of risk is of concern if the current rate of buildup in environmental media and human tissues is not curtailed.  Support for this determination is found in studies reporting adverse effects in animals, increasing concentrations in the environment and wildlife including Great Lakes fish, and increasing concentrations in human blood and breast milk.  Scientific evidence for Deca-BDEs is more limited but does suggest that Deca-BDEs may be less bioavailable and less toxic.  Nonetheless, recent data do indicate or suggest that Deca-BDEs cause neurodevelopmental effects in rodents, debrominate in carp, and are present in human tissue.  It is recommended that the Department support modified legislation to ban Penta- and Octa-BDE products from Michigan commerce.  The more limited data for Deca-BDE makes a similar recommendation to support a ban for this PBDE product less clear cut.  Continued monitoring of the scientific literature is recommended to allow for a risk management decision on Deca-BDE.  The TSG also recommends that the Department use existing programs to monitor the presence of PBDEs in the Michigan environment to determine the need for further regulatory controls.  Ultimately, this information can be used to minimize environmental exposure to PBDEs.
INTRODUCTION

PBDEs are a class of BFRs, which are ubiquitously distributed in the environment.  These compounds are of concern since levels in biota, human tissues, and breast milk are increasing exponentially.  In this class of compounds, two to ten bromine atoms are attached to the diphenyl ether molecule.  The number and arrangement of bromine atoms results in the possibility of 209 different PBDE compounds or congeners.  Figure 1 presents the chemical structure for PBDEs. 
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Figure 1. Generalized structure of PBDEs where (m+n) = 2 to 10 bromines.

The 209 congeners for PBDEs are arranged in ascending numerical order using a numbering system that follows the IUPAC rules of constituent characterization in biphenyls.  The resulting IUPAC numbers, such as BDE-99, are associated with a specific congener - in this case 2,2’,4,4’,5-Penta-BDE and are also referred to as congener, IUPAC, or BZ numbers.  The IUPAC numbers are widely used for identifying individual congeners of PBDEs (and also polybrominated biphenyls (PBBs)).  See Table 1 for identification of the congeners for a select group of PBDE IUPAC numbers.  
Commercial products of PBDEs are also identified by registered trade names.  For example, some names for Penta-PBDE commercial products are DE71, Bromkal 70, and Tardex 50.  Two additional product names mentioned in this document are Bromkal 70-5DE (primarily 2,2’,4,4’-Tetra-BDE; 2,2’,4,4’,5-Penta-BDE; and a small amount of 2,2’,4,4’,6-Penta-BDE) and Saytex 111 (an Octa-BDE product containing six to nine bromines).

Commercial production of PBDEs began in the late 1970s.  PBDEs are physically combined with the polymer material being treated (additive flame retardant) rather than chemically combined (reactive flame retardants).  As a result, there is a possibility that PBDEs may diffuse out of the treated material to some extent.

PBDEs are used as fire retardants in plastics and textile coatings.  Three commercial mixtures of PBDEs have been and continue to be produced:  Deca-BDE, Octa-BDE, and Penta-BDE.  These commercial products contain a mixture of various congeners.  For example, commercial Penta-BDE contains 0.1% Tri-BDE, 24-38% Tetra-BDE, 50-62% Penta-BDE, and 4-8% Hexa‑BDE.  Commercial Octa-BDE contains 10-12% Hexa-BDE, 43-44% Hepta-BDE, 31-35% Octa-BDE, 9-11% Nona-BDE, and 0-1% Deca-BDE.  Commercial Deca-BDE contains 0.3-3% Nona-BDE and 97-98% Deca-BDE (WHO, 1994).  See Figure 2 for a graphical depiction of the percentages of the various homolog groups in each of the three commercial formulations.  In the U.S., PBDEs are only produced in Arkansas at Albemarle Corporation (Magnolia, AR) and Great Lakes Chemical Corporation (Eldorado, AR; ATSDR, 2002).  
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Figure 2.  Percentage of each homolog group that constitutes each of the three commercial formulations (Penta-BDE, Octa-BDE, and Deca-BDE).  [Data for graphic acquired from WHO, 1994.]

The demand for Deca-, Octa-, and Penta-BDE in North America in 1999 was 24,300; 1,375; and 8,290 tons, respectively (Hale and Ciparis, 2003).  The major uses of PBDEs in descending order of importance are:  high-impact polystyrene, acrylonitrile-butadiene-styrene terpolymer (ABS), flexible polyurethane foam, textile coatings, wire and cable insulation, electronic connectors, and other interior parts (WHO, 1994).  About 40% of commercial Deca-BDE is used in high impact polystyrene applications, such as television and radio housings.  Other significant uses of commercial Deca-BDE are in textile applications, such as polyester fiber additives and 
coatings for automobile fabric, tarpaulins, and tents.  Commercial Octa-BDE is mainly used in the preparation of ABS, which is used in the manufacture of computer and business equipment housings.  Commercial Octa-BDE is also used in adhesives and coatings.  About 95% of commercial Penta-BDE is used in the manufacture of flexible polyurethane foam used in furniture and upholstery, automobiles, and foam-based packaging (ATSDR, 2002).

PBDEs are released into the environment from their manufacture and used as additive flame retardants in thermoplastics in a wide range of products (WHO, 1994).  Waste containing PBDEs may be incinerated as municipal waste, deposited in landfills, discharged to municipal sewage treatment plants, or emitted to the atmosphere.
             Table 1.  IUPAC numbers for specific PBDE congeners cited in this paper.
	IUPAC NUMBER
	PBDE Congener

	BDE-15
	4,4’-Di-BDE

	BDE-17
	2,2’,4-Tri-BDE

	BDE-25
	2,3’,4-Tri-BDE

	BDE-28
	2,4,4-Tri-BDE

	BDE-30
	2,4,6-Tri-BDE

	BDE-33
	2’,3,4’-Tri-BDE

	BDE-47
	2,2’,4,4’-Tetra-BDE

	BDE-49
	2,2’,4,5’-Tetra-BDE

	BDE-51
	2,2’,4,6’-Tetra-BDE

	BDE-66
	2,3’,4,4’-Tetra-BDE

	BDE-71
	2,3’,4’,6-Tetra-BDE

	BDE-75
	2,4,4’,6-Tetra-BDE

	BDE-77
	3,3’,4,4’-Tetra-BDE

	BDE-79
	3,3’,4,5’-Tetra-BDE

	BDE-99
	2,2’,4,4’,5-Penta-BDE

	BDE-100
	2,2’,4’,4’,6-Penta-BDE

	BDE-119
	2,3’,4,4’,6-Penta-BDE

	BDE-138
	2,2’,3,4,4’,5’-Hexa-BDE

	BDE-140
	2,2’,3,4,4’,6-Hexa-BDE

	BDE-153
	2,2’,4,4’,5,5’-Hexa-BDE

	BDE-154
	2,2’,4,4’,5,6’-Hexa-BDE

	BDE-155
	2,2’,4,4’,6,6’-Hexa-BDE

	BDE-166
	2,3,4,4’,5,6’-Hexa-BDE

	BDE-180
	2,2’,3,4,4’,5,5’-Hepta-BDE

	BDE-183
	2,2’,3,4,4’,5’,6-Hepta-BDE

	BDE-190
	2,3,3’,4,4’,5,6-Hepta-BDE

	BDE-203
	2,2’,3,4,4’,5,5’,6-Octa-BDE

	BDE-209
	2,2’,3,3’,4,4’,5,5’,6,6’-Deca-BDE


TOXICOLOGY

Relative Toxicity
Since PBDEs have structures similar to other halogenated aromatic contaminants, such as polychlorinated biphenyls (PCBs) and dioxin, it has been proposed that they may have a similar mechanism of action.  Chen et al., (2001) studied the affinity of PBDEs for the rat hepatic Ah receptor by determining their ability to induce EROD in assays using human, rat, chick, and rainbow trout cells.  Both pure PBDE congeners and commercial PBDE mixtures had Ah receptor binding affinities 10-2 to 10-5 times that of 2,3,7,8-TCDD.  Meerts et al., (1998) found that seven PBDE congeners acted as Ah receptor agonists, whereas, nine PBDE congeners acted as antagonists when co-treated with TCDD.  Hanberg et al., (1991) found that a commercial formulation of Penta-BDE induced EROD levels in rat hepatoma cells with an estimated potency of 10-6 that of TCDD.  Tjarnlund et al., (1998) found that 2,2’,4,4’-Tetra-BDE and 2,2’,4,4’,5-Penta-BDE caused a significant decrease in EROD activity when fed to rainbow trout.  Bromkal 70-5DE showed weak dioxin-like activity and weak EROD induction activity in injected rainbow trout cells and in three-spined sticklebacks exposed to the PBDEs via their feed (Sellstrom et al., 1998).
Hornung et al., (1996) injected newly fertilized rainbow trout eggs with various polybrominated and polychlorinated compounds to determine their toxicity relative to the toxicity of 2,3,7,8-tetrachloro-dibenzo-p-dioxin (2,3,7,8-TCDD).  The three PBDEs (2,2’,4,4’-Tetra-BDE; 2,2’,3,4,4’-Penta-BDE; and 2,2’,4,4’,5-Penta-BDE) examined in the study did not cause any signs of toxicity at egg concentrations as high as 12,000 ng/g.  It was therefore not possible to quantitatively determine the toxicity of PBDEs relative to 2,3,7,8-TCDD.  For comparative purposes, the polybrominated dibenzo-p-dioxins had LD50 values ranging from 0.122-63.7 ng/g egg (their toxicity relative to 2,3,7,8-TCDD ranged from 0.0089-2.54), polybrominated dibenzofurans had LD50 values ranging from 1.5-247 ng/g egg (their toxicity relative to 2,3,7,8-TCDD ranged from 0.002-0.25) and the non-ortho substituted PBBs had LD50 values ranging from 168-3,910 ng/g (their toxicity relative to 2,3,7,8-TCDD ranged from 0.00012-0.0016).  

Laboratory Animal Toxicity

Acute Lethality:  A limited number of LD50 values are available for PBDEs.  An intraperitoneal LD50 of 125 milligrams per kilograms (mg/kg) Di-BDE was reported for mice.  Oral rat LD50s of 5,800 and 7,400 mg/kg were reported for commercial Penta-BDE in Wistar rats.  An oral rat LD50 value of > 5 g/kg was reported for Octa-BDE and Deca-BDE (WHO, 1994).

Hepatic and Kidney Effects:  Male and female Sprague-Dawley rats were administered 2.5, 25, and 250 mg/kg/d Bromkal 70-5 DE via gavage for 28 days (Fattore et al., 2001).  Dose‑related increases in liver and kidney weights occurred, but the increases were only significant at the highest dose.  Dose-related increases also occurred on liver pathology and liver enzymes.  An increase in EROD activity and a decrease in hepatic vitamin A levels were significant for males and females at the mid- and high-dose levels, whereas the increase in pentoxyresorufin-o-deethylase activity was significant for males and females only at the highest dose. 

Male Sprague-Dawley rats were administered commercial Penta-BDE via gavage at doses of 0.44, 0.88, 1.77, 3.53, 7.06, and 14.12 mg/kg/d (Carlson, 1980).  Liver enzyme induction occurred at all doses.  No histologic liver abnormalities were observed in the lower three dose groups (the higher dose groups were not examined histologically).  A no-observed-adverse- effect-level (NOAEL) of 1.77 mg/kg/d with an uncertainty factor of 1000 was used by the EPA to derive an RfD of 0.002 mg/kg/day (EPA, 2003a).

Female Sprague-Dawley rats were administered commercial Penta-BDE via the feed at doses of 2, 10, or 100 mg/kg/d (ATSDR, 2002).  Hypertrophy and slight necrosis occurred in the livers of animals dosed with 2 mg/kg/d, whereas, thyroxine (T4) was reduced at higher levels.  The Agency for Toxic Substances and Disease Registry (ATSDR) (2002) considered 2 mg/kg/d to be a lowest-observed-adverse-effect-level (LOAEL) with minimal effects. 

Male Sprague-Dawley rats were administered technical Octa-BDE (primarily Hexa- through Nona-BDE) via gavage at doses of 0.62, 1.25, 2.51, 5.01, 10.02, or 20.04 mg/kg/d (Carlson, 1980).  Liver enzyme induction occurred at all doses.  No histologic liver abnormalities were observed in the lower three dose groups (the higher dose groups were not examined histologically).  A NOAEL of 2.51 mg/kg/d with an uncertainty factor of 1000 was used by the EPA to derive an RfD of 0.003 mg/kg/day (EPA, 2003b).

Sprague-Dawley rats were exposed via the diet to 0.01, 0.1, and 1.0 mg Deca-BDE/kg body weight for two years (Kociba et al., 1975).  No effects were found on hematology, clinical chemistry, food consumption, organ weight, body weight, and incidence of histopathological lesions.  A NOAEL of 1.0 mg/kg/d with an uncertainty factor of 100 was used by the EPA to derive an RfD of 0.01 mg/kg/day (EPA, 2003c).  

Male Sprague-Dawley rats were exposed via the diet to 0.01, 0.1, or 1.0% commercial Octa-BDE or Deca-BDE (equivalent to 8, 80, or 800 mg/kg/d) for 30 days (Norris et al., 1975).  Histopathological examination of organs revealed liver and kidney lesions and thyroid hyperplasia at all doses of Octa-BDE.  Liver and kidney lesions and thyroid hyperplasia were observed at the two higher doses of Deca-BDE.  The NOAEL for Deca-BDE was 8 mg/kg/d.  A NOAEL was not found for Octa-BDE.

Thyroid/Neurodevelopmental Effects:  The effects observed on thyroid hormone function and neurodevelopment are summarized in Table 2.  Studies for these effects have included commercial mixtures, predominant congeners found in human tissues (BDE-47, -99, and -153 congeners), and one study on the BDE-209 congener.
PBDEs appear to alter thyroid hormone levels.  T4 levels are reduced by several Tetra- through Octa-BDE mixtures in rats (Hallgren and Darnerud, 2002; Zhou et al., 2001; Zhou et al., 2002).  However, no effect on T4 levels was seen from a commercial mixture that is 98% Deca-BDE with doses as high as 100 mg/kg/day for four days with T4 levels measured on day five (Zhou et al., 2001).  Lower chlorinated single congener PBDEs have also been demonstrated to reduce serum T4 in female weanling rats (Zhou et al., 2001).  Effects on T4 levels appear to be more sensitive to perinatal exposure than weanling or adult exposure as demonstrated by a predominantly Tetra- and Penta-BDE mixture (Zhou et al., 2002).  Triodothyronine (T3) levels do not appear to be affected in most studies and were only slightly decreased at higher doses (Zhou et al., 2001).  No alterations in thyroid stimulating hormone (TSH) levels have been observed.  These studies indicate that clinical measurements of the pituitary-thyroid axis are not observed after PBDE exposure, although serum T4 levels may be significantly reduced.  The decrease in circulating T4 levels may be partially related to increased metabolism of T4 through PBDE induction of T4 metabolizing enzymes including urinediphosphate-glucuronosyltransferase (UDPGT).  These changes result in biliary excretion of metabolized T4 (Hallgren and Darnerud, 2002; Zhou et al., 2001).  However, T4 reductions occur at PBDE doses lower than those required for UDPGT induction, indicating this may not be the main mechanism for T4 reduction.  Another possible mechanism for T4 reductions that has been identified by in vitro assays indicating that hydroxylated PBDEs bind the T4 serum transporting protein transthyretin (deWit, 2002; Hallgren and Darnerud, 2002; Hallgren et al., 2001; Zhou et al., 2001; Zhou et al., 2002).  

Although many of these PBDE-related effects on T4 levels have been demonstrated in laboratory animals, it is not known if these same effects could occur in humans.  It has been long understood that iodine insufficiency and/or hypothyroidism during pregnancy can cause profound effects on the developing fetus leading to a syndrome called cretinism.  This syndrome generally includes impaired growth and development of the brain, frequently resulting in dwarfism and mental retardation.  Although generally used clinical measurements may not demonstrate hypothryroidism from PBDE exposure in animals, irreversible effects on fetal brain development may result from the reduced T4 levels observed from PBDE exposures.  Morreale de Escobar et al., (2000) have determined that hypothyroxemia without “clinical hypothyroidism” (as measured by a decrease in T3 or increase in TSH) may result in significant effects on the developing brain of human fetuses.  Although other fetal tissues appear to be more affected by low T3  levels, reduced T4 levels appear to adversely impact the developing brain even when T3 levels are normal.  It appears that fetal brain tissue has enzymes that convert maternal T4 to T3, and that these enzymes have not been observed in other fetal tissues.  In addition, prior to the onset of fetal thyroid function, T3 levels found in normal developing fetal brain are much higher than the very low circulating fetal T3 levels found early in gestation.  Maternal T4 levels early in gestation appear to be critical in normal neurodevelopment.  Infants with congenital hypothyroidism (CH), when maternal thyroid function is normal, can be effectively treated after birth.  However, infants with CH whose mothers had hypothyroxemia have permanent neurodevelopment impairment even with postnatal treatment that prevents other cretinistic effects (e.g., skeletal, muscular) (Morreal de Escobar et al., 2000).  Pop et al., (1999) has demonstrated that even in healthy women without hypothyroidism or other complicating factors, psychomotor development was significantly impaired with low fetal T4 levels at 12 weeks of gestation (prior to the onset of fetal thyroid function) but not at 32 weeks of gestation.  A trend for decreased mental development with decreased fetal T4 levels at 12 weeks was also noted, although not significant in this study.  Morreal de Escobar et al., (2000) and Pop et al., (1999) recommend prenatal screening for thyroid hormone measurements to include those that would identify hypothyroxemia, as well as “clinical hypothyroidism.”   

PBDEs have also been demonstrated to alter cognitive and behavioral functions in mice after perinatal exposure.  Alterations in locomotor activity have been demonstrated in male and female mice with perinatal exposures.  The most profound effect is a decrease in habituation that becomes more pronounced with age (Branchi et al., 2002; Ericksson et al., 2001a; Ericksson et al., 2001b).  The critical exposure period for this effect appears to be around postnatal day (PND) 10 (Ericksson et al., 2001b).  This pattern of altered locomotor activity has been observed after perinatal exposure to several PBDE congeners or mixtures including Tetra-, Penta-, Octa- and Deca- congeners.  Interestingly, the alteration in locomotor activity pattern with the Deca-BDE occurred only after exposure on PND 3 and not PND 10 (Viberg et al., 2003).  This study also evaluated C14-labeled Deca- BDE uptake in several tissues.  Although other tissues showed decreased uptake between 24 hours post exposure and 7 days post exposure, the brain uptake levels were significantly increased at day 7.  The authors (Viberg et al., 2003) speculate that this may be due to metabolism of the Deca- BDE into a lower chlorinated PBDE prior to causing the neurodevelopmental effects.  Alterations in other cognitive behaviors after perinatal exposure to PBDEs include early life deficits as observed by a two-day lag in the development of screen climbing ability (Branchi et al., 2002) and deficits in spatial learning in adult animals as demonstrated by increased latency to find a swim platform that was more pronounced for the relearn trials after the platform was moved (Eriksson et al., 2001a; Viberg et al., 2002b).  In addition, decreases in mouse hippocampal nicotinic receptors (Viberg et al., 2002b) and increased release of arachidonic acid from rat cerebellar granule neurons (Kodavanti and Derr-Yellin, 2002) have been observed after PBDE exposure.

The only fetal malformation reported to be associated with PBDE exposure was delayed ossification of the sternabrae at maternally toxic doses in rabbits (Breslin et al., 1989).  Although not evaluated, Breslin et al., (1989) reported that two litters were delivered prior to normal term and another aborted the litter at the high dose (15 mg/kg/day).  Branchi et al., (2002) reported a decrease in litter size that was significant at the middle dose (6 mg/kg/day) but not at the high dose (30 mg/kg/day).  No other effects on pregnancy were reported.  

Neurodevelopmental effects observed with PBDE perinatal administration may be secondary to decreases in T4 levels (deWit, 2002; Branchi et al., 2003).  Similar alterations in locomotor activity and spatial learning abilities have been observed following perinatal treatments to reduce T4 levels (Branchi et al., 2003; Goldey et al., 1995).  Unfortunately, most thyroid hormone studies have used rats, and most neurodevelopmental studies have used mice to evaluate effects of PBDEs, without evaluation of both in the same species or same study.  Therefore, evaluation of whether the effects on the developing brain from PBDEs is through direct or indirect (e.g., thyroid) mechanism(s) is not possible at this time.  Future studies should consider evaluation of auditory thresholds.  Goldey et al., (1995) demonstrate in rats that decreased perinatal T4 levels result in auditory threshold deficits, and this effect appears to be more sensitive in rats than alterations in motor activity.  Another critical consideration is that the hypothyroxemia and some of the altered neurological and neurobehavioral effects are similar to those observed after exposures to noncoplanar PCBs.  Further evaluation of potential additivity of effects from these two classes of chemicals should be considered.

Table 2.  Observed effects of exposure to PBDEs related to thyroid hormone status and/or neurodevelopment.
	Effect
	Species
	NOAEL
	LOAEL
	PBDE
	Study(ies)

	Decrease in T4
	Rats

Offspring/dams
	1 mg/kg/day GD6-PND21 /10 mg/kg/day
	10 mg/kg/day GD6-PND21 

/30 mg/kg/day
	DE-71 mixture of predominantly 

45-58% penta +

25-35% tetra
	Zhou et al., 2002

	Decrease in T4 levels
	Rat

28 day female
	10 mg/kg/day for 4 days 
	30 mg/kg/day for four days
	DE-71 mixture of predominantly 

45-58% penta +

25-35% tetra
	Zhou et al., 2001

	Decrease in T4 levels
	Rat

28 day female
	3 mg/kg/day for 4 days 
	10 mg/kg/day for 4 days
	DE-79 mixture of predominantly 31% Octa- + 45% Hepta-BDE
	Zhou et al., 2001

	Decrease in T4 levels, LSI
	Rats and mice 

7 weeks female
	
	18 mg/kg for 14 days
	Bromkal 70-5 DE mixture almost exclusively Tetra- and Penta-BDE
	Hallgren et al., 2001

	Decrease in T4 levels, LSI


	Rats and mice 

7 weeks female
	
	18 mg/kg for 14 days
	BDE-47 (Tetra‑BDE)
	Hallgren et al., 2001


Table 2 continued.
	Effect
	Species
	NOAEL
	LOAEL
	PBDE
	Study(ies)

	Slight fetal toxicity, 

Preterm delivery and abortion (not reported as effect)
	Rabbit
	5 mg/kg/day

Reported by Authors
	15 mg/kg/day
	Saytex 111  Mixture predominantly octa
	Breslin et al., 1989

	Decreased viability – litter size


	mouse
	0.6 mg/kg/day GD6 through PND21
	6 mg/kg/day GD6 through PND21 

(30 mg/kg/day – decrease not sig)
	BDE-99 (Penta‑BDE)
	Branchi et al., 2002

	Delayed ability to climb vertical screen (2-day)
	Mouse, male and female
	6 mg/kg/day

GD6 through PND21
	30 mg/kg/day

GD6 through PND21
	BDE-99 (Penta-BDE)
	Branchi et al., 2002

	Activity profile at PND34 -120 but not sig. at PND 22
	Mouse, male and female
	0.6 mg/kg/day for hyperactivity

GD6 through PND21
	0.6 mg/kg/day for rearing

6 mg/kg/day for hyperactivity

GD6 through PND21
	BDE-99 (Penta-BDE)
	Branchi et al., 2002

	Activity profile (spontaneous locomotion) 2  and 4 months old
	Mouse,

male
	0.7 mg/kg single dose PND10


	10.5 mg/kg single dose PND10

0.8 mg/kg single dose PND10
	BDE-47 (Tetra‑BDE)
BDE-99 (Penta‑BDE)
	Eriksson et al., 2001a

	Activity profile (spontaneous locomotion) 4 months old
	Mouse,

male
	8 mg/kg single dose PND 19 – highest dose no effect
	8 mg/kg single dose PND 3 and PND10
	BDE-99 (Penta‑BDE)
	Eriksson et al., 2001b

	Spontaneous locomotion Activity profile 2 months old with and without nicotine
	Mouse, male
	
	8 mg/kg single dose  PND 10
	BDE-99 (Penta‑BDE)
	Viberg et al., 2002a

	Activity profile (spontaneous locomotion) 2, 4,  and 6 months old
	Mouse,

male
	0.45 mg/kg/day single dose PND10
	0.9 mg/kg single dose

PND 10
	BDE-153 (Hexa‑BDE)

	Viberg et al., 2003

	Activity profile (spontaneous locomotion) 2, 4,  and 6 months old
	Mouse,

male
	20.1 mg/kg single dose 

PND10 and 19 highest dose – no effect
	2.22 mg/kg single dose

PND 3
	BDE-209 (Deca‑BDE)
	Viberg et al., 2003


Table 2 continued.
	Effect
	Species
	NOAEL
	LOAEL
	PBDE
	Study(ies)

	Perseveration – Morris Water Maze – decrease in acquisition after change in platform location
	Mouse, male
	
	12 mg/kg single dose PND10

lower dose animals not tested
	BDE-99 (Deca‑BDE)
	Eriksson et al., 2001a

	Morris Water Maze
	Mouse, male
	0.45 mg/kg single dose PND10
	0.9 mg/kg single dose PND10
	BDE-153 (Hexa‑BDE)
	Viberg et al., 2002b

	Decrease in number of hippocampal nicotinic receptors 
	Mouse, male
	
	9 mg/kg single dose PND10
	BDE-153 (Hexa‑BDE)
	Viberg et al., 2002b


Mutagenicity:  Only limited data are available on the mutagenicity of PBDEs.  According to the National Toxicology Program (NTP; 1986), Deca-BDE was not mutagenic in Salmonella typhimurium strains (TA1535, TA1537, TA 98, or TA100) or in the mouse lymphoma L5178Y/TK+/- assay with or without enzyme induction.  This compound also did not cause chromosomal aberrations or sister-chromatid exchanges with or without enzyme induction.  Norris et al., (1975) found no cytogenic effects in the bone marrow cells of rats exposed to a Deca-BDE mixture (77.4% Deca-BDE, 21.8% Nona-BDE, and 0.8% Octa-BDE) in a one-generation reproduction study.  Exposure of Chinese hamster cells to 2,2’,4,4’-Tetra-BDE, 3,4-Di-BDE, or 2-Mono-BDE caused increased gene recombination at the HGPRT locus (Helleday et al., 1999).  A study in rats and mice found that Tetra-BDE was covalently bound to macromolecules in various tissues with evidence of a reactive epoxide intermediate (Orn, U. et al., 1998). 
Carcinogenicity:  Deca-BDE is the only PBDE that has been tested for carcinogenicity.  A dietary study by NTP (1986) found some evidence of carcinogenicity for male and female F344/N rats as shown by increased incidences of neoplastic nodules of the liver in low dose (25,000 parts per million (ppm)) males and high dose (50,000 ppm) males and females.  There was equivocal evidence of carcinogenicity for male B6C3F1 mice as shown by increased incidences of hepatocellular tumors in the low dose group and of thyroid gland follicular cell tumors in both dose groups.  There was no evidence of carcinogenicity for female B6C3F1 mice receiving 25,000 or 50,000 ppm in the diet.

There are a few things to consider when assessing the carcinogenicity potential of Deca-BDE.  For instance, the NTP (1986) study used high doses, Deca-BDE was poorly absorbed and the study used a technical grade product (i.e., 95-97% pure Deca-BDE), which contained impurities.  An earlier bioassay in rats (Kociba et al., 1973) used fewer animals and much lower doses and found no significant increase in the incidence of tumors.  Based on this information, McDonald (2002) considered the carcinogenicity concern over Deca-BDE to be low.

The other PBDE congeners have not been tested for carcinogenicity.  Congeners other than Deca-BDE would be more of a concern with respect to carcinogenicity since they would be more readily absorbed and more slowly eliminated.  In addition, several congeners (i.e., Tetra-, Penta-, and Octa-BDE) have been shown to exhibit a greater potential for thyroid disruption and enzyme induction than Deca-BDE.  Lastly, some of the other PBDE congeners have tested positive in some mutagenicity tests (McDonald, 2002).

Wildlife Toxicity

Aquatic Life Toxicity:  Only limited data are available on the toxicity of PBDEs to aquatic life.  Female three-spined sticklebacks were fed diets containing Bromkal 70-5 for 3.5 months.  A reproduction study was conducted following exposure of the animals.  Bromkal 70-5 had no effect on the number of eggs laid.  However, the highest dose group had reduced spawning success (20% compared to 80% in the control group), and fatty livers were observed in both dose groups (Holm et al., 1993).  
Hornung et al., (1996) found no effects on fish eggs injected with either 2,2’,4,4’-Tetra-BDE, 2,2’,3,4,4’-Penta-BDE, or 2,2’,4,4’,5-Penta-BDE at egg concentrations up to 12 micrograms per gram (ug/g).  Tjarnlund et al., (1998) exposed rainbow trout to 2,2’,4,4’-Tetra-BDE and 2,2’,4,4’,5-Penta-BDE via their feed and found a reduction in glutathione reductase, hematocrit and blood glucose values.  Kierkegaard et al., (1999) exposed rainbow trout to 7.5 to 10 mg of Deca-BDE/kg body weight/day via their feed and found enlarged livers, increased lactate concentrations, and decreased lymphocytes after 120 days of exposure.  According to a review article by Darnerud (2003), a no-observable-effect-concentration of approximately 5 ug/L was found in a 48-hour test and a 21-day life-cycle test in daphnids exposed to a Tetra- to Hexa-BDE mixture.  According to the WHO (1994), a 48-hour LC50 (lethal concentration to 50% of the exposed group) of 0.36 milligrams per liter (mg/L) and a 96-hour LC50 of 4.94 mg/L were found for daphnids and bluegill sunfish, respectively, exposed to Mono-BDE.  

Other Wildlife:  No studies were found that examined the effects of PBDEs on birds, mammals, or other wildlife.   
Toxicokinetics

This section relies very heavily on three review articles (deWit, 2002; Hakk and Letcher, 2003; and Birnbaum and Staskal, 2004).  Toxicokinetics is an important factor when evaluating the exposure to environmental contaminants because understanding how chemicals get into the body (absorption), the concentrations in different organs and tissues (distribution), the breakdown of the chemical into other chemicals (metabolism), and the ability of the body to eliminate the chemical or its metabolites (elimination/excretion) can help determine the bioaccumulation, fate, and toxicity of contaminants.  Analyses of human and wildlife tissues show that some of the PBDEs are bioaccumulative.  A brief summary of the limited experimental data on the toxicokinetics of PBDEs follows.

Absorption:  Generally, the literature demonstrates that the lower brominated PBDEs are readily absorbed (>50%) after oral exposure with absorption decreasing as the level of bromination increases.  Deca-BDE appears to be less well absorbed, although recent studies indicate there can be greater than 10% absorption after oral exposure.

Male Sprague-Dawley rats were administered Bromkal 70 (mostly BDE-47 and 99) or BDE-79 (mostly Hexa- through Nona-BDE congeners) in the feed for 21 days at 33 mg/day/rat.  In general, there were no absorption differences for the lower brominated Bromkal 70 congeners, i.e., the tissue congener distribution patterns resembled that of the commercial mixture.  However, a decrease in bioavailability was observed with increasing bromination with BDE-79.  

Studies have shown that tetra and penta congeners, BDE-47 and BDE-99, are readily absorbed by male rats.

A single oral dose of Deca-BDE, 1.0 mg/kg BDE-209 in corn oil, was administered to rats.  Greater than 99% of the dose was excreted in the feces within 48 hours suggesting limited absorption of BDE-209 from the gastrointestinal (GI) tract.  When administered at a lower dose for 180 days in the diet, bromine content in the kidney, muscle, serum, testes, and liver was comparable to controls.  Adipose tissue was the only component to display a slight statistically significant increase in bromine content over controls.  Another study corroborated these results suggesting that intestinal uptake of BDE-209 is not efficient and therefore, has a very low bioaccumulation potential.  Absorption may depend on the dosing vehicle based on differences observed when BDE-209 was dosed with soya phospholipid-Lutrol F127 vehicle to male rats resulting in greater absorption.  More recent studies have demonstrated greater than 10% absorption of the administered BDE-209 doses (Morck et al., 2003; Viberg et al., 2003).  

Distribution:  Generally, the lower brominated BDEs appear to be distributed predominantly to lipid-rich tissues within a few days of administration with the greatest concentrations found in adipose tissue.  The tissue concentration differences are not as extreme on a lipid basis as on a wet weight basis.  Deca-BDE appears to be distributed more to highly perfused tissues.

Approximately 87% of the BDE-47 remained in the tissue at 5 days; the highest concentration was deposited in the adipose tissue, followed by lung, then liver and kidney with smaller amounts deposited in the brain.  Only parent compound was found in adipose tissue, kidney, and brain, however, trace amounts of OH-metabolites were detected in the liver and lung.  

After 72 hours, BDE-99 was distributed to lipophilic tissues such as adipose tissue, skin, and GI tract.  

Four days after a single oral dose (300 mg/kg) of Tetra-, Penta-, and Hexa-BDE congeners, the majority of the congeners were found in the adipose tissue.  Very little, if any, PBDE congeners remained in extra-adipose tissue after 4 days.  

The highest concentrations of Deca-BDE were found in the plasma and highly perfused tissues after oral administration.  Mouse brain, heart, and liver uptake levels of 14C labeled BDE-209 varied depending on the age of the animals (PND 3, 10, or 19) with greater uptake and retention during PND 3 and PND 10, as compared to PND 19 (Viberg et al., 2003).  
Metabolism:  Generally, PBDEs appear to undergo some metabolism, with the higher brominated congeners (especially deca-BDE) more readily metabolized.  There also appear to be species differences in metabolism with mice appearing to more readily metabolize some congeners than rats.  

Exposure to environmental contaminants can result in the induction of Phase I cytochrome P450 monooxygenase (CYP) enzymes and Phase II conjugation enzymes (e.g., glucuronosyltransferases, sulfotransferases, and glutathione-S-transferases).  The most common inducers of CYP1A are planar aromatics (such as polynuclear aromatic hydrocarbons and coplanar PCBs), while the most common inducers of CYP2B and CYP3A are globular molecules (such as ortho-chlorine substituted PCBs).  Phase I metabolites (e.g., hydroxylated compounds) are subsequently metabolized via Phase II conjugation.  The patterns of contaminants and congeners within a contaminant class in tissues, as well as the fate and potential toxicity of those contaminants can be determined by species differences in the induction, activity, and substrate specificity of CYP1, CYP2, and CYP3 families of enzymes and Phase II enzymes.

The information about PBDE uptake, enzyme induction, elimination, and metabolism is largely restricted to in vitro and in vivo experiments in rodents.  

Most of the congener-specific PBDE metabolism studies in the rat and mouse have been done with BDE-47, BDE-99, and BDE-209.  One study showed that although BDE-47 was readily absorbed by male rats, metabolism was slow (only 14% and <0.5% of the dose was excreted in the feces and urine by 5 days, respectively).  The major compound found in rat feces was parent compound (>85%).   

The mouse is more capable of metabolizing BDE-47 than the rat.  In one study, approximately 33% of a dose of BDE-47 was excreted in urine by 5 days; approximately 20% of the metabolites found in urine was characterized as parent compound.  Over 20% of the dose was excreted in the feces in 5 days and most was the metabolite fraction (the same 6 metabolites characterized in the rat feces).  Almost 47% of the dose remained in the tissues at 5 days with adipose tissue containing the highest concentration of BDE-47.

A single, oral dose (2.2 mg/kg) of radiolabeled BDE-99 was administered to male rats (both conventional and bile duct-cannulated rats).  Metabolism of BDE-99 to water-soluble metabolites was very low.  The feces from conventional rats contained minor amounts of metabolites, while the remainder was parent compound.  Fecal metabolites consisted of two mono-OH-Penta-BDE metabolites, and two debrominated mono-OH-tetra-BDE metabolites.  

Rats metabolized BDE-209 to fecal metabolites via oxidative debromination and these included debrominated mono-OH- and ortho-MeO-OH-BDEs.  From a 14C-Deca-BDE intravenous study, of the 74% of the administered dose found in the feces after 72 hours, 63% were metabolites and only 37% was the parent compound (deWit, 2002).  Other studies demonstrated that hydroxyl/methoxy metabolites with five to seven bromines are found in rat bile and that hydroxylated octa and nona BDE’s are found as major phenolic metabolites after oral administration (Birnbaum and Staskal, 2004).

Elimination:  PBDEs appear to be predominantly eliminated by fecal excretion in rats.  A component of this fecal content appears to be absorbed parent compound and metabolites excreted into the gut via bile.  Urinary excretion appears to be a minor component for rats but may be equally important to fecal excretion in mice.  Mice appear to metabolize PBDEs more readily and urinary excretion appears to be predominantly metabolites in both rats and mice. Elimination half-lives for lower brominated congeners (Tetra- through Hexa-BDEs) appear to increase with the amount of bromination.  The higher brominated congeners appear to be more readily metabolized and excreted with shorter half-lives.  Longer half-lives may be evident in humans as compared to rodent species (deWit, 2002).

A rat study investigating the half-lives of various constituents of Bromkal 70 (a commercial grade Penta-mixture) reported that Tetra-, Penta-, and Hexa-BDE congeners were slowly eliminated following a single oral dose.  The majority of the bioaccumulation after 4 days occurred in the adipose tissue.  Very little, if any, PBDE congeners remained in extra-adipose tissue after 4 days.  Half-lives ranged from 19-119 days and the half-life generally increased with increasing bromination.  These data were obtained following a large dose of 300 mg/kg (greatly in excess of the threshold for minimal cytochrome P450 induction (3-10 mg/kg)).
Fecal excretion was the major route of elimination of BDE-99.  Seventy-two hours following oral administration of 14C-BDE-99, 43% of the dose was excreted in conventional rat feces and in the bile duct-cannulated rat feces, >86% was excreted.  Although, metabolism of BDE-99 to water-soluble metabolites was very low, most of the radioactivity in the urine was due almost exclusively to metabolites (not characterized).

Human elimination half-lives were estimated from workers for a hepta congener (BDE-183) and Deca-BDE.  The estimated half-lives were 86 days for BDE-183 and 6.8 days for BDE-209 (deWit, 2002).

Toxicokinetics Summary:  PBDEs appear to be adequately absorbed to accumulate in human tissues.  Lower brominated congeners (Tetra- through Hexa-PBDEs) appear to be more readily absorbed and less metabolized with less subsequent excretion, therefore, tending to bioaccumulate.  Deca-BDE is not as readily absorbed, is more readily metabolized and excreted.  Metabolic by-products include hydroxylated, less brominated congeners. Some of these metabolites may be biologically active.  
There is some evidence that some of the hydroxylated tri- through penta- brominated metabolites will bind transthyretin, a thryroid hormone transport protein.  It is speculated that this may be one mechanism by which PBDEs decrease T4 levels.  It is not known if other potentially adverse effects are directly affected by parent PBDEs or their metabolites. 
Fish  
PBDE accumulation and metabolism has been studied in only a few fish species.  In a study using captive northern pike, the calculated uptake efficiency of BDE-47 was 90% while the BDE‑99 (pentabrominated) was 60% and BDE-153 (hexabrominated) was 42%.  Holm et al., (1993) determined an uptake efficiency of 20% for three-spined stickleback exposed to Bromkal 70-5DE via their diet.  
Using northern pike in a metabolism study, a single dose of 14C-labeled BDE-47 was administered via the food.  BDE-47 was absorbed by pike with a calculated uptake efficiency of 96%.  In general, storage of BDE-47 was in the most lipophilic tissues.  BDE-47 was not readily metabolized into metabolites that could be easily eliminated, since the concentration in highly lipophilic tissues did not diminish significantly with time.  

Different fish species demonstrate different metabolic capacities.  Extremely low accumulations of PBDEs were routinely observed in white suckers and common carp in comparison to rainbow trout and mountain whitefish (1-2 orders) from the same location in Washington.  Some of this difference may be due to dietary differences, however, the magnitude of the difference suggests a higher metabolic activity in suckers and carp.  More work is needed to determine the nature of any metabolic differences between species.  

Common carp residing close to suspected PBDE point sources contained an unusual pattern of accumulated PBDE congeners; BDE-99 was significantly depleted in tissues relative to the tissues of other fish species from the same geographical area.  One author studied the uptake, metabolism, and depuration of mixtures of certain PBDE congeners in common carp.  Carp were exposed to a diet containing BDE-47, -99, -100, -153, -154, and -180 for 25 days.  Rapid uptake of BDE-47, -100, and -154, but low uptake of BDE-99, -153, and -183 was observed (similar to the PBDE congener pattern in carp from the wild).  In another experiment using only BDE-183, debromination to BDE-154 was suggested.  Separate experiments with BDE-209 showed poor uptake by carp but debromination was suggested by the presence of several Hexa- through Octa-BDE congeners.    

The possible debromination of BDE-209 has been studied in fish.  The intestinal absorption of BDE-209 was studied in rainbow trout.  The calculated uptake efficiency of BDE-209 was extremely low.  The study found no evidence for the debromination of BDE-209; no increase in muscle concentration of BDE-47, -99, or -100 was observed.  

Most recently, Deca-BDE was shown to debrominate in carp (Stapleton, 2003).  Young carp were fed Deca-BDE in food for 60 days followed by a 40-day depuration period.  BDE-209 did not accumulate in the fish during the experiment.  However, there were seven debrominated metabolites of BDE-209 that accumulated in whole fish and liver tissues over the exposure period.  These metabolites were identified as Penta- to Octa-BDEs.  The lower brominated metabolites present evidence of limited BDE-209 bioavailability.  Less than 1% of the Deca-BDE fed to the carp accumulated in the fish as lighter BDEs. 

Aquatic Organisms

Blue mussels from the Baltic Sea were exposed to BDE-47, -99, and -153 for 44 days and then allowed to depurate for 26 days.  This method allows for the derivation of clearance rate coefficients and bioaccumulation factors.  BDE-47 and -99 had the highest update clearance rate coefficients, but each congener was readily absorbed.  

ENVIRONMENTAL FATE

Chemical Characteristics and Environmental Behavior

See Table 3 for the chemical and physical properties of the commercial/technical formulations of PBDEs.

Environmental Persistence:  Similar to PCBs and dioxins (PCDDs), PBDEs are expected to persist in the environment for many years with minimal degradation.  Based on a modeling exercise, BDE-47, -99, and -209 were estimated to have the same soil and water half-life of 150 days and a sediment half-life of 600 days (Palm et al., 2002).  Palm et al., (2002) also reported that congener half-lives in air increased with bromination.  However, Wanie and Dugani (2003) found that the air-water partition coefficient decreased with the increase in bromine atoms.  Atmospheric fate and dynamics of PBDEs are not well understood.   

Also, similar to PCBs and PCDDs, PBDEs have limited mobility in the environment, which is reflected in their high affinity to bind to sediment (e.g., log Koc), low water solubility, and low volatility (Watanabe and Sakai, 2003).  Log Koc values were found to increase with the number of bromine atoms (Watanabe and Sakai, 2003).  However, this low mobility has not prevented these chemicals from being dispersed around the globe (see below - Levels in the Environment).  Congener BDE-47 has been found to be appreciably lost from a surface by advection in air, suggesting the potential for long-range transport (Palm et al., 2002).  Wanie and Dugani (2003) reported that lower bromine containing congeners were more likely to experience long-range transport.  Furthermore, the lower brominated compounds are predicted to be more volatile and water soluble relative to the higher brominated compounds (Watanabe and Sakai, 2003). 

Bioaccumulation:  Based on log Kow values, PBDEs would be expected to accumulate in aquatic biota to higher concentrations than those found in water and the organism’s food (i.e., bioaccumulation).  Bioaccumulation in the environment has been well documented in numerous species and at numerous locations globally (see below - Levels in the Environment).  The log Kow values have been found to increase with increasing bromine atoms on the molecule (Gouin and Harner, 2003), however, chemicals with log Kow values greater than 8 do not tend to 

bioaccumulate well.  Generally, the Tetra- (log Kow: 5.9-6.2), Penta- (log Kow: 6.6-7.0), and Hexa- (log Kow: 6.8-7.9) brominated congeners tend to bioaccumulate to the greatest extent.  
Degradation:  Although Deca-BDE (BDE-209) does not readily bioaccumulate, questions exist regarding the photolytic transformation of BDE-209 into lower bromine-containing congeners that do undergo bioaccumulation.  Hua et al., (2003) determined that 12-70% of Deca-BDEs are phototransformed to lower brominated congeners, although, the lower congeners were not quantified.  The degree of phototransformation varied with the substrate to which the chemical was bound and the amount of applied light (300-350 nanometers).  Reagent grade water solutions resulted in 70% transformation in 72 hours.  Humic acid solutions reduced the transformation to 30% in the same time period (72 hours).  Humic acid coated sand particles had the lowest transformation of 12% after 96 hours of exposure.  The results of Hua et al., (2003) suggest that the Deca-PBDE, at a minimum, degrades to Octa- and Nona-BDEs.  Further study would be necessary to determine which congeners are formed. 

Table 3.  Physical and chemical properties of PBDE technical formulations (ATSDR, 2003).  

	Property
	Penta-formulation
	Octa-formulation
	Deca-formulation

	Chemical Formula
	C12H5Br5O
	C12H2Br6O
	C12Br10O

	CAS Number
	32534-81-9
	
	1163-19-5 

	Molecular Weight
	564.75f
	801.47f
	959.22a

	Color
	Clear, amber to pale yellowa
	Off-whitea
	Off-whitea

	Physical State
	Highly viscous liquid to semi-solidb at 20oC and 101.325 kPa 
	Powder
	Powdera

	Melting Point
	-7 to -3oC (commercial)b
	200 oC (range, 167-257)a; 79-87oCa, 170-220oCa
	290-306oCf; 

300-305oCf 

	Boiling Point
	>300oC (decomposes >200oC)a
	No data
	Decomposes at >320, >400, and 425oCa

	Density (g/mL)
	2.28 at 25 oCa
	2.76a
	3.0a, 3.25a

	Solubility
	9x10-7mg/L at 20oCf;

0.0133 mg/Lb
	<1 g/L at 25oCa
	0.02 – 0.03 mg/L at 25oCa

	Odor
	No Data
	Fainta
	Odorlessa

	Water
	No Data
	No Data
	Not Applicable 

	Organic Solvent(s)
	No Data
	No Data
	Not Applicable

	Log Kow
	6.64-6.97b
	8.35-8.90b
	9.97b

	Log Koc
	4.89-5.10c
	5.92-6.22c
	6.80c

	Vapor Pressure
	2.2x10-7 – 5.5x10-7 mm Hg at 25oCb
	9.0x10-7 – 5.5x10-7 mm Hg at 25oCb
	3.2x10-8 mm Hgd

	Henry’s Law Constant 

(atm-m3/mole)
	1.2x10-5 e; 1x10-6 c; 

3.5x10-6 c
	7.5x10-8 c; 2.6x10-7 c 
	1.62x10-6 e; 1.93x10-8 b; 1.2x10-8 c; 4.4x10-8 c

	Autoignition Temperature 
	Decomposes at >200oCb
	No Data
	Not Applicablea

	Flashpoint
	No Data
	No Data
	None

	Flammability Limits
	Not Applicable (flame retardants)b
	No Data
	Non-flammablea

	Conversion Factors
	1 ppm = 23.48 mg/m3 at 20oCb
	No Data
	No Data

	Explosive Limits
	Noned
	No Data
	No Data


aWHO (1994)

bEuropean Commission (2001)
cEstimated values were calculated using EPIWIN v3.10 (EPA 2001)

dHardy (2002)

eEstimate value calculated using vapor pressure and water solubility values in table.

fOECD Environmental Monograph No. 102 (1995)

Levels in the Environment

Great Lakes Region Detections:  PBDEs have been detected in various tissues of shrimp, herring gull eggs, and several fish species within the Great Lakes region (Table 4).  The concentrations of total PBDEs, reported on a lipid weight basis, range from 26 to 8,120 g/kg.  The number and selection of congeners that constituted a “total PBDE concentration” varied between authors.  This makes comparing numbers between studies, even of the same species, difficult.  However, some generalizations can be made about which congener patterns are commonly found in biota.  Congeners within the Tetra- to Hexa-homolog groups (e.g.,  BDE-47, -99, and -100) typically make up a large percentage of the total PBDE concentrations (Lindberg et al., 2003; Dodder et al., 2002; Luross et al., 2000; Rice et al., 2002; Manchester-Neesvig et al., 2001; and Huwe et al., 2002).  For example, the sum of congeners BDE-47, BDE-99, and BDE-100 were found to constitute greater than 85% of the total PBDE concentrations in Lake Michigan salmon (Figure 3) (Manchester-Neesvig et al., 2001). 
This generalization must be used cautiously because many factors can influence the meaning of  “total PBDE concentration.”  Factors such as variations in analytical methods, availability of analytical standards, or difference in species and exposure pathways may greatly influence the meaning of “total PBDE concentration.”  Analyses conducted more recently will be able to quantify more congeners due to better analytical methods and materials.  Currently, analytical standards are commercially available (Cambridge Isotope Labs) for 40 to 45 congeners out of the possible 209 congeners, but this was not true several years ago.   

One potentially substantial bias may be how authors select which congeners they attempt to determine.  Authors have derived different methods of selecting the congeners to determine in their samples.  For example, Rice et al., (2002) screened his samples for 40 congeners using Cambridge Isotope standard #EO-4980 and then quantified the most common (>5% of sample) individual congeners resulting in 7 to 8 congeners making up their estimate of total PBDEs.  Huwe et al., (2002) screened samples using the 40 congener standard, as well as using an additional standard specifically for BDE-209.  Huwe et al., (2002) then looked for peaks in all homolog groups between Mono- and Deca-BDEs to evaluate the comprehensiveness of the selected peaks.  Manchester-Neesvig et al., (2001) selected nine congeners that the authors expected to be commonly found in the commercial mixtures and that have been observed to bioaccumulate in biota.  Bayen et al., (2003) also based their selection of congeners on those commonly found in commercial mixtures.  This selection bias may have resulted in the congeners from tetra-, penta-, and hexa-homolog groups (i.e., BDE-47, -99, and 

-100) being the most commonly reported values.  Congeners from the Hepta-, Octa-, Nona-, or Deca-homologs groups may not have been analyzed for as frequently or with sufficiently sensitive detection limits.  For example, Huwe et al., (2002) found congener BDE-209 made up a significant percentage of the total PBDE concentration along with BDE-47, -99, -100, -153, and -154 in chicken fat samples.  Lindberg et al., (2003) recently reported the detection of BDE‑183 (7% of total PBDE) and BDE-209 (3% of total PBDE) at significant concentrations in the eggs of falcons.  Rice et al., (2002) found Hepta-congeners BDE-181 and -183 in fish tissue samples.  Norstrom et al., (2002) found significant quantities of BDE-183 in herring gull eggs.  On the other hand, Dodder et al., (2002) was unable to detect BDE-190 (detection limit = 2 ng/g lipid) or BDE-209 (detection limit < 0.5 ng/g lipid).  This was also true for Norstrom et al., (2002) who were unable to detect any Octa-, Nona-, or Deca-congeners (detection limits were between 0.01 and 0.05 ng/g wet weight).   
Therefore, the conservative approach when evaluating concentrations in biota presented in this paper would be to avoid making distinctions between concentrations from different studies that have less than a 100-fold difference.  Furthermore, the total PBDE concentrations presented in the following tables (Tables 4 and 5) should not be used in combination to make either temporal or spatial evaluations.  One can assume that these biota values demonstrate that congeners of PBDE commercial formulations are found to bioaccumulate in a wide range of biota sampled in numerous locations around the world. 

Table 4.  Total PBDE concentrations in a variety of Laurentian Great Lakes Biota.
	Sample 
	Location
	PBDEa
	Congenersb
	Reference

	Sunfish
	Lake Hadley, Indiana
	2,400
	47, 99, 100, 153, 154, 190, 209
	Dodder et al., 2002  

	Salmon (Chinook/Coho)
	Lake Michigan
	773 - 8,120
	28, 47, 66, 85, 99, 100, 138, 153, 154 
	Manchester-Neesvig, 2003

	Steelhead Trout
	Lake Michigan
	3000
	47, 99, 100c
	Asplund et al., 1999d 

	Lake Trout
	Lake Ontario
	540
	Di- to Hepta-e
	Alaee et al., 1999d 

	Lake Trout
	Lake Ontario
	945f 
	47, 66, 99, 100, 153g
	Luross et al., 2000 

	Lake Trout
	Lake Superior
	140
	Di- to Hepta-e
	Alaee et al., 1999d 

	Lake Trout
	Lake Superior
	392h 
	47, 66, 99, 100, 153g
	Luross et al., 2000 

	Lake Trout
	Lake Huron
	240
	Di- to Hepta-e
	Alaee et al., 1999d 

	Lake Trout
	Lake Huron
	251h 
	47, 66, 99, 100, 153g
	Luross et al., 2000

	Lake Trout
	Lake Erie
	117h
	47, 66, 99, 100, 153g
	Luross et al., 2000

	Carp
	DePlains River (Illinois)
	73.5-685
	47, 99, 100, 153, 154, 181, 183, 190i
	Rice et al., 2002

	Largemouth Bass
	Detroit River
	86-275
	47, 99, 100, 153, 154, 181, 183, 190i
	Rice et al., 2002 

	Shrimp
	St. Lawrence River
	26.7  
	28, 47, 49, 66, 99, 100, 153, 154, 155, 183j
	Law et al., 2003

	American eel
	St. Lawrence River
	421 
	28, 47, 49, 66, 99, 100, 153, 154, 155, 183j
	Law et al., 2003

	Greenland Halibut
	St. Lawrence River
	178 
	28, 47, 49, 66, 99, 100, 153, 154, 155, 183j
	Law et al., 2003

	Herring Gull eggs
	Across the Great Lakes Region
	1,830 – 16,500
	28, 47, 99, 100, 153, 154, 183k
	Norstrom et al., 2002


a Total PBDE concentrations reported as “g PBDEs/Kg lipid”, unless otherwise noted.
b Individual congeners that were determined (i.e., analyzed for) by the authors with the numbers in bold indicating those detected and used to calculate the total PBDE concentration unless otherwise noted.

c Additional congeners analyzed and added to the total PBDE concentration, according to Table 14 reported in de Wit, 2002, BDE-209 was indicated as being determined.

d Referenced as reported in de Wit 2002. 

e Specific congeners not listed in de Wit 2002, sum of Di- to Hepta-BDEs. 

f Lake trout were collected in 1998.

g Five congeners were detected out of 24 that were determined, the 19 undetected congeners were not listed by the authors.
h Lake trout were collected in 1993.

I Samples were initially screened for 40 PBDE congeners between Mono- and Hepta-BDE; congeners over 5% of total were quantified.

j  BDE-47, -99, -100 averaged 84% of the total PBDE concentration across 15 different species reported in Law et al., 2003; BDE-28, -49, -66, -153, -154, -155, -183 were determined but the results of each congener were not stated by the authors and some of these may not have been detected.
k  25 di- to hepta-BDE  congeners were identified.  No Mono-, Octa-, Nona-, or Deca- BDEs were found at the detection limit (0.01-0.05 ng/g wet wgt.).  The seven congeners listed make up 97.5 ( 0.5% of the total PBDE concentration.  BDE-15, -17, -49, -66, -85, -119, -140, and 155 were also quantified and 10 additional congeners were not identified.  
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Figure 3.  The fraction of each PBDE congener found in Lake Michigan salmon (N=21) expressed as a percentage of the total PBDE concentration (data from Manchester-Neesvig et al., 2003).

A few of studies are currently underway to analyze fish from the Great Lakes for PBDEs.  For instance, the MDEQ is collecting chinook and coho salmon from tributaries to Lakes Huron and Michigan as part of an EPA study.  Other Great Lakes states are collecting samples from Lakes Erie, Ontario, and Superior as part of the same study.  The EPA is collecting whole lake trout from Lakes Superior, Huron, Michigan, and Ontario and whole walleye from Lake Erie for PBDE analysis.  Table 5 provides preliminary results of the study.

Table 5.  Average concentrations (ng/g) of BDEs in fish collected from the Great Lakes in 2000 by the EPA.  (Hellman, 2003).

	Species
	Lake
	BDE 47
	BDE 66
	BDE 99
	BDE 100
	BDE 153
	BDE 154

	Lake Trout
	Superior
	79.3
	3.4
	52.6
	18.6
	8.8
	15.6

	Lake Trout
	Huron
	49
	1
	11
	10
	1
	6

	Lake Trout
	Michigan
	228
	4
	48
	45
	11
	19

	Walleye
	Erie
	32.3
	0
	5.9
	7.8
	2.6
	2.4

	Lake Trout
	Ontario
	144
	2
	34
	24
	10
	13

	Coho Salmon
	Erie
	9.5
	0.1
	1.0
	1.2
	0.5
	0.8

	Coho Salmon
	Michigan
	35.4
	0
	9.2
	7.4
	1.0
	1.1

	Chinook Salmon
	Huron
	54
	2
	24
	13
	5
	6


PBDEs have been analyzed for and found in cow’s milk in Germany, store-purchased chickens in North Dakota, and whales off the coast of the Netherlands (Table 6).  Clearly, PBDEs are global pollutants that are both persistent and bioaccumulative.  It appears that organisms at the top of the food chain tend to reach higher concentrations than those lower in the food chain. 

Food Products:  Given that PBDEs are global pollutants and that these chemicals have been detected in milk, chicken, fish, and shrimp (Tables 4 and 6), it is likely that similar foods sold in Michigan grocery stores also contain PBDEs.  
Table 6.  Total PBDE concentrations in a variety of global aquatic and terrestrial biota.
	Sample
	Location
	PBDEa
	Congenersb
	Reference

	Cow’s Milk
	Germany
	2.5-4.5
	47, 99, 100c
	Krger, 1988d

	Chickens
	Fargo, ND Store  Purchased
	0.5
	47, 99, 100, 153, 154, 183
	Huwe et al., 2000

	Chicken Fat
	AK & TX, USA
	1.9-46
	17, 25, 33, 47, 66, 85, 99, 100, 138, 140, 153, 154, 183, 209
	Huwe et al., 2002

	Moose
	Sweden
	1.7
	47, 99, 100c
	Sellstrom et al., 1993; Sellstrom 1996d

	Reindeer
	Sweden
	0.47
	47, 99, 100
	Sellstrom et al., 1993; Sellstrom 1996d

	Starlings (juvenile)
	Sweden
	5.7-13
	47, 99, 100
	Sellstrom et al., 1993; Sellstrom 1996d

	Cormorant
	England, UK
	300-6,400
	47, 99, 100c
	Allchin et al., 2000d

	Osprey
	Sweden
	2,140
	47, 99, 100
	Sellstrom et al., 1993; Sellstrom 1996d

	Peregrine Falcon Eggs
	Sweden
	(Total = 4,100

(BDE-209 = 120
	47, 99, 100, 153, 154, 183, 209
	Lindberg et al., 2003

	Herring
	Baltic Sea 
	3.2-61
	47, 99, 100
	Sellstrom et al., 1993; Sellstrom 1996, 

Haglund et al., 1997d

	Salmon
	Baltic Sea
	86-290
	47, 99, 100c
	Burreau et al., 1999; Asplund et al., 1999; Haglund et al., 1997d

	Salmon
	Japan
	46
	47, 99, 100c
	Ohta et al., 2000d

	Frog Livers
	Scandinavian Peninsula
	26-123 ng Kg-1 wwte
	47
	Ter Schure et al., 2002f

	Mussels
	Netherlands
	0.7-17 (47) dwg

0.3-11 (99) dwg

0.1-1.5 (153) dwg 
	47, 85, 99, 138, 153, 209 
	de Boer et al., 2003f

	Mussels
	Singapore
	2.1 –38 dwg
	17, 28, 32, 35, 37, 47, 49, 66, 71, 75, 85, 99, 100, 119, 138, 153, 154, 166, 181, 190h
	Bayen et al., 2003

	Whales
	Netherlands 
	35-263 wwte
	47, 99, 100, 153
	Law et al., 2003

	Seals
	England,  Wales, Autralia,

Azerbaijan
	n.d. – 2020 wwte
	47, 99, 100, 153
	Law et al., 2003


a Total PBDE concentrations reported as g PBDEs/Kg lipid, unless otherwise noted.

b Individual congeners that were determined (i.e., analyzed for) by the authors with the numbers in bold indicating those detected and used to calculate the total PBDE concentration unless otherwise noted.

c Additional congeners analyzed and added to the total PBDE concentration, according to Table 14 reported in de Wit, 2002, BDE-209 was indicated as being determined.
d Referenced as reported in de Wit, 2002. 

e wwt: wet weight.
f Referenced as reported in Law et al., 2003. 

g dw:  dry weight.
h According to the author, congeners in bold summed for total PBDE concentration, other congeners accounted for <1% or were not detected.

Trend Data
Spatial Trends:  Limited data exist on global spatial trends especially in North America (de Wit et al., 2002).  Most monitoring data have been collected in Europe, which has allowed for some evaluation of spatial tends.  Current evidence suggests that the coastline of southern Europe is the most contaminated with PBDEs followed by the Baltic Sea with the lowest levels in the Arctic (de Wit, 2002).  This pattern is similar to the one observed for other persistent and bioaccumulative chemicals such as PCBs and DDT.  

Researchers in Sweden found that freshwater fish in southern Sweden were more contaminated with PBDEs than fish in northern Sweden (Sellstrom 1996, as cited in de Wit et al., 2002).  Concentrations of PBDEs in cod liver were found to be decreasing from more southern portions of the North Sea compared to more northern portions (de Boer, 1989 as cited in de Wit et al., 2002).  It would appear that colder climates may have slightly lower PBDE concentrations in aquatic biota.  

Temporal Trends:  Monitoring chemical contamination in the same species over many years is a very effective method for determining and tracking trends.  These methods work especially well for persistent and bioaccumulative chemicals such as PBDEs.  Biota monitoring for temporal trends is most convincing when different species that have differing life histories exhibit similar chemical contaminant trends.  Having multiple species showing similar temporal trends indicates that those trends are documenting actual changes in the environment and are not due to changes in food web structure or analytical anomalies.  

For PBDEs, multiple species with differing life histories from differing locations around the globe have been analyzed and show similar increasing trends over the past two decades.  The Swedish National Environmental Monitoring Program analyzed pike from Lake Bolmen and found a six-fold increase in BDE-47, -99, and -100 between 1980 and 1987 (de Wit, 2002).  A similar increasing trend was observed in Lake Ontario lake trout between 1978 (3 ng/g lipid) and 1998 (945 ng/g lipid) showing a 300-fold increase in total PBDEs (Figure 4) (Luross et al., 2000).  

Samples of guillemot eggs from St. Karlso in the Baltic Sea demonstrated a significant increasing trend between 1969 and 1990, followed by an apparent decreasing trend during the 1990s (de Wit, 2002).  Herring gull eggs from the Great Lakes region analyzed by the Canadian government showed a 60-fold increase during the past two decades with no significant signs of downward trends (Moisey et al., 2001, as cited in de Wit, 2002).   

Marine mammals also appear to be exhibiting a similar increase in PBDEs.  Ikonomou et al., (2002) reported that blubber from ringed seals around Holman Island in the Northwest Territories of the Canadian Arctic increased in PBDEs from 0.572 ng/g lipid in 1981, to 4.62 ng/g lipid in 2000.  Blubber from beluga whales in the Cumberland Sound of the Canadian Arctic also showed a similar increasing trend between 1982 (2.11 ( 0.38 ng/g lipid) and 1997 (14.6 ( 7.09 ng/g lipid) (Law et al., 2003).  Additionally, a trend in beluga whale blubber from southeast Baffin, Canada was observed between 1982 (2 ng/g lipid) and 1996 (15 ng/g lipid) (Stern and Ikonomou, 2000, as cited in Law et al., 2003.).

PBDE concentrations from multiple species showing substantial increasing trends over the past two decades have raised the level of interest by both scientists and the public to gain a better understanding into the potential significance of these global increases.  As several authors stated, the current  PBDE concentrations do not typically exceed the current PCB concentrations in the same organism, however, PCBs have generally been declining in biota over the past three decades since PCBs were banned in the U.S. during the 1970s, whereas PBDEs appear to be increasing in biota.  Since further studies into the temporal trends of PBDEs in Great Lakes region biota are warranted, the Office of the Great Lakes awarded the U.S. Geological Service a grant to analyze archived samples of smelt from the 1980s and 1990s to determine temporal trends in the concentrations of PBDEs.    
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Figure 4.  Total PBDE concentrations in whole lake trout from Lake Ontario between 
1978 and 1998 (Luross et al., 2000).

Humans
Human Tissue and Breast Milk:  PBDE levels in human tissues from people living in North America are limited.  Most of the data that are available come from fairly recent studies.  However, the limited data show that levels are much higher in North America when compared to levels in Europe or Japan.  

Blood:  The earliest data for blood levels in the U.S. comes from a study that analyzed archived serum samples from blood that had been collected between 1959 and 1966 (Petreas et al., 2003).  The archived samples came from 420 mothers living in the San Francisco Bay area who had been recruited for an epidemiology study investigating developmental effects and in utero exposure to organochlorine pesticides.  Due to the small serum sample size, only BDE-47 could be analyzed, and the detection limit was relatively high (10 ng/g lipid).  BDE-47 was not detected in any of these samples.

No data were found on human blood levels of PBDEs in the U.S. between 1966 and 1988. Sjodin et al., (2001) analyzed archived serum samples from twelve blood donors collected at a commercial blood collection facility in the state of Illinois.  The blood was collected in 1988.  Concentrations of BDE-47 ranged from <0.4-23.8 ng/g lipid, with a median reported value of 0.6 ng/g lipid.  BDE-47 was found in 50% of the samples.  Six other PBDE congeners were identified and quantified, and concentrations of six additional structurally unknown congeners (Octa- and Nona-BDEs) were estimated using the response factor for BDE-203.  The concentrations of the identified congeners are listed in Table 7.

Table 7:  PBDE Concentrations in Serum Samples (collected in 1988) from an Illinois Blood Collection Facility (Sjodin et al., 2001).
	PBDE Congener
	Median (ng/g lipid)
	Range (ng/g lipid)

	BDE-47
	0.6
	<0.4 – 23.8

	BDE-99
	0.3
	<0.2 – 3.7

	BDE-100
	0.2
	<0.1 – 2.4

	BDE-153
	0.3
	0.08 – 2.0

	BDE-183
	0.2
	0.09 – 1.3

	BDE-203
	<0.08
	<0.08 – 0.2

	BDE-209
	<1.0
	<1.0 – 33.6


More recent data show blood levels of PBDEs have significantly increased in people living in the U.S. since that reported above.  Petreas et al., (2003) reported on serum levels of BDE-47 in 50 Laotian immigrant women, age 19-40 years old, from samples collected between 1997 and 1999.  Due to the small serum sample size available for analysis, only BDE-47 was measured, and the limit of detection was relatively high (10 ng/g lipid).  The BDE-47 levels ranged from non-detectable (<10 ng/g lipid) to 511 ng/g lipid, with a mean concentration of 50.6 ng/g lipid.  A total of 48% of the samples had detectable levels above the reporting limit of 10 ng/g lipid.

Mazdur et al., (2003) measured levels of six congeners of PBDEs in 12 pairs of maternal serum and cord blood samples taken during the year 2001.  The congeners analyzed included the following:  BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, and BDE-183.  The participants in this study lived in the Indianapolis area.  The maternal sera levels of total PBDEs ranged from 15-580 ng/g lipid, and the fetal cord sera levels ranged from 14-460 ng/g lipid.  The individual fetal sera concentrations did not differ significantly from the maternal levels, indicating measurement of maternal PBDE levels is useful for predicting fetal exposure.  The congener found at the greatest concentration was BDE-47, and consisted of 53-64 % of the total PBDE in serum.  BDE-99 was the next most abundant congener and was present at 15-19% of the total PBDEs.  The concentrations in maternal and fetal samples were found to be 20-106 times higher than levels previously reported in a similar population of Swedish mothers and infants.

Breast Milk:  Twenty breast milk samples from a milk bank in Vancouver, Canada that were obtained between 2001 and 2002 were analyzed for 7 different PBDE congeners (Ryan et al., 2002).  These included BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, and BDE‑183.  The sum total concentration of PBDEs ranged from 0.9-281.9 ng/g lipid, with a mean concentration of 42.8 ng/g lipid, and a median value of 25.4 ng/g lipid.  
In a recent study by Schecter et al., (2003), milk samples from 47 nursing mothers in the Austin and Dallas, Texas area were analyzed for 10-13 PBDE congeners.  The samples were collected from August to December 2002.  The sum of the PBDE concentrations in individual samples ranged from 6.2-419 ng/g lipid.  The median concentration was 34 ng/g lipid, and the mean concentration was 73.9 ng/g lipid.  PBDE-47 was present at concentrations that ranged from 2.9‑272 ng/g lipid, with a mean concentration of 40.8 ng/g, and a median value of 18.4 ng/g lipid.  PBDE-209 was found in 6 out of 23 samples where this congener was measured.  The levels of PBDEs found in this study were reported to be 10-100 times greater than human tissue levels in Europe.
The Environmental Working Group (EWG, 2003) recently released a study that measured breast milk levels of PBDEs from 20 women around the U.S.  The study participants were first‑time mothers and were recruited from November 2002-June 2003.  PBDEs were found in every breast milk sample and included up to 35 different PBDE congeners in all.  The concentrations of PBDEs found in the breast milk ranged from 9.5-1078 ng/g lipid.  The average concentration was 159 ng/g lipid and the median concentration was 58 ng/g lipid.  The two highest concentrations were 755 and 1078 ng/g lipid, significantly higher than any other levels previously measured in breast milk.  BDE-47 accounted for about one-half of the total PBDEs in each participant’s sample.  This congener along with six others made up greater than 90% of the total PBDEs.    

Levels of PBDEs in breast milk in women from Michigan are currently being investigated in a study funded by the Michigan Great Lakes Protection Fund (Karmaus and Riebow, 2003).  This study is looking at breast milk levels of PBDEs in fish eaters from the communities of Benton Harbor, St. Joseph, and nearby areas.  The investigators are still in the process of recruiting study participants. 

Breast Adipose Tissue:  One study was available that measured concentrations of PBDEs in the breast adipose samples of U.S. women (Petreas et al., 2003).  In this study, breast adipose samples were taken from a group of 32 women, age 25-54 years old, who participated in breast cancer study in the late 1990s.  Samples were collected during biopsy or breast surgery between the years of 1996 and 1998.  BDE-47 was the major congener found and was present in all samples.  BDE-99, BDE-100, BDE-153, and BDE-154 were also reported to be measurable in all samples, however, only BDE-47 concentrations were reported in the study.  The BDE-47 levels in breast adipose tissue ranged from 5.2-196 ng/g lipid with a mean concentration of 28.9 ng/g lipid.  The median concentration was 16.5 ng/g lipid.

Spatial and Temporal Trends:  Data on concentrations of PBDEs in human blood, breast milk, and adipose levels have consistently shown levels to be significantly higher in North America compared to Europe or Japan.  Table 8 provides a comparison of some of the recent data on levels of PBDEs in breast milk samples from Sweden and North America.  Levels in the U.S. are the highest, with median concentrations around 25 times those found in Sweden and up to two‑fold higher than those found in Canada.

Table 8: Total PBDEs Concentration (ng/g lipid) in Contemporary Breast Milk Samples

	Country
	Year
	Median
	Mean
	Reference

	Sweden
	1996-1999
	3.2
	4.0
	Ryan et al., 2002

	Sweden
	2000-2001
	2.14
	Not given
	Guvenius et al., 2003

	Canada
	2001-2002
	25.4
	42.8
	Ryan et al., 2002

	USA (Texas)
	2002
	34
	73.9
	Schecter et al., 2003

	USA
	2002-2003
	58
	159
	EWG, 2003


Temporal trends show levels of PBDEs are increasing significantly over time.  The most extensive data on temporal trends for breast milk levels comes from Sweden.  These data are presented graphically in Figure 5.  From the years 1972-1997, PBDEs in breast milk in Sweden rose steadily from 0.07-4.02 ng/g lipid (Meironyte and Noren, 1999).  During this time period levels in breast milk in Sweden increased about 60-fold, with a doubling in concentration every five years.  The most recent data from Sweden (Guvenius et al., 2003) indicate levels of PBDEs in breast milk in Sweden may now be decreasing.  This decrease in breast milk appears to follow a significant reduction in usage of commercial PBDE products.  From 1997-1998, the EU decreased PBDE use by two-thirds, or about 180,000 pounds (Madsen et al., 2003).
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        Figure 5.  PBDEs in Breast milk from Sweden, 1972-2001.

Concentrations of PBDEs in North America have also shown increases over time like in Sweden, however levels in North American are significantly higher and appear to be continuing to rise.  Levels of PBDEs in North Americans appear to be doubling every two to five years (Betts, 2002).  Figure 6 shows the trend data for PBDE concentrations in breast milk for Sweden, Canada, and the U.S.  The same Swedish data provided in Figure 5 are also included in Figure 6, however, it should be noted that the scales on the graphs differ significantly.  
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      Figure 6.  Trends of PBDEs in Human Milk for Sweden, Canada, and the U.S.
Environmental Media

Outdoor Air:  Little ambient air monitoring data for PBDEs in North America are available.  The earliest data available is from 1979 when Di-BDE was identified in atmospheric particulate matter near a PBDE manufacturing plant in Arkansas (Hale et al., 2003).  Monitoring data from 1997-1999 in urban and remote sites in the Great Lakes region showed total PBDE levels, including particulate and gaseous concentrations in the range of 4.4-77 pg/m3 (Strandberg et al., 2001).  The samples were collected as part of the Integrated Atmospheric Deposition Network and were taken at four different sites in the Great Lakes basin.  These included Chicago, Illinois; Sleeping Bear Dunes, Michigan; Eagle Harbor, Michigan; and Sturgeon Point, New York.  BDE-47 was found at the highest concentration followed by BDE-99 and then BDE‑100.  Mono – Tri-PBDEs were not measured in this study.  The highest concentrations were found near the city of Chicago.
Levels of PBDEs measured at a rural site in southern Ontario in the year 2000 ranged from 88‑1250 pg/m3 prior to spring bud burst, and 10-230 pg/m3 after bud burst.  The highest levels were thought to be due to release from snowpack during spring melt.  The major congeners found were BDE-17, BDE-28, and BDE-47 (Hale et al., 2003).  Levels of PBDEs from archived air samples from Alert, Canada in the Arctic taken between January 1994-January 1995, ranged from 1-4 pg/m3 most of the year but reached up to 28 pg/m3 in July.  (de Wit, 2002).  Table 9 summarizes the ambient air monitoring data.

 Table 9:  Ambient Air Monitoring Data for North America.
	Location
	Total PBDE concentration (pg/m3)
	Year
	Reference:

	Chicago, Illinois
	52 (3 year avg.)
	1997-1999 
	Strandberg et al., 2001

	Eagle Harbor, Michigan
	5.5 (3 year avg.)
	1997-1999 
	Strandberg et al., 2001

	Sleeping Bear Dunes, Michigan
	15 (3 year avg.)
	1997-1999 
	Strandberg et al., 2001

	Sturgeon Point, New York
	7.2 (3 year avg.)
	1997-1999 
	Strandberg et al., 2001

	Rural, Ontario (prior to spring bud burst)
	88-1250 
	2000
	Hale et al., 2003, citing Gouin et al., 2002

	Rural, Ontario (after spring bud burst)
	10-230 
	2000
	Hale et al., 2003, citing Gouin et al., 2002

	Alert, Canada
	1-28 
	1994-1995
	De Wit, 2002, citing Alaee et al., 1999


Indoor Air and Dust:  Indoor air and dust were sampled in 120 homes in the Cape Cod, Massachusetts area and analyzed for 89 organic compounds, including PBDEs (Rudel et al., 2003).  Samples were collected during the time period of June 1999-September 2001.  The authors reported that they targeted Tetra- and Penta-PBDEs for analysis, although a complete list of congeners that were analyzed was not given in the paper.  No PBDEs were detected in indoor air, however three congeners were found in dust samples.  BDE-99 was found in 55% of the dust samples with a reported range of less than the reporting limit (RL) up to 22.5 ug/g 
(2.2E-5 ug/kg) and a median value of 0.304 ug/g (3.0E-4 ug/kg).  BDE-47 was found the next most frequently (45% of dust samples) with a range of <RL to 9.86 ug/g (9.86E-3 ug/kg) and a median of <RL.  BDE-100 was detected in 20% of the dust samples with a range of <RL to 3.40 ug/g (3.4E-3 ug/kg).

Water:  Very little monitoring data are available for PBDEs in surface waters in North America.  PBDE levels measured in the Lake Michigan water column in 1997-1999 ranged from 0.031‑0.158 ng/l.  Concentrations measured in Lake Ontario were lower and reported at 0.006 ng/l (Hale et al., 2003).

Sediment and Soil:  Sediments from freshwater tributaries in Virginia were analyzed for PBDEs.  PBDEs were detected (>0.5 ug/kg dry weight) in 22% of surficial sediment samples taken from 133 sites.  BDE-47 was the dominant congener found, followed by BDE-99 and BDE-100.  The maximum concentration was 52.3 ug/kg.  Sediment taken from a stream in North Carolina near a recently closed polyurethane foam manufacturing facility had up to 132 ug/kg Penta-DBE.  The soil outside the facility had 76 ug/kg (Hale et al., 2003).  
BDE-209 was the major congener detected in surficial sediment samples taken from Hadley Lake in Indiana near a research and development facility of a PBDE producer.  Other congeners detected included BDE-99, BDE-153, BDE-154, BDE-47, and BDE-100.  Concentrations of BDE-209 ranged from 19-36 ug/kg, and all other congeners were less than 5 ug/kg. (Hale et al., 2003).

Sewage Sludge:  Concentrations of PBDEs in 11 sludge samples collected from four different regions in the U.S. ranged from 1,100-2,290 ug/kg dry weight basis.  These concentrations represent the sum of BDE-47, BDE-99, BDE-100, BDE-153, and BDE-154, and were similar between samples regardless of location.  The concentrations of BDE-209, however, varied substantially between samples with a range of 84.8-4,890 ug/kg (Hale et al., 2003).

Sewage sludge samples from communities in the Lake Superior and Lake Michigan watersheds were analyzed for several PBDE congeners.  (Hale et al., 2003).  Results are shown in Table 10.
Table 10:  PBDE Concentrations in Sewage Sludge (Hale et al., 2003).
	PBDE Congener
	Sludge Concentration (ug/kg)

	
	Lake Superior Communities
	Lake Michigan Communities

	BDE-47
	767
	507

	BDE-99
	1,327
	706

	BDE-209
	510
	466


PBDE concentrations in sewage sludge samples from North America are substantially higher than found in Europe.  In Sweden and Germany in the late 1980s, concentrations ranged from 0.4-30 ug/kg.  More recent data have shown higher levels with an average concentration of 162 ug/kg total PBDEs from eight German plants.  In more recent data from Sweden, the total concentration of BDE-47, BDE-99, and BDE-100 ranged from 105-205 ug/kg, while levels of BDE were 170-270 ug/kg (Hale et al., 2003).
   
POTENTIAL RISKS

The ideal manner in which to evaluate potential risks to humans is to compare body burden levels in humans to body burden levels in experimental animals at which adverse effects were seen.  However, body burden animal data are currently unavailable.  Comparing intake levels, although less ideal, is another way comparisons can be made between humans and experimental animals to quantify potential risks to humans.  All exposures to humans including consumption of contaminated fish would need to be combined to estimate daily intake levels for humans.  Exposure data are currently very limited.  The existing fish data are limited such that estimates of intake would be highly uncertain.  Most of the existing Great Lakes fish data for PBDEs are for whole fish tissue.  The only fillet data currently available are the coho and chinook salmon data recently released by the EPA.  As a result, an evaluation of potential risks can only be conducted in a qualitative manner at this time.

Adverse effects are seen in experimental animals at dose levels ranging from 0.6-30 mg/kg/day.  Humans are clearly being exposed to PBDEs from a variety of sources as evidenced by increasing PBDE levels in the environment and in human blood, breast milk, and breast adipose tissue.  Levels of PBDEs in North America appear to be doubling every 2-5 years.  PBDEs are present in Great Lakes fish.  Food products in Michigan, although not yet studied, are assumed to contain PBDEs as shown via results from food products collected elsewhere in the country.  Indoor dust samples collected in Massachusetts contained significant levels of PBDEs; we expect that concentrations of PBDEs in indoor dust samples in Michigan would be similar.  Levels in the environment are increasing to alarming levels and at an alarming rate.  The combination of the toxicity data in laboratory animals and the rapidly increasing levels in the environment, wildlife, and humans warrants concern about these environmental contaminants.
The scientific evidence for Deca-BDEs is more limited and less convincing since Deca-BDE does not appear to be as bioavailable as the lower brominated PBDEs.  However, recent data do suggest that Deca-BDEs cause neurodevelopmental effects in rodents, may be debrominated in carp, and are present in humans.  

REGULATORY ACTIONS/LEGISLATION

Michigan:  The current CMR is listed in the Wastewater Reporting Rules (R299.9001 – R299.9007 of Part 31, Water Resources Protection) and consists of the following:  metals that are highly toxic to aquatic life; substances frequently found in groundwater; and substances considered persistent, bioaccumulative, and toxic.  In 2002, environmental stakeholders requested that the MDEQ add PBDEs to the CMR.  Based on a review of the available scientific literature, staff concluded that there is sufficient justification to place all of the PBDE congeners on the CMR (MI/DEQ/WD-8/03).  This recommendation is currently under review by MDEQ management.  The TSG supports this recommendation.  

House Bill 4406 was introduced by Representative Chris Kolb in early 2003.  This bill states that beginning on January 1, 2007, a person shall not release any PBDE into the environment or use any PBDE unless the Department has issued a written determination, following a 90-day public notice and comment period, that PBDEs do not pose an unacceptable risk to human health, safety, or welfare or to the environment.  A similar bill (House Bill 5775) was also introduced by Representative Kolb in 2002.  Both bills address the whole class of PBDEs with no distinction or reference made to the homolog/commercial groups of PBDEs (i.e., those containing the same number of bromines such as Penta- or Octa-PBDE).  As defined in House Bill 4406, a release includes but is not limited to any spilling, leaking, pumping, pouring, emitting, emptying, discharging, injecting, escaping, leaching, dumping, or disposing of PBDEs into the environment.  
House Bill 4406 is currently being evaluated by the MDEQ.  In a draft bill analysis prepared by Department staff, it was recommended that the Department not support the bill as written.  Proposed legislation incorporating the following modifications would warrant support by the MDEQ:    
· The burden of making the demonstration that PBDEs do not pose an unacceptable risk should not be placed on the Department.  The bill should only be supported if it is believed that PBDEs are likely to pose an unacceptable risk to the environment and public health.  
· Use of the broad term “release” is problematic.  Proper control cannot be placed on all types of releases.  The bill should address the issue from the perspective of manufacturing, processing, and distribution in commerce.  A bill that models California’s ban would be more effective.

· House bill 4406 requires that a person who introduces any quantity of PBDEs into a product or material or releases PBDEs into the environment must file an annual report on the amount of PBDEs they use or release.  If PBDEs are added to the CMR, House Bill 4406 would duplicate some of the reporting requirements of the Annual Wastewater Reporting (AWR) Program.  (The AWR program requires that anyone who has a nonsanitary wastewater discharge, report on the usage, amount discharged to surface waters, and off-site transfer of chemicals on the CMR).  Also, since House Bill 4406 did not define “person,” it would affect citizens instead of industry, which should not be the focus of the bill.
· PBDEs should be defined as the commercial products (i.e., Penta-, Octa-, and Deca-BDEs) based on their use and by specific congeners or congener/homolog groups based on levels in the environment and potential risk to public health, safety, welfare, and the environment and natural resources.  

Elsewhere:  With levels of PBDEs in the environment increasing, legislative bans have recently been passed and more are being considered.  In early 2003, the EU adopted a directive that bans the marketing and use of Penta- and Octa-BDE in all consumer products beginning on August 15, 2004.  In addition, a separate Europe-wide ban under the RoHS (which has a specific focus on electronics) will eliminate all PBDEs in electronics by 2006.  This ban allows for an exemption for Deca-BDE if supported by a risk assessment currently underway.  
In August of 2003, California was the first state to limit the use of certain PBDEs.  Assembly Bill 302 states the following:  On and after January 1, 2008, a person may not manufacture, process, or distribute in commerce a product or a flame-retarded part of a product, containing more than one-tenth of 1% of Penta-BDE or Octa-BDE, by mass.  (California State Assembly, 2003).
Massachusetts is also considering legislation to reduce the use of PBDEs along with nine other commonly used toxic chemicals in the state.  
The EPA has included PBDEs in the High Production Volume (HPV) evaluation and testing programs.  The HPV program is designed to ensure that the American public has access to basic health and environmental effects data for those chemicals that are produced in the highest volumes in the U.S.  The HPV Challenge Program encourages chemical manufacturers to voluntarily test those chemicals for which little or no health or environmental effects data are publicly available. 
Penta-, Octa-, and Deca-BDE are three of the 23 chemicals identified in the pilot program for the EPA’s Voluntary Children’s Chemical Evaluation Program (VCCEP).  The VCCEP is intended to provide data to enable the public to understand the potential health risks to children associated with certain chemical exposures.  The EPA asked companies that manufacture and/or import 23 chemicals that have been found in human tissues and the environment in various monitoring programs to volunteer to sponsor their evaluation in Tier 1 of a pilot of the VCCEP.  Thirty-five companies and ten consortia responded and volunteered to sponsor 20 chemicals.  A report from the American Chemistry Council’s Brominated Flame Retardant Industry Panel (BFRIP) was submitted for Penta-/Octa-BDEs and another for Deca-BDE.  The information submitted by the sponsor is evaluated in a Peer Consultation by a group of scientific experts with extensive and broad experience in toxicity testing and exposure evaluations. Toxicology Excellence for Risk Assessment (TERA) was hired to organize and facilitate the Peer Consultations and forward the results to the EPA and the sponsor(s) concerning the adequacy of the assessments and the need for development of any additional information to fully assess risks to children.  The EPA will consider the results of the Peer Consultation and announce whether additional higher tier information is needed.  If additional information is needed, sponsors will be asked to volunteer to provide the next tier of information.  If additional information is not needed, the EPA and the sponsors will cooperate to conduct appropriate risk communication, and if necessary, risk management.  The peer consultation meetings for Penta‑/Octa-BDEs and Deca-BDEs were held earlier this year for PBDEs.  The peer consultation panel for Deca-BDE completed their report on September 30, 2003; the report is available at TERA’s web site.  The EPA is currently in the process of evaluating the report and will respond in the near future.  The peer consultation reports for Penta-/Octa-BDEs have not yet been completed.  
Deca-BDE is the only PBDE product required to have releases reported under the Superfund Amendments and Reauthorization Act, Title III, Section 313.  As a result, data are available for this compound in the Toxic Release Inventory (TRI).  In 2002, Michigan’s TRI reports that 4,110 pounds of Deca-BDE were released into the air from stack or point air emissions.  No releases to surface water were reported.  A total of 25,588 pounds were released both on- and off-site and includes disposal transfers.  The total of pounds released both on- and off-site for 2001‑1996 are as follows:  53,844; 45,163; 55,704; 41,573; 36,490; and 38,932 pounds/year, respectively.  The 2002 data are draft and will be released to the public in mid-January.  The TRI is not an exhaustive list of releases since only those facilities meeting specific criteria are required to report.  An average of 1,000 facilities report annually under the TRI.
Recently, the main U.S. manufacturer of Penta-BDE and Octa-BDE announced that it was going to voluntarily cease production of these two widely-used PBDE formulations by the end of 2004 as part of a voluntary agreement with the EPA.  A statement released jointly by the EPA and Great Lakes Chemical Corporation of West Lafayette, Indiana states that the agreement was “based on potential concerns associated with the continued use of the chemicals.”  Great Lakes will replace Penta-BDE with a new product called Firemaster® 550.  
Mention of Firemaster® 550 as a replacement for Penta- and Octa-BDEs brings up the issue of safe chemical alternatives.  The goal of removing PBDEs from commerce and reducing environmental levels needs to be accompanied with the use of alternatives proven to be safe to assure that the alternatives will not present unacceptable risks to public health or the environment.  It is critical that the replacement chemicals be properly evaluated to ensure that they will not become environmental contaminants of the future.   
CONCLUSIONS/RECOMMENDATIONS
The information presented in this document indicates that there are insufficient toxicity and exposure data to conduct a thorough quantitative risk assessment for PBDEs.  However, the exponential increase of PBDEs in biota (herring gull eggs and lake trout), the bioaccumulative and persistent nature of PBDEs, the rapidly increasing levels in human blood and breast milk, and their toxicity to laboratory animals provide sufficient evidence to support a ban on the commercial use of Penta- and Octa-PBDEs in Michigan.  The scientific evidence for Deca-BDEs is more limited and less convincing since Deca-BDE does not appear to be as bioavailable as the lower brominated PBDEs.  However, recent data do suggest that Deca-BDEs cause neurodevelopmental effects in rodents, may be debrominated in carp, and are present in humans.  As such, it may be appropriate to include them in future legislation.  The TSG will continue to monitor the published scientific literature for the purpose of locating additional information to support proposed legislation banning Deca-BDEs along with Penta- and Octa‑BDEs.
The TSG supports modification to House Bill 4406.  It is recommended that Penta- and Octa‑BDEs be specified in the ban.  Deca-BDEs should be considered through a risk management decision-making process, which considers all pertinent and recently published scientific data.  The goal of modifying the bill would be to minimize and ultimately eliminate the release of Penta- and Octa-BDEs into the environment through a ban on their manufacture, processing, and distribution in Michigan.  Following are some suggestions for modification to the proposed legislation:

· Penta- and Octa-BDEs should be specified in the legislation.
· The most effective way to prevent the continuation of rapidly increasing levels of PBDEs into the environment is through legislation, which prevents the manufacturing, processing, and distribution of goods containing these commercial PBDE products.
· The burden of an MDEQ demonstration that PBDEs do not pose an unacceptable risk should be removed.  If such a demonstration must be made to prevent a ban, industry should make the demonstration.  
· Reporting of releases to surface water would not be necessary since this would be done through the AWR Program once PBDEs are added to the CMR.  A requirement to annually report other releases of PBDEs could be maintained in the proposed legislation.

MDEQ Programs:  The MDEQ does not currently address PBDEs in any of its regulatory programs.  The environmental media in which PBDEs are present and the sources from which they originate must be identified.  Releases likely to contain PBDEs should be the initial focus, such as waste types identified in the literature as containing PBDEs or processes known to use PBDEs.  Once additional information is available on specific sources and releases identified through monitoring programs, the Department can then consider approaches for minimizing PBDE releases into the environment.  Specific suggestions for evaluating potential impacts of PBDEs associated with existing MDEQ programs include:
· Review the recently released data on PBDE levels in fish in the Great Lakes Region and determine whether additional fish need to be analyzed for the fish contaminant monitoring program.

· Include PBDEs for analyses of sediment samples including those associated with dredging, areas of concern investigations, and surveys.
· Monitor PBDEs in biosolids used in land application.
· Consider including PBDEs in sampling or monitoring plans associated with the National Pollutant Discharge Elimination System discharge program.

· Identify the types of Part 201 facilities where PBDEs are likely to be present (perhaps through a preliminary monitoring program) and require that PBDEs be included in the list of analytical parameters for those types of sites identified.
· Consider inclusion of PBDEs when establishing monitoring requirements for air permits for sources that may emit PBDEs (e.g., municipal solid waste and sewage sludge incinerators or sources that use PBDEs in their manufacturing process).
· Include PBDEs for analysis of samples the MDEQ collects from municipal solid waste landfills (leachate and/or groundwater) and consider adding PBDEs to monitoring programs if PBDEs are detected.
· Include PBDEs for analyses of statewide soil survey samples.
· Consider including analyses for PBDEs to any other sampling events or monitoring programs where PBDEs may be present.
Consideration should be given to the collection of congener-specific data since this type of analysis is likely to generate the most useful information for managing risks associated with PBDEs.

References

Akaike, M. et al. 1991.  Hyperactivity and Spatial Maze Learning Impairment of Adult Rats With

Temporary Neonatal Hypothyroidism.  Neurotoxicology and Teratology. 13:317-322.

Alaee, M. et al. 1999.  Distribution  of Polybrominated Diphenyl Ethers in the Canadian

Environment.  Organohalogen Compd. 40:347-350.

Allchin, C.R., Law, R.J., Morris, S. 1999.  Polybrominated Diphenyl Ethers in Sediments and

Biota Downstream of Potential Sources in the U.K.  Environ. Pollut. 105:1997-2207. 

Asplund, L. et al. 1997.  Mass Spectrometric Screening for Organohalogen Substances (OHs) 

in Blood Plasma from Baltic Salmon (Salmo salar).  Organohalogen Compd. 33:355-359.

Asplund, L. et al. 1999.  Organohalogen Substances in Muscle, Egg, and Blood from Healthy

Baltic Salmon (Salmo salar) and Baltic Salmon Affected by the M74 Syndrome.  

Ambio. 28:67‑76.

ATSDR. 2002.  Toxicological Profile for Polybrominated Biphenyls and Polybrominated Diphenyl

Ethers (PBDEs).  Department of Health and Human Services.

Bayen, S.  Thomas, G.O., Lee H.K., Obbard, J.P. 2003.  Occurrence of Polychlorinated Biphenyls and Polybrominated Diphenyl Ethers in Green Mussels (Perna viridis) from Singapore, Southeast Asia.  Environmental Toxicology and Chemistry. 22:2432-2437.  

Betts, Kellyn. 2002.  Rapidly Rising PBDE Levels in North America.  Environmental Science and

Technology. 36:50A-52A.
Branchi, I. et al. 2003.  Polybrominated Diphenyl Ethers:  Neurobehavioral Effects Following 

Developmental Exposure. Neurotoxicology. 24:449-462.

Branchi, I. et al. 2002.  Effects of Perinatal Exposure to a PBDE (99) on Mouse

Neurobehavioural Development.  Neuro Toxicology. 23:375-384.

Breslin, W.J. et al. 1989.  Teratogenic Evaluation of a Polybromodiphenyl Oxide Mixture in

New Zealand White Rabbits Following Oral Exposure.  Fund. Appl. Toxicol. 12:151-157.

Burreau, S., Broman, D., Zebuhr, Y. 1999.  Biomagnification Quantification of PBDEs in Fish

Using Stable Nitrogen Isotopes.  Organohalogen Compd. 40:363-366.

Carlson, G.P. 1980.  Induction of Xenobiotic Metabolism in Rats by Brominated Diphenyl Ethers

Administered for 90 Days.  Toxicol. Lett.  6:207-212.
California State Assembly, 2003.  Assembly Bill 302. Sacramento, CA:California State Assembly.  
Chen, G. et al. 2001.  Synthesis of PBDEs and their Capacity to Induce CYP1A by the Ah

Receptor Mediated Pathway.  Environ. Sci. Technol. 35:3749-3756.  

Darnerud, P.O. et al. 2001.  PBDEs:  Occurrence, Dietary Exposure, and Toxicology.  Environ. 

Health Perspect. 109:49-68.

Darnerud, P.O. 2003.  Toxic Effects of Brominated Flame Retardants in Man and in Wildlife. 

Environmental International. 29:841-853.

de Boer, J. et al. 2003.  Polybrominated Diphenyl Ethers in Influents Suspended Particulate 

Matter, Sediments, Sewage Treatment Plant and Effluents and Biota from the Netherlands.

Environ. Pollution. 122:63-74.

de Boer, J. 1989.  Organochlorine Compounds and Bromodiphenyl Ethers in Livers of Atlantic 

Cod (Gadus morhua) from the North Sea, 1977-1987.  Chemosphere. 18:2131-2140.

de Wit, C.A. 2002.  An Overview of Brominated Flame Retardants in the Environment. 

Chemosphere. 46:583-624.

Dodder, N G. et al. 2002.  Concentrations and Spatial Variations of PBDEs and Several 

Organochlorine Compounds in Fishes from the Northeastern U.S.  Environ. Sci. 

Technol. 36:146-151.

EPA. 2003a.  Integrated Risk Information System (IRIS) Database.  Chemical File for

Pentabromodiphenyl Ether (Cas No. 32534-81-9).  Verification Date 5/15/1986.  Last

Revised 8/1/1990.

EPA. 2003b. IRIS Database.  Chemical File for Octabromodiphenyl Ether 

(Cas No. 32536‑52‑0).  Verification Date 5/15/1986.  Last Revised 8/1/1990.

EPA. 2003c. IRIS Database.  Chemical File for Decabromodiphenyl Ether (DBDPE) 

(Cas No. 1163-19-5).  Verification Date 10/9/1995.  Last Revised 2/1/1995.

Environmental Working Group (EWG). 2003.  Mothers Milk.  Record Levels of Toxic Fire

Retardants Found in American Mothers’ Breast Milk.

Eriksson, P. et al. 2001.  Brominated Flame Retardants:  A Novel Class of Developmental

Neurotoxicants in our Environment?  Environ. Health Perspect. 109:903-908.

Eriksson, P. et al. 2002.  A Brominated Flame Retardant, 2,2’,4,4’,5-Pentabromodiphenyl Ether: 

Uptake, Retention, and Induction of Neurobehavioral Alterations in Mice during a Critical

Phase of Neonatal Brain Development. Toxicol. Sci. 67:98-103.

European Commission. 2000. Diphenyl Ether, Pentabromo Derivative (Pentabromodiphenyl Ether) Risk Assessment.  European Union Risk Assessment Report.  CAS No. 32534-81-9.  EINECS No. 251-084-2.  European Chemicals Bureau.  Institute of Health and Consumer Protection. 

Fattore, E. et al. 2001  Toxicity of a Technical Mixture of PBDEs following 28 Days of Oral

Exposure in Male and Female Rats.  Organohalogen Compounds. 53:357-361.

Fowles, J.R. et al. 1994.  Immunologic and Endocrine Effects of the Flame Retardant 

Pentabromodiphenyl Ether (DE-71) in C57BL/6J Mice.  Toxicol. 86:49-61.

Goldey, E.S. et al. 1995.  Effects of Developmental Hypothyroidism on Auditory and Motor

Function in the Rat.  Toxicology and Applied Pharmacology. 135:67-76.
Gouin, T. and T. Harner. 2003.  Modelling the Environmental Fate of the PBDEs.  Environment

International. 29:717-724.  

Gustafsson, K. et al. 1999.  Bioaccumulation Kinetics of Brominated Flame Retardants 

(PBDEs) in Blue Mussels (Mytilus Edulis).  Environ. Toxicol Chem. 6:1218-1224.

Guvenius, D.M. et al. 2003.  Human Prenatal and Postnatal Exposure to PBDEs, PCBs, and

Pentachlorophenol.  Environmental Health Perspectives. 111:1235-1241.

Haddow, J.E., et al. 1999.  Maternal Thyroid Deficiency During Pregnancy and Subsequent 

Neuropsychological Development of the Child.  The New England Journal of Medicine.

341:549‑555.

Haglund, P. et al. 1997.  Identification and Quantification of Polybrominated Diphenyl Ethers

and Methoxy-Polybrominated Diphenyl Ethers in Baltic Biota.  Environ. Sci. Technol. 

31:3281‑3287.

Hakk, H. and R. Letcher. 2003.  Metabolism in the Toxicokinetics and Fate of Brominated Flame 

Retardants – A Review.  Environment International. 29:801-828.

Hale, R.C. et al. 2003.  PBDE Flame Retardants in the North American Environment. 

Environment International. 29:771-779.

Hale, R.C. et al. 2001.  PBDE Flame Retardants in Virginia Freshwater Fishes (USA). 

Environmental Science & Technology. 35:4585-4591.

Hale, R.C. et al. 2002.  Potential Role of Fire Retardant-Treated Polyurethane Foam as a 

Source of Brominated Diphenyl Ethers to the U.S. Environment.  Chemosphere.

46:729‑735.

Hale, R.C. and S. Ciparis. 2003.  Recent Advances in Assessing the Hazards of PBDE

Flame Retardants.  In Risk Policy Report 5/13/2003.

Hallgren, S., Sinjari, T., Hakansson, H. 2001.  Effects of Polybrominated Biphenyl Ethers

(PBDEs) and Polychlorinated Biphenyls (PCBs) on Thyroid Hormone and Vitamin A Levels

in Rats and Mice.  Arch. Toxicol. 75:200-208.

Hallgren, S. and P. Darnerud. 2002.  PBDEs, Polychlorinated Biphenyls (PCBs) and Chlorinated

Paraffins in Rats - Testing Interactions and Mechanisms for Thyroid Hormone Effects. 

Toxicol. 177:227-243.

Hardy, M.L. 2002.  A Comparison of the Properties of the Major Commercial PBDPO/PBDE

Product to those of Major PBB and PCB Products.  Chemosphere. 46:717-728.

Hardy, M.L. 2000.  Distribution of Decabromodiphenyl Oxide in the Environment.

Organohalogen Compounds. 47:237-240.

Helleday, T. et al. 1999. Brominated Flame Retardants Induce Intragastric Recombination in 

Mammalian Cells.  Mutat.  Res. 439:137-147.
Hellman, S. 2003.  E-mail from Sandy Hellman, Great Lakes National Program Office EPA to Robert Day of the MDEQ.
Holm, G. et al. 1993.  Effects of Exposure to Food Contaminated with PBDE, PCN, or PCB on 

Reproduction, Liver Morphology and Cytochrome P450 Activity in the Three-Spined 
Stickleback, Gasterosteus aculeatus.  Aquat. Toxicol. 27:33-50.

Hooper, K. and T.A. McDonald. 2000.  The PBDEs:  An Emerging Environmental Challenge and 

Another Reason for Breast-Milk Monitoring Programs.  Environmental Health 

Perspectives. 108:387-392.

Hooper, K. and J. She. 2003.  Lessons from the PBDEs:  Precautionary Principle, Primary

Prevention, and the Value of Community-Based Body-Burden Monitoring Using Breast Milk.

Environmental Health Perspectives. 111:109-113.

Hornung, M.W. et al. 1996.  Toxic Equivalency Factors of Polybrominated Dibenzo-p-dioxins,

Dibenzofuran, Biphenyl, and Polyhalogenated Diphenyl Ether Congeners Based on
Rainbow Trout Early Life Stage Mortality.  Toxicol. Appl. Pharmacol. 140:227-234.

Hua, I., Namgoo, K., Chad, T.J., and Fabrega-Duque J.R. 2003.  Heterogeneous Photochemical Reactions of Decabromodiphenyl Ether.  Environmental Toxicology and Chemistry.  22:798‑804.  

Huwe, J.K., Lorentzsen, M., Thuresson, K., Bergman, A. 2000.  Polybrominated Diphenyl-Ethers in Chickens.  Organohalogen. Compounds. 47:429-432.
Huwe, J.K., Lorentzsen, M., Thuresson, K., Bergman, A. 2002.  Analysis of mono- to deca-brominated diphenyl ethers in chickens at the part per billion level.  
Ikonomou, M.G., Rayne S., Addison, R.F. 2002.  Exponential Increase of the Brominated Flame

Retardants, Polybrominated Diphenyl Ethers in the Canadian Arctic from 1981 to 2000.

Environ. Sci. Technol. 36:1886-1892.  

Karmaus, W. and Riebow, J. 2003.  Exposure to Polybrominated Diphenyl Ethers (PBDEs) and

Hydroxylated Polychlorinated Biphenyls (HO-PCB) in Breast Milk Samples from Michigan

Fish Eaters and in Fish Samples.  Michigan Great Lakes Protection Fund Grant.  Progress

Report.  August 3, 2003.

Kierkegaard, A. et al. 1999.  Dietary Uptake and Biological Effects of Decabromodiphenyl Ether

in Rainbow Trout (Oncorhynchus mykiss).  Environ. Sci. Technol. 33:1612-1617.

Kociba, R.J. et al. 1975.  Results of a Two-Year Dietary Feeding Study with 

Decabromodiphenyl Oxide (DBDPO) in Rats.  J. Combust. Toxicol. 2:267-285.

Kruger, C. 1988.  Polybrominated Biphenyls and Polybrominated Diphenyl Ethers – Detection and Quantification in Selected Foods.  PhD. Thesis.  University of Munster, Germany (in German).

Law R.J., et al. 2003.  Levels and Trends of PBDEs and Other Brominated Flame Retardants in

Wildlife.  Environment International. 29:757-770.

Legler, J. and A. Brouwer. 2003.  Are Brominated Flame Retardants Endocrine Disruptors? 

Environment International. 29:879-885.

Lindberg, P., Sellstrom, U., Haggberg, L. and de Wit, C.A.  2003.  Higher brominated diphenyl ethers and hexabromocyclododecane found in eggs of peregrine falcons (Falco peregrinus) breeding in Sweden.  Environ. Sci. Technol.  ASAP Web Release Date: 25-Nov-2003.

Lunder S. and R. Sharp. 2003.  Toxic Fire Retardants are Building up Rapidly in San Francisco

Bay Fish – and People.  Environmental Working Group. 1-49.

Luross, J.M. et al. 2000.  Spatial and Temporal Distribution of Polybrominated Diphenyl Ethers

in Lake Trout from the Great Lakes.  Organohalogen Compd. 47:73-76.  

Luross, J.M. et al. 2002.  Spatial Distribution of PBDEs and Polybrominated Biphenyls in Lake 

Trout from the Laurentian Great Lakes.  Chemosphere. 46:665-672.

Madsen, T. et al. 2003.  Growing Threats – Toxic Flame Retardants and Children’s Health.

Environment California Research and Policy Center.  

Manchester-Neesvig, J.B. et al. 2001.  Comparison of PBDEs and PCBs in Lake Michigan 

Salmonids. Environ. Sci. Technol. 35:1072-1077.

Mazdai, A. et al. 2003.  PBDEs in Maternal and Fetal Blood Samples.  Environ. Health

Perspect. 111:1249-1252.
McDonald, T.A. 2002.  A Perspective on the Potential Health Risks of PBDEs.  

Chemosphere. 46:745-755.

Meerts, I. et al. 1998.  Polybrominated Diphenyl Ethers (PBDEs) as Ah-Receptor Agonists and

Antagonists.  Organohalogen Compounds. 37:147-150.

Meironyte, D. and Noren, K. 1999.  Analysis of Polybrominated Diphenyl Ethers in Swedish

Human Milk.  A Time-Related Trend Study, 1972-1997.  Journal of Toxicology and

Environmental Health, Part A. 58:329-341.

Morreale de Escobar, G., Obregon, M.J., and Escobar Del Rey, F. 2000.  Is Neuropsychological

Development Related to Maternal Hypothyroidism or to Maternal Hypothyroxinemia?  The

Journal of Clinical Endocrinology & Metabolism. 85:3975-3987.

Norris, J.M. et al. 1973.  Toxicological and Environmental Factors Involved in the Selection of

Decadibromophenyl Oxide as a Fire Retardant Chemical.  Appl. Polym. Symp. 22:195-219.

Norris, J.M. et al. 1975.  Toxicology of Octabromobiphenyl and Decabromodiphenyl Oxide. 

Environ. Health Perspect. 11:153-161.

Norstrom, R.J. et al. 2002.  Geographical Distribution (2000) and Temporal Trends (1981-2000) 

of Brominated Diphenyl Ethers in Great Lakes Herring Gull Eggs.  Environ. Sci. Technol.

36:4783-4789.

NRC Board on Environmental Studies and Toxicology. 2000.  Chapter 5 Decabromodiphenyl

Oxide in:  Toxicological Risks of Selected Flame-Retardant Chemicals. 72-98.

NTP. 1986.  Toxicology and Carcinogenesis Studies of Decabromodiphenyl Oxide 

(CAS No. 1163-19-5) in F344/N Rats and B6C3F1 Mice (Feed Studies). 

Ohta, S. et al. 2000.  Real Situation of Contamination by Polybrominated Diphenyl Ethers as

Flame Retardants in Market Fish and Mother’s Milk of Japan.  Organohalogen Compd.

47:45‑48. 

Orn, U. et al. 1998.  Metabolism of 2,2’,4,4’-tetra-bromodiphenyl ether in Rat and Mouse.  


Xenobiotica. 28:199-211.

Palm, A. et al. 2002.  Assessing the Environmental Fate of Chemicals of Emerging Concern:  

A Case Study of the PBDEs.  Environ. Poll. 117:195-213.

Papke, O. et al. 2001.  Determination of PBDEs in Human Milk from the U.S. – Comparison of

Results from Three Laboratories.  Organohalogen Compounds. 52:197-200.

Petreas, M. et al. 2003.  High Body Burdens of 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) in

California Women.  Environmental Health Perspectives. 111:1175-1179.

Pop, V.J., et al. 1999.  Low Maternal Free Thyroxine Concentrations During Early Pregnancy 

are Associated with Impaired Psychomotor Development in Infancy.  Clinical

Endocrinology. 50:149-155.

Rahman, F. et al. 2001.  PBDE Flame Retardants.  The Science of the Total 

Environment. 275:1-17.

Rao, P., Kodavanti, S., and Derr-Yellin, E.C. 2002.  Differential Effects of Polybrominated

Diphenyl Ethers and Polychlorinated Biphenyls on [3H]Arachidonic Acid Release in Rat

Cerebellar Granule Neurons.  Toxicological Sciences. 68:451-457.

Rayne, S. et al. 2003.  Rapidly Increasing Polybrominated Diphenyl Ether Concentrations in the 

Columbia River System from 1992 to 2000.  Environ. Sci. Technol. 37:2847-2854.

Rice, C.P. et al. 2002.  Comparisons of PBDE Composition and Concentration in Fish Collected

from the Detroit River, MI and Des Plaines River, IL.  Chemosphere. 49:731-737.

Rudel, Ruthann A. et al. 2003.  Phthalates, Alkylphenols, Pesticides, Polybrominated diphenyl

ethers, and Other Endocrine-disrupting Compounds in Indoor Air and Dust.  Environmental Science and Technology. 37:4543-4553.

Ryan, J.J., et al. 2002.  Recent Trends in Levels of Brominated Diphenyl Ethers (BDEs) in

Human Milks from Canada.  Organohalogen Compounds. 58:173-176.

Schecter, A. et al. 2003.  PBDEs in U.S. Mother’s Milk.  Environmental Health

Perspectives. 111:1723-1729.

Sellstrom, U., et al. 1993.  Polybrominated Diphenyl Ethers (PBDE) in Biological Samples from

the Swedish Environment.  Chemosphere. 26:1703-1718.

Sjodin, A., Patterson, D., and Bergman, A. 2001.  Brominated Flame Retardants in Serum from

U.S. Blood Donors.  Environmental Science and Technology. 35:3830-3833.

Sjodin, A, et al. 2003.  A Review on Human Exposure to Brominated Flame Retardants – 

Particularly PBDEs.  Environment International. 29:829-839.

Stapleton, H. M. et al. 2003.  Debromination of the Flame Retardant Decabromodiphenyl Ether

by Juvenile Carp (Cyprinus carpio) Following Dietary Exposure.  Environ. Sci. & Technol. 

(In Press)

Stern, G. and Ikonomou, M. 2000.  Temporal Trends of Polybrominated Diphenyl Ethers in SE

Baffin Beluga; Increasing Evidence of Long-Range Atmospheric Transport.  Organhalogen

Compd. 47:81-84   

Strandberg, B., Dodder, N., Basu, I., and Hites, R. 2001.  Concentrations and Spatial Variations

of Polybrominated Diphenyl Ethers and other Organohalogen Compounds in Great Lakes

Air.  Environmental Science and Technology. 35:1078-1083.

Surface Water Quality Assessment Section. 2003.  Procedure for Modifying the

Critical Materials Register.  Draft Section Procedure.

Swedish National Chemicals Inspectorate. 1999.  Phase-Out of PBDEs and PBBs.  

The Inspectorate.

Ter Schure, A.F.H., Larsson, P., Merill, J., Jonsson, K.L. 2002.  Latitudinal Fractionation of

Polybrominated Diphenyl Ethers and Polychlorinated Biphenyls in Frogs (Rana temporaria).

Environ. Sci. Technol. 36:5057-5061.   

Tjarnlund, U. et al. 1998.  Effects of Two Polybrominated Diphenyl Ethers on Rainbow Trout
(Oncorhyncus mykiss) Exposed via the Food.  Mar. Environ. Res. 46:107-112.

Viberg, H. et al. 2002.  Neonatal Exposure to the Brominated Flame Retardant

2,2’,4,4’,5‑Pentabromodiphenyl Ether Causes Altered Susceptibility in the Cholinergic

Transmitter System in the Adult Mouse.  Toxicological Sciences. 67:104-107.

Viberg, H., Fredriksson, A., Eriksson, P. 2003.  Neonatal Exposure to Polybrominated Diphenyl

Ether (PBDE 153) Disrupts Spontaneous Behaviour, Impairs Learning and Memory, and

Decreases Hippocampal Cholinergic Receptors in Adult Mice.  Toxicology and Applied

Pharmacology. 192:95-106.  

Viberg, H. et al. 2003.  Neurobehavioral Derangements in Adult Mice Receiving

Decabrominated Diphenyl Ether (PBDE 209) During a Defined Period of Neonatal Brain

Development.  Toxicological Sciences. 76:112-120.

von Meyerinck, L. et al. 1990.  Induction of Rat Liver Microsomal Cytochrome P-450 by the

Pentabromo Diphenyl Ether Bromkal 70 and Half-Lives of its Components in the Adipose

Tissue.  Toxicology. 61:259-274.
Wania, F. and Dugani, D.B. 2003.  Assessing the Long-Range Transport Potential of

Polybrominated Diphenyl Ethers:  A Comparison of Four Multimedia Models. 

Environmental Toxicology and Chemistry. 22:1252-1261.  

Watanabe, I. and S. Sakai. 2003.  Environmental Release and Behavior of Brominated Flame

Retardants.  Environment International. 29:665-682.

Wenning, R.J. 2001.  Uncertainties and Data Needs in Risk Assessment of Three Commercial

PBDEs:  Probabilistic Exposure Analysis and Comparison with European Commission

Results.  Chemosphere. 46:779-796.

WHO. 1994.  Environmental Health Criteria 162:  Brominated Diphenyl Ethers. 

Zhou et al. 2001.  Effects of Short-Term In Vivo Exposure to PBDEs on Thyroid Hormones and 

Hepatic Enzyme Activities in Weaning Rats.  Toxicol. Sci. 61:76-82.

Zhou et al. 2002.  Developmental Exposure to Brominated Diphenyl Ethers Results in Thyroid

Hormone Disruption.  Toxicol. Sci. 66:105-116.









_1131280106.xls
Chart1

		1971

		1972

		1973

		1974

		1975

		1976

		1977

		1978

		1979

		1980

		1981

		1982

		1983

		1984

		1985

		1986

		1987

		1988

		1989

		1990

		1991

		1992

		1993

		1994

		1995

		1996

		1997

		1998

		1999

		2000

		2001

		2002

		2003



Data from Meironyte and Noren, 1999; Ryan et al., 2002; Guvenius at al., 2003

Sweden

Average Concentration (ng/g lipid weight)

0.07

0.35

0.48

0.73

1.21

2.17

3.11

4.02

3.4

2.14



Sheet1

				Sweden		Canada		US

		1971

		1972		0.07

		1973

		1974

		1975

		1976		0.35

		1977

		1978

		1979

		1980		0.48

		1981				0.21

		1982

		1983

		1984		0.73

		1985

		1986				0.6

		1987

		1988

		1989

		1990		1.21

		1991

		1992				16.64

		1993

		1994		2.17

		1995

		1996		3.11

		1997		4.02

		1998

		1999		3.4

		2000

		2001		2.14

		2002				42.8		73.9

		2003						159






_1131872883.xls
Chart2

		52.1		9.3		9.7		4.5		2.7		1.7



BDE-47

BDE-99

BDE-100

BDE-154

BDE-153

BDE-66

Percentage of Total PBDEs



Sheet1

		BDE		47

		Mean		52.1		1.7		9.7		9.3		4.5		2.7		80.1

		Min		26		1.2		5.2		5.9		2.8		1.8		44.6

		Max		95.1		2.5		18.8		18.9		8.5		4.8		148

		%meanT		65.0%		2.1%		12.1%		11.6%		5.6%		3.4%		99.9%

		%MinT		58.3%		2.7%		11.7%		13.2%		6.3%		4.0%		96.2%

		%MaxT		64.3%		1.7%		12.7%		12.8%		5.7%		3.2%		100.4%





Sheet2

		%meanT		0.6504369538		0.0212234707		0.1210986267		0.1161048689		0.0561797753		0.0337078652

		%MinT		0.5829596413		0.0269058296		0.1165919283		0.1322869955		0.0627802691		0.0403587444

		%MaxT		0.6425675676		0.0168918919		0.127027027		0.1277027027		0.0574324324		0.0324324324

				BDE-47		BDE-66		BDE-99		BDE-100		BDE-154		BDE-153				BDE-99		BDE-100

				65.0436953808		2.1223470662		11.6104868914		12.1098626717		5.6179775281		3.3707865169				11.6104868914		12.1098626717

				58.2959641256		2.6905829596		13.2286995516		11.6591928251		6.2780269058		4.0358744395				13.2286995516		11.6591928251

				64.2567567568		1.6891891892		12.7702702703		12.7027027027		5.7432432432		3.2432432432				12.7702702703		12.7027027027





Sheet2

		0

		0

		0

		0

		0

		0



PBDE Congener

Average Percentage of Total PBDEs in Lake Michigan Salmon



Sheet3

				BDE-47		BDE-99		BDE-100		BDE-154		BDE-153		BDE-66

		Mean		52.1		9.3		9.7		4.5		2.7		1.7





Sheet3

		0		0		0		0		0		0



BDE-47

BDE-99

BDE-100

BDE-154

BDE-153

BDE-66

Percentage of Total PBDEs




_1132738057.xls
Chart1

		1971		1971		1971

		1972		1972		1972

		1973		1973		1973

		1974		1974		1974

		1975		1975		1975

		1976		1976		1976

		1977		1977		1977

		1978		1978		1978

		1979		1979		1979

		1980		1980		1980

		1981		1981		1981

		1982		1982		1982

		1983		1983		1983

		1984		1984		1984

		1985		1985		1985

		1986		1986		1986

		1987		1987		1987

		1988		1988		1988

		1989		1989		1989

		1990		1990		1990

		1991		1991		1991

		1992		1992		1992

		1993		1993		1993

		1994		1994		1994

		1995		1995		1995

		1996		1996		1996

		1997		1997		1997

		1998		1998		1998

		1999		1999		1999

		2000		2000		2000

		2001		2001		2001

		2002		2002		2002

		2003		2003		2003



Data from Meironyte and Noren, 1999; Ryan et al., 2002; Guvenius et al., 2003; Schecter et al., 2003; EWG, 2003

Sweden

Canada

US

Average Concentration (ng/g lipid weight)

0.07

0.35

0.48

0.21

0.73

0.6

1.21

16.64

2.17

3.11

4.02

3.4

2.14

42.8

73.9

159



Sheet1

				Sweden		Canada		US

		1971

		1972		0.07

		1973

		1974

		1975

		1976		0.35

		1977

		1978

		1979

		1980		0.48

		1981				0.21

		1982

		1983

		1984		0.73

		1985

		1986				0.6

		1987

		1988

		1989

		1990		1.21

		1991

		1992				16.64

		1993

		1994		2.17

		1995

		1996		3.11

		1997		4.02

		1998

		1999		3.4

		2000

		2001		2.14

		2002				42.8		73.9

		2003						159





Sheet2

		





Sheet3

		






_1127193223.xls
Chart1

		1978

		1983

		1988

		1993

		1998



PBDEs (ng/g lipid)

Year

Concentration
(ng/g lipid)

3

8

171

434

945



Sheet1

		BDE		47

		Mean		52.1		1.7		9.7		9.3		4.5		2.7		80.1

		Min		26		1.2		5.2		5.9		2.8		1.8		44.6

		Max		95.1		2.5		18.8		18.9		8.5		4.8		148

		%meanT		65.0%		2.1%		12.1%		11.6%		5.6%		3.4%		99.9%

		%MinT		58.3%		2.7%		11.7%		13.2%		6.3%		4.0%		96.2%

		%MaxT		64.3%		1.7%		12.7%		12.8%		5.7%		3.2%		100.4%





Sheet2

		%meanT		0.6504369538		0.0212234707		0.1210986267		0.1161048689		0.0561797753		0.0337078652

		%MinT		0.5829596413		0.0269058296		0.1165919283		0.1322869955		0.0627802691		0.0403587444

		%MaxT		0.6425675676		0.0168918919		0.127027027		0.1277027027		0.0574324324		0.0324324324

				BDE-47		BDE-66		BDE-99		BDE-100		BDE-154		BDE-153				BDE-99		BDE-100

				65.0436953808		2.1223470662		11.6104868914		12.1098626717		5.6179775281		3.3707865169				11.6104868914		12.1098626717

				58.2959641256		2.6905829596		13.2286995516		11.6591928251		6.2780269058		4.0358744395				13.2286995516		11.6591928251

				64.2567567568		1.6891891892		12.7702702703		12.7027027027		5.7432432432		3.2432432432				12.7702702703		12.7027027027





Sheet2

		



PBDE Congener

Average Percentage of Total PBDEs in Lake Michigan Salmon



Sheet3

				BDE-47		BDE-99		BDE-100		BDE-154		BDE-153		BDE-66

		Mean		52.1		9.3		9.7		4.5		2.7		1.7





Sheet3

		



BDE-47

BDE-99

BDE-100

BDE-154

BDE-153

BDE-66

Percentage of Total PBDEs



Sheet4

		Year		PBDEs (ng/g lipid)

		1978		3

		1983		8

		1988		171

		1993		434

		1998		945





Sheet4

		



PBDEs (ng/g lipid)

Year

Concentration
(ng/g lipid)




