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Abstract  

 

Flame retardants are ubiquitous protective compounds, large quantities of which are produced all 

over the globe. These chemicals are, however, gaining recognition as chemicals of concern due 

to their emergence in the environment. Polybrominated diphenyl ethers (PBDEs), a type of 

brominated flame retardant, are showing up in natural media such as air, sediment, soil, as well 

as in the tissues of biota and humans. It is well established that PBDEs are persistent, 

bioaccumulative chemicals. This has led some researchers to compare PBDEs to PCBs, a 

previously banned persistent contaminant. The correlation between these two contaminants in 

terms of chemical structure, environmental transportation and storage, and bioaccumulative 

tendencies has raised a red flag about the future of PBDEs. Although some headway has been 

made into banning certain types PBDEs in North America and Europe, global production has 

continued. Increased demands for protective flame retardants over the past 25 years have meant 

more PBDE production; production trends are reflected in the continually increasing 

concentrations of PBDEs in the environment. The prevalence of PBDEs in environmental 

compartments is undeniable, but the risk they pose to the health of biota and humans is not as 

clear. This review examined the existing literature on PBDEs in a holistic manner. It was found 

that gaps in the research, in addition to a general lack of epidemiologic studies are limiting the 

scientific conclusions that can be drawn about the health effects of PBDEs.    
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1.0. Introduction 
 

Humans continuously invest in technology to make our world a safer place to live. 

However, the increased usage of synthetic compounds for this purpose can affect the 

environment in ways which we do fully understand. Flame retardants have emerged as important 

protective compounds, yet there is increasing concern over the implications of flame retardants 

both in the environment and within the realm of human health.  

Information on the exposure, distribution and toxicity of flame retardants is often 

conflicting due to differences in chemical structure. This literature review will therefore have a 

specific focus on one type of brominated flame retardant: polybrominated diphenyl ethers 

(PBDEs).   

Over the past 20 years, PBDEs have been found in water bodies, sediment, soil and air 

samples from all over the globe. With highly similar properties to contaminants such as dioxins 

and PCBs, scientists began to examine their interactions with the natural environment. Upon 

investigation, it was found that PBDEs are accumulating in both the tissues of biota and the 

human population.    

The purpose of this report is to investigate PBDEs holistically; to compile the existing 

literature and summarize PBDE routes of exposure and the implications for the environment, for 

biota and for the human population. Although studies on PBDEs are becoming more prolific, 

they often exhibit a narrow scope of research and fail to overlap with one another. This report 

will therefore critically investigate the existing research in a transdisciplinary manner.   
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2.0. Methods  

 

This report will be conducted as a literature review. The journals used were obtained 

through searching the databases Scholars Portal and Biosis Previews. To gain an introductory 

understanding of flame retardants and PBDEs, general searches were conducted using keywords 

like “PBDE,” “brominated flame retardants,” and “environmental exposure.” From there, more 

specific searches were conducted for subsections of the report. For example, keywords like 

“PBDE” and “PCB” and “similarities” were used to compare the two contaminants. Similarly, 

literature focussing on specific organisms, food chains and routes of exposure were used to gain 

a thorough understanding of PBDE occurrence in the environment. The literature was compared 

and contrasted, and trends were critically examined.  

 

3.0. Brominated Flame Retardants: Background  

 

Technological advancements in the twentieth century have allowed for a significant shift 

from natural materials to synthetic materials. These replacements have paralleled increased fire 

risks in everyday life. Because synthetic polymers in textiles, upholstery, electrical appliances, 

construction materials and countless other products are petroleum based, they represent a major 

fire risk. Flame retardants have emerged as an effective solution to this issue, reducing the risk of 

ignition and spread of flames while maintaining the usage of synthetic materials. Dawson (2002) 

discusses that over the past 10 years, there has been a decrease in fire-related deaths by 20% due 

to the use of flame retardants. Additionally, fires due to the combustion of furniture and 

electronics are significantly lower in the United States than Europe, potentially due to more 
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stringent standards for protection against flammability. The advantages of flame retardants are 

undeniably prevalent, from saving lives to protecting property to reducing the economic cost of 

fires. However, the environmental consequences of flame retardants are not as well understood.  

 

           Figure 1. Brominated flame retardant consumption by final application. (BSEF, 2000). 

 

More than 175 types of flame retardants are available on the market today. They are 

classified into four major groups: inorganic, phosphorus-containing, nitrogen-containing and 

halogenated-organic. The halogenated-organic flame retardants include brominated and 

chlorinated flame retardants. Brominated flame retardants (BFRs) represent the most prolific 

group of flame retardants due to their effective performance and low cost of production. Of all 

the flame retardants, it is the ubiquitous BFRs that are generating the most concern over 

environmental contamination. This concern stems from two major issues. Firstly, brominated 

flame retardants have demonstrated bioaccumulative tendencies (de Wit, 2002). Secondly, more 

than 200,000 metric tonnes of BFRs are produced each year, making BFRs the dominant type of 

flame retardant produced (BSEF, 2000). This combination explains why many BFRs have been 

found in quantifiable levels in wildlife and humans.  
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The way in which BFRs are synthesized plays a significant role in how they will interact 

with the environment. Two types of BFRs exist: reactive or additive. Reactive BFRs covalently 

bind to a polymer and become a permanent part of the polymer matrix. Additive BFRs, however, 

are only mixed with a polymer and are not chemically bound to the plastic or textile. This 

increases the likelihood of these chemicals to leach out of products and make their way into the 

environment (Sjodin et al. 2003). The BFRs of concern are therefore generally those of additive 

classification.  

The three major types of BFRs produced are polybrominated diphenyl ethers (PBDEs), 

tetrabromobisphenol A (TBBPA), and hexabromocyclododecane (HBCD). Of these, PBDEs and 

HBCDs are solely additive components, and TBBPA can be either of the reactive or additive 

classification (Darnerud, 2003). The structures of these flame retardants are displayed in Figure 

2, in addition to a previously banned flame retardant polybrominated biphenyl (PBB). With the 

majority of BFRs produced being of additive classification, it is clear that BFRs have the 

potential to be released into the environment. 

 

 

   Figure 2. Structural formulas of common flame retardants (Sjodin et al., 2003). 
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Research conducted in the past decade has shown increased scientific interest in 

environmental exposure to BFRs. Yet, the definitive effects of BFRs on wildlife and the human 

population are still not well understood. Although the scientific literature is widespread, results 

are often conflicting and conclusions incomplete.  

With examples from the past like PCBs and DDT paralleling the current action of many 

brominated flame retardants, this period in time may represent the optimal opportunity to apply 

the precautionary principle. It is never too early to limit the production of a substance that has the 

ability to adversely affect both the environment and human biota. Already various types of flame 

retardants have been either boycotted or banned due to their effects on biota. This includes the 

class of polybrominated biphenyls (PBBs). In the early 1970’s the production of PBBs ceased 

when a commercial PBB mixture contaminated animal feed in Michigan. This incident resulted 

in a massive loss of livestock and long-term health effects of the families from surrounding 

farms (Birnbaum and Staskal, 2003).  

Already BFRs have been linked to many human health issues. Through extensive animal 

testing, BFRs have been experimentally associated with hepatotoxicity, endocrine disruption, 

cancer, immunological effects and disruption of thyroid hormone homeostasis (Birnbaum and 

Staskal, 2003). Because of the lack of epidemiological studies in this research field, little 

evidence exists that can link the results of animal testing to what is actually occurring in humans. 

With no cause-and-effect studies in humans, the results of toxicological studies are simply not 

enough to invoke significant change in the industry. If this realm of research was to expand, it 

may be possible to avoid requiring a major environmental disaster, like the PBB incident, to 

protect the environment from the harmful effects of flame retardants.  
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4.0. Polybrominated Diphenyl Ethers (PBDEs): Background  

 

Polybrominated diphenyl ethers (PBDEs) are a class of additive flame retardants which 

have been used in a variety of consumer products since the 1960’s. These products include paint, 

textiles, building materials, automobiles, polyurethane foams used in furniture, mattresses, 

carpets, car seats, and plastics used for electronics (Talsness, 2008). PBDEs constitute 5% to 

30% of some of these products by weight (Hooper and McDonald, 2000).  

As a class of BFR, PBDEs act to suppress or delay combustion of synthetic materials by 

releasing bromine atoms at high temperatures. The bromine atoms efficiently bind free radicals 

and halt the chemical reactions which start fires and allow them to spread. Classified as an 

additive flame retardant, PBDEs are able to diffuse out of materials and disperse into the 

environment.  

Not only do PBDEs readily make their way into the environment, but the structure of 

these chemicals allows for them to resist any significant degradation. PBDEs are bicyclic 

aromatic ethers. This chemical therefore has highly lipophilic characteristics, which contribute to 

their persistence in the environment (Bocio et al. 2003). PBDEs are chemically and 

toxicologically similar to polychlorinated biphenyls (PCBs), a chemical class banned in the 

1970’s due to its bioaccumulative and persistent properties. 
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Figure 3. The chemical structure and similarities between a PBDE congener (PBDE-100) and a   

      PCB congener (PCB-153). (Schubert, 2001).  

 

4.1. Comparison of PBDEs and PCBs.  

When examining the characteristics of PBDEs and PCBs there are some distinct 

similarities. Both PBDEs and PCBs are persistent organohalogen contaminants and are therefore 

resistant to degradation processes. Both are lipophilic chemicals and thus dissolve in fats like 

adipose tissue in animal and human bodies. These characteristics combined mean that PBDEs 

and PCBs bioaccumulate readily in the environment (Nakari and Huhtala, 2007). It took 

approximately 40 years of PCB production before scientists started to take note that the chemical 

was appearing in wildlife and human adipose tissue. When toxicity data about PCBs was 

discovered, in combination with the increasing prevalence of PCB-related industrial incidents, 

PCBs were banned in North America. This occurred 50 years after PCBs had originally hit the 

market (Suvorov and Takser, 2008).  

It is important to note that PBDEs have already been identified in many different types of 

biota, including humans, after only 25 years of production - just over half of the amount of time 
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it took for PCBs to become prevalent in scientific literature. In addition, although some 

congeners of PBDEs have been banned in North America and in Europe (as will be further 

discussed), the global demand for PBDEs was nevertheless estimated to be close to 70,000 

metric tonnes in 1999 (Sjodin et al. 2003). With so much being produced annually and PBDEs 

emerging in the environment in a relatively short amount of time, PBDEs are quickly paralleling 

PCBs as chemicals of concern.  

 Despite the connections drawn between PBDEs and PCBs, research has not been 

conducted to the same extent with regards to these two chemicals. While similar studies 

examining transportation, storage and bioaccumulation have been conducted for PBDEs and 

PCBs, the PCB literature on exposure and subsequent human health issues has been more widely 

conducted than that of PBDEs. As opposed to PBDEs, the health effects associated with PCB 

exposure are well understood through epidemiologic studies and are not only based on animal 

models. Epidemiologic studies have found correlations between PCBs and cancer, as well as 

having effects on the reproductive system, kidney, neurons, skin and intellectual development 

(Longnecker et al., 1997). Major environmental disasters have also exposed the health 

implications of PCB exposure. For example, in 1979 two thousand Taiwanese people consumed 

rice oil contaminated with PCBs and PCDFs (a degradation product when PCBs are heated up). 

The exposed population developed chloracne and peripheral neuropathy. Furthermore, prenatal 

exposure due to rice contamination led to a higher rate of stillborns, as well as cognitive and 

behavioral damage in children (Guo et al., 2004). With few epidemiologic studies and no 

environmental disasters attracting attention to PBDEs, the human health effects are poorly 

understood in comparison to PCBs. 
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4.2. PBDE Congeners  

PBDEs are produced by the bromination of diphenyl ether. The number and position of 

bromination determines the type of chemical derivative (or congener) of PBDE that will be 

formed. The various possible positions of bromination demonstrated in Figure 4 can be 

compared to the PBDE congener BDE 47, represented in Figure 5. BDE 27 with its specifically 

positioned four bromines is just one of 209 possible congeners of PBDE (Sjodin et al. 2003). 

These congeners are divided into ten groups based on number of bromine atoms, classified as 

mono- to decabromodiphenyl ethers. The dominant commercial PBDE products are penta-, octa- 

and decabromodiphenyl ether products (more commonly identified as pentaBDE, octaBDE and 

decaBDE). Each product is made up of a limited number of congeners and is named after the 

dominant congener (Darnerud, 2003). Global PBDE production is dominated by decaBDE, 

constituting 80% of total PBDE production worldwide; whereas pentaBDE makes up 12% of 

PBDE production, and octaBDE about 6%. 

 

 

 

 

  Figure 4. The chemical structure of PBDE demonstrating the various possible  

        positions of bromination.   
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Figure 5. The chemical structure of BDE 47, a common congener of PBDE  

      (Staskal et al., 2005).   

  

The mixtures of PBDE congeners in a product are problematic for scientific research. 

According to Darnerud (2003), there are multiple issues with these product mixtures. The 

mixture can be of very low purity, thus how it will react with other compounds is often 

unknown.  Additionally, combustion can result in the transformation of PBDEs into other 

products, potentially more toxic then the initial chemical, like dioxins.  

It is interesting to note that the main PBDE commercial mixtures have been under 

increased scrutiny, especially in Europe. As early as the 1980’s, countries like Sweden and 

Germany supported a voluntary ban of pentaBDE production. 2004 marked the official ban of 

pentaBDE production in the European Union, and the following year the same occurred in the 

United States for both penta- and octaBDE products. Despite the recent halt on production, such 

a large production volume in Europe and North America before the bans suggests that PBDE-

release into the environment from discarded and in-service products may continue for decades 

(Chen et al. 2008). The dominant PBDE mixture in production, decaBDE, is currently under 

scrutiny in Europe and North America, and voluntary bans are in the making.          
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5.0. PBDEs in the Environment  

 

5.1. Routes of Exposure 

 It is indisputable that PBDEs are on the rise in the environment. Although initially only 

detected in a few water bodies in Sweden in the early 1980’s, PBDEs have more recently proven 

to be ubiquitous, and can be found in most ecosystems around the world (Sjodin et al. 2003). 

PBDEs can be released into the environment in multiple ways: during initial synthesis, during 

incorporation into products, by leaching out over the product’s lifetime, and during the product 

disposal as waste. Facilities handling waste, like solid waste incinerators and landfills, are 

sources of PBDE release (Wang et al., 2007). Another vein of PBDE environmental research is 

looking at electronic waste dismantling/recycling as a major emission source, as will be 

discussed in detail. The major environmental compartments where PBDEs have been detected 

are in sediment and soil, the air and sewage sludge. The half lives of PBDEs and patterns of 

adsorption are highly variable depending on the material and depending on the dominant 

congener present.     

When brominated flame retardants are initially associated with solids (e.g. PBDEs 

dumped in a landfill and entering soil via direct leaching), the movement and dispersal of the 

contaminant is severely impeded. It is when PBDEs adhere to sediment in water bodies or 

volatilize in air that dispersion is maximized (Hale et al. 2006). PBDEs have a high binding 

affinity for sediment and soil. Sediment in water bodies has high dispersion capabilities, meaning 

that PBDEs in sediment can be found far from their original emission sources. Although PBDEs 

bound to soil do not tend to disperse great distances as they do in sediment, the high binding 

affinity enables PBDEs to work their way into the landscape near emission sources and 
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accumulate. Li et al. (2008) discuss that soil is an important reservoir for persistent organic 

pollutants like PBDEs. The areas of greatest soil contamination have been shown time and time 

again to be the land surrounding industrial plants. 

Although the most widely studied method of PBDE contamination is to look at the 

amount of PBDEs in the soil around industrial sites, an interesting connection been soil and 

sewage sludge is emerging in scientific literature. Since the 1990’s, sewage sludge has shown to 

contain a large burden of PBDEs. After consumer goods are thrown out, PBDE residues easily 

make their way into the sewer system (Wang et al. 2007). Before sludge is used for any 

application, it is treated to reduce odour, pathogen content and harmful metals. No guidelines 

exist for treating sludge for organic contaminants like PBDEs (Eljarrat et al. 2007). This 

becomes an environmental problem due to the two main uses for sewage sludge: disposal into 

landfills and agricultural purposes. Disposal into landfills allows for the accumulation of PBDEs 

in sediment and soil, as previously discussed. Sludge is used for agricultural purposes due to the 

high levels of organic matter. Yet, with high levels of persistent organic pollutants like PBDEs, 

this sludge may be contaminating crops, soils, fluvial systems, and of course the biota that 

consume the crops (Eljarrat et al 2007).  

  Unique for a bioaccumulative contaminant, PBDEs can be found at high concentrations 

in both indoor and outdoor settings. A major route of transport is in the air, when PBDEs are 

either in a gas phase or become attached to air particles. Various studies have detected PBDEs in 

indoor air and house dust, in addition to very high concentrations in electronics recycling plants 

(Sjodin et al. 2008; Zota et al. 2008; Wang et al. 2007). Outside, the PBDEs suspended in air 

and dust can be released into the environment as a byproduct, either from the degradation of 

products containing PBDEs or by the movement and volatization of PBDEs from a product. 
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Depending on the congener and its specific vapor pressure, it is possible for PBDEs to travel 

great distances suspended in air (NIEHS, 2001).   

An example of PBDE levels in these environmental storage compartments is 

demonstrated in Figure 5. This figure shows the U.S. industry-related decaBDE emissions and 

their levels found in air, surface water, surrounding terrestrial land and publicly-owned 

wastewater treatment works (POTWs). In this study, releases to land dominated but all media 

were found to have concentrations of decaBDE.  

 

 

 

 

 Figure 5. U.S. decaBDE release over time to air, surface water, land, POTWs  

       and total off-site disposal (Hale et al., 2006).    
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5.2. PBDEs in Biota  

The persistence of PBDEs in combination with their widespread exposure in the 

environment have allowed for the buildup of PBDEs in many different types of biota. Similar to 

other persistent contaminants like PCBs, PBDEs have been shown to bioaccumulate in the 

bodies of organisms.  

As previously mentioned, congeners of PBDEs have varying chemical properties, which 

affect their bioaccumulative tendencies within organisms. Interestingly, both low and high 

brominated congeners have been found in biota. (Guo et al. 2007). This came as a surprise to 

some in the scientific community, as highly brominated congeners are comparatively large in 

molecular size and are expected to have a lower tendency to be taken up by organisms. They also 

tend to affiliate with the solid phase, reducing bioavailability. Specific congeners are therefore 

targeted in more recent research, in order to better understand the tendencies of bioaccumulation 

within food webs.  

To discuss the prevalence of every PBDE congener is outside of the scope of this review, 

however one congener of particular concern will be addressed. It is a powerful example of how 

unexpected toxicological properties of chemicals can arise and the effects are unpredictable; a 

major reason why contaminants are so dangerous in the environment.  

As previously mentioned, the only PBDE still being produced in North America and 

Europe, in addition to being produced globally, is decaBDE. The major constituent of decaBDE, 

making up 97-98% of the mixture is the congener BDE-209. BDE-209 is an example of a highly 

brominated congener whose effects on the environment were never addressed during its 

production and distribution. This is because of the bulkiness and hydrophobic nature of BDE-

209; the assumption was made that it would not exhibit bioaccumulative tendencies. In contrast 
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to the idea that this compound is extremely stable, BDE-209 has been shown to  debrominate 

upon exposure to ultraviolet light and also during biodegradation by microorganisms, converting 

it to congeners with greater bioaccumulation tendencies (Birnbaum and Staskal, 2003; La 

Guardia et al. 2007). Not only is the BDE-209 congener being identified intact in aquatic and 

terrestrial organisms (Guo et al. 2007), but potentially harmful BDE-209 breakdown products 

from its debromination are also being detected (La Guardia et al. 2007).  

Just as the bioaccumulation of PBDEs varies depending on the specific congener, 

different organisms experience different levels of bioaccumulation. For example, as discussed in 

NIEHS (2001), many studies have examined the bioaccumulation of PBDE in aquatic organisms 

like fish and mussels, as PBDE is prevalent in these organisms’ tissues and the rate of 

accumulation is relatively rapid. Small rodents like rats and mice, on the other hand, do not seem 

to have high rates of bioaccumulation of PBDE congeners. Animals higher in the food chain 

have more recently been targeted for study, especially when examining unique locations or 

endangered species, like PBDE accumulation in polar bears in the Arctic. Despite the differences 

in bioaccumulation and the prevalence of various congeners between aquatic and terrestrial 

environments, it has been shown across every geographical surface that the concentration of 

PBDEs is increasing in wildlife. 

Organisms from aquatic environments are indisputably the most extensively studied biota 

when examining PBDE contamination. With multiple routes of environmental exposure ending 

up in large bodies of water, PBDEs, in addition to other persistent organic pollutants, end up in 

the tissues of these organisms and working their way up the food chain.  Farmed fish, wild fish, 

crustaceans and marine mammals have all been shown to contain congeners of PBDEs as early 

as the 1980’s, and concentrations appear to be increasing over the years (Luo et al. 2007). 
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Aquatic organisms at high trophic levels have largely varying PBDE congener profiles, whereas 

organisms at low trophic levels tend to have a more uniform PBDE congener profile (Guo et al. 

2007). Similar to terrestrial predators, different PBDE congeners at higher trophic levels can be 

attributed to species having different metabolic abilities and a variety of exposure routes.  

A powerful demonstration of PBDE contamination in aquatic ecosystems is the PBDE 

prevalence in the Arctic aquatic food chain. According to de Wit et al. 2006, the Arctic is an 

ideal location to study persistent contaminants, as it proves their long range transport 

capabilities, the cold conditions favour their persistence and there are fourth trophic level 

carnivores like polar bears. In fact, over the past 30 years polar bears have been targeted as an 

indicator species for contaminants. Polar bears are the apex predator of the Arctic and their 

storage of lipids for energy makes them vulnerable to bioaccumulative chemicals. Dangerous 

contaminants like organochlorine pesticides, PCBs, dioxins and furans have been identified in 

the adipose tissue of polar bears in the Arctic (Muir et al. 2006). Studies which examined the 

long range transport potential of PBDEs have indicated that due to their similar structure and 

behavior to chemicals like PCBs, they too have a similar Arctic accumulation potential (Wania 

and Dugani, 2002). Sure enough, PBDEs have emerged in every tier of the Arctic food chain. 

Multiple studies have found similar results, from a minute concentration in lichen and 

macroalgae, to increasing levels in bivalves and cod, and the highest levels in seals, beluga 

whales and polar bears (de Wit et al. 2006; Muir et al. 2006; Kelly et al. 2008).  
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Figure 6. Mean concentration of PBDEs in the fat of female polar bears from nine    

      different locations in the Arctic (Muir et al. 2006).  

 

 

Predatory birds have been targeted in PBDE research. Carnivorous birds such as the 

peregrine falcon (Chen et al. 2008), osprey, goshawk, various types of eagle (Herzke et al. 2005) 

and various types of gulls (Sjodin et al. 2003) have been found to have significant body burdens 

of PBDEs. A common method used to study PBDE contamination in birds has been to collect the 

eggs and test them for various PBDE congeners. This is due to the transfer of persistent 

contaminants from the mother to the egg. The lipophilic contaminant in the body of the mother 

can be incorporated into the lipids making up the yolk. The developing fetus utilizes the yolk 

throughout its development, therefore accumulating the contaminant (Herzke et al. 2005).    
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 Terrestrial organisms may represent an effective vein for future research. By 

concentrating on PBDE distribution in the terrestrial environment and wildlife, we may be able 

to gain a more thorough insight into the mechanisms of deposition, transport and ultimate fate of 

PBDEs (Mariussen et al. 2008).   

 

6.0. PBDEs and Human Health 

 

6.1. Routes of Exposure  

The discovery of increasing levels of PBDEs in environmental biota quickly led to the 

question, what about humans? When people began to be tested for PBDEs in the body, it became 

apparent that humans have multiple routes of exposure to this contaminant. Upon further 

investigation it has been found that the main routes of PBDE exposure for humans are the diet, 

inhalation and dermal exposure. Inhalation and dermal intake of PBDEs may occur in the home 

or in an occupational setting.   

 

6.1.1. The Diet 

The diet is considered by some to be the major source of exposure to PBDEs for the 

general population. Fish and shellfish are widely known to be the largest contributors of PBDEs 

in the human diet due to the biomagnification of this contaminant in aquatic food chains. This is 

reflected in a study by Schecter et al. (2004) which identified salmon (which eat other small fish, 

larvae and invertebrates) as having the highest total concentration of PBDE at 3078 ppt, versus 

tilapia (herbivorous diet) having a PBDE concentration of 8.5 ppt. Other commonly eaten fatty 
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fish which accumulate PBDE in their fat stores, like salmon, are a major source of PBDE 

contamination in the human diet.       

Other sources of dietary PBDEs are meat and dairy products. Despite the capacity of fish 

to contain high levels of PBDEs, meat products such as chicken, turkey, beef and pork have also 

been shown to contribute to the human body burden of PBDEs, especially in U.S. based studies 

(Wu et al 2007). Food consumption trends are the key to examining this issue. Although meat 

products may not have the PBDE storage capacity of fish, in some places meat is consumed in 

larger quantities and is considered to be the greatest dietary source of PBDEs. Studies based in 

Europe and Japan tend to suggest a higher body burden of PBDE due to fish consumption. This 

is consistent with the fact that in these areas places people eat significantly more fish than in the 

typical American diet (Wu et al. 2007).  

Using fat stores as a signifier for PBDE accumulation capacity parallels the results 

obtained by Schecter et al. (2004), which found that of the dairy products such as cheese, butter, 

goats milk and ice cream contained significant concentrations of PBDEs. Typically, dairy 

products are ranked the third-most contributor of PBDEs in the diet, after fish and meat products.   

It is important to note that although the dietary intake of PBDEs is the most well studied 

route of exposure, many studies have shown significant PBDE exposure via other pathways. 

Many researchers claim that dietary exposure alone cannot account for the high human body 

burden of PBDEs (Costa and Giordano, 2007). Figures 7 and 8 effectively demonstrate the 

contributing routes of exposure to PBDE body burdens in humans. Studies examining alternative 

routes of exposure are crucial to the holistic research behind PBDEs.   
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6.1.2. The Home  

Indoor environments have been shown to be a major exposure route for PBDEs, mostly 

through household air and dust. The mechanism of exposure is thought to be by volatilization of 

lower brominated congeners into indoor air, or the formation of dust during everyday wear on 

furniture, textiles and electrical appliances (Talsness, 2008). Humans can be exposed to 

household dust via direct inhalation, ingestion and dermal exposure on the hands and body. High 

PBDE concentrations in house dust may be due to close proximity to emission sources in a 

household (such as electronics, furniture, carpets) or even a poor ventilation system (Jones-Otazo 

et al. 2005). Although all people are exposed, more susceptible targets in a household may exist. 

Similar to issues of lead and pesticides, young children are susceptible to harmful contaminants 

as they tend to have frequent oral and physical contact with objects and surfaces. It has been 

shown that in young children dust can account for 80-93% of total PBDE exposure (Costa and 

Giordano, 2007; Jones-Otazo et al. 2005). 

 

Figure 7. Exposure pathway contributions to estimated daily intake of PBDE in different life     

      stages of an urban Canadian (Jones-Otazo et al. 2005).  
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Figure 8. Exposure scenarios for PBDEs with estimated daily intakes (EDI) per day and           

      percentage contributions of exposure pathways (Jones-Otazo et al. 2005).   

 

6.1.3. The Workplace  

Occupational exposure to PBDEs has been identified in the electronics industry. Because 

of the prevalence of flame retardants in electronic equipment, occupations involving the 

recycling of electronics, repair and maintenance, or their manufacturing have been targeted in 

PBDE research (Sjodin, 2003). Examples of these electronics are computers, televisions, stereos 

and heavy machinery. In this type of work environment, PBDEs can be liberated from electronic 

devices and become airborne or attached to dust particles, often in enclosed work spaces or 

factories. Workers are therefore exposed to PBDEs through inhalation of contaminated air and 

dermal contact in these environments (Qu et al. 2007).  

Currently, a major issue in PBDE contamination is the issue electronic waste (E-waste) 

depots in places like China and India. Luo et al. (2009) discuss how China is a major dumping 
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site for e-waste, receiving 50-80% of global e-waste (legally or illegally transported). These 

devices are taken apart only for their valuable metals and the resulting plastic and electronic 

parts are burned or dumped in surrounding areas. PBDEs from the electronics can be transferred 

into the air and dust, exposing workers as well as the surrounding environment (Luo et al. 2009). 

In fact, a study by Qu et al. (2007) found that the e-waste dismantling workers in Southern China 

had the highest concentrations of PBDE congeners reported in humans worldwide. The 

following chart is a comparison of the type and amount of PBDE congeners of the workers from 

the plant, of residents from a 50km radius around from the plant, and a reference population.               

 

Table 1. Concentration of PBDE congeners in Duangong, South China (Qu et al. 2007). 
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6.2. Measuring PBDE Exposure in Humans  

 Studies testing for PBDE body burden in humans typically test one of the following three 

media: human tissues, blood, or breast milk. Of the first two methods, using blood serum is the 

most widely used technique to test for PBDEs in the body as it is the least invasive procedure; 

however human liver and adipose tissue are sometimes targeted for research. Despite the 

increasing prevalence of these studies in scientific literature, testing for PBDEs in breast milk is 

generating the most concern in terms of human exposure. Nursing mothers can be exposed to 

PBDEs through the contamination of air, dust and food. Due to the persistent and lipophilic 

nature of the chemical, PBDEs are retained in the mother’s adipose tissue and can be transferred 

either directly to the fetus or can be passed through the breast milk to the nursing infant (Raab et 

al. 2007). The concentration of PBDEs in human breast milk has shown to be increasing steadily 

over the past 20-30 years, some finding levels to double within a five year period (Darnerud et 

al.2001) as demonstrated in Figure 9.       

                            

Figure 9. Time trend of the sum concentrations of 8 PBDE congeners in pooled                           

         mother’s milk samples from Swedish mothers living in the Stockholm region      

         (Darnereud 2001).   
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In contrast to these results, other studies have found encouraging results when examining 

PBDE levels in breast milk. Ikonomou et al. (2002), Sjodin et al. (2003) and a study by NRDC 

(2005) found that in Sweden, levels of pentaBDE in breast milk peaked around 1998 and have 

been decreasing since (as demonstrated in Figure 10). This trend can be attributed to the 

voluntary ban on pentaBDE production and utilization in Sweden in the mid 1980’s. It is evident 

that public health intervention in PBDE exposure can be effective; a decrease in PBDE 

concentration in biota and humans can occur just like PCBS and DDT.   

 

 

 

 

Figure 10. Trends of PCBs, PBDEs and a DDT metabolite in breast milk from Sweden  

          (NRDC, 2005).  
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6.3. Potential Toxicity in Humans  

 

6.3.1. Potential Health Effects of PBDEs 

There is a significant amount of evidence suggesting that the human body burden of 

PBDEs is on the rise all over the world. Yet, the implications for human health are still a grey 

area. As previously mentioned, PBDEs have been experimentally associated with hepatotoxicity, 

endocrine disruption, immunological effects, thyroid disruption, cancer, developmental issues 

and a host of other health problems. Because the literature on the health effects of PBDEs is 

widespread and often inconclusive, this review will touch on one specific health issue: the link 

between PBDEs and the disruption of thyroid hormone homeostasis. The disruption of this 

process by PBDEs may be associated with developmental and behavioral issues. This aside will 

demonstrate a major potential consequence of PBDE exposure, but will also highlight how more 

scientific inquiry is needed in order to gain definitive results in this research field.      

 

6.3.2. PBDEs, Thyroid Hormones and Developmental Issues  

 It is well established that thyroid hormones are crucial for brain development. Insufficient 

levels of thyroid hormones can lead to post-natal thyroid insufficiency, which in turn has been 

linked to developmental problems in children (Zoeller, 2003; Costa and Giordano, 2007; 

Charboneau et al. 2008). The investigation into environmental agents that may affect thyroid 

homeostasis is therefore an important area of research. It has, however, proven to be a difficult 

research stream. Although research using animal models is occurring, very few epidemiological 

studies have been conducted in order to link the experimental research to human health 

outcomes.   
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 The thyroid system is an excellent example of a neuroendocrine feedback pathway. The 

hypothalamus controls the pituitary gland, which in turn controls the thyroid. The interactions 

between thyroid secretions, the hypothalamus and the pituitary maintain normal thyroid hormone 

action (Zoeller, 2003). The thyroid produces thyroid hormones thyroxine (T4) and 

triiodothyronine (T3) which get carried by proteins to regulate metabolism and exert functions in 

many body systems. These thyroid hormones exert a negative feedback effect on the pituitary to 

maintain their appropriate concentration in the blood.  

 PBDEs are suggested to act as endocrine disruptors within the thyroid system. In general, 

an endocrine disruptor is defined as a chemical or substance produced synthetically or naturally 

that can block, mimic or displace hormones. As discussed by Charboneau and Koger (2008), 

there are three main reasons why endocrine disrupters are a concern to human health. Firstly, 

hormones that can be manipulated by endocrine disrupters tend to play a crucial role in fetal 

development. Another factor which is applicable to PBDEs is that endocrine disrupters tend to be 

lipophilic and bioaccumulate in human tissue, making it difficult to eliminate them from the 

body. Lastly, endocrine disrupting chemicals tend to be mobile in the environment, thus these 

chemicals have no geographical barriers and can be found all over the world. PBDEs aptly fit the 

profile as endocrine disruptors.      

 Acting as endocrine disruptors, PBDEs have been added to the list of environmental 

contaminants suspected of interfering with thyroid hormone homeostasis. However, the 

mechanisms by which this occurs are speculative and only partially understood. What is known 

is that some environmental contaminants, like PBDEs, have the ability to reduce circulating 

thyroid hormone levels, leading to hypothyroidism in animal models (Darnerud, 2001; Costa and 

Giordano, 2007). This is especially important for neonatal exposure to PBDEs: a fetus receives 
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thyroid hormones from the mother before the fetus can make the hormones for itself. For the first 

nine weeks of gestation, the human fetal brain utilizes those maternal hormones for brain 

development and later is able to make its own thyroid hormones (Zoeller, 2003). Due to the 

importance of thyroid hormones in brain development, hypothyroidism has been associated with 

neurological and behavioral effects (Zoeller, 2003; Costa and Giordano, 2007; Charboneau and 

Koger, 2008).  

Although the mechanism by which PBDEs lead to hypothyroidism is currently under 

debate, the research examining developmental issues as an endpoint of PBDE exposure have had 

some consistent results. Eriksson et al. (2001, 2002) examined neonatal exposure to PBDEs in 

mice and found in both studies that this exposure was associated with permanent dysfunction in 

spontaneous behavior (the ability to adapt to the surrounding environment). They also found that 

neonatal exposure to PBDEs was associated with decreased learning and memory function in 

adult mice. This suggests that when a fetus is exposed to PBDEs at a time of rapid brain 

development it can have lasting consequences into adulthood which often worsen with age. 

Similar findings of memory loss, poor physical performance and poor habituation capabilities 

upon neonatal PBDE exposure have been found by McDonald (2002) and Viberg et al. (2003). It 

must be noted that toxicity studies tend to focus on specific congeners of PBDEs, as different 

congeners elicit different responses in test subjects.    

 In summary, the research behind PBDE toxicity is an ambiguous field which has been 

widely hypothesized. The consistently obtained results indicate that PBDE exposure in test 

animals causes a decrease circulating levels of thyroid hormones, leading to hypothyroidism. 

Animal models have demonstrated a correlation between PBDE-induced hypothyroidism and 

developmental issues in offspring. The difficulty is linking this research to humans.  
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 A very few number of studies have been conducted which examine the effects of PBDEs 

on thyroid hormones in humans. Furthermore, the studies which have been conducted have 

ceaselessly found conflicting results, contradictory to the animal models. For example, Julander 

et al. (2005) measured PBDEs in blood samples from workers in an electronics recycling facility. 

This study found no statistically significant results that indicated any effect on thyroid function 

due to PBDE levels in the workers; in fact, they went so far as to say that any PBDEs in the 

workers’ bodies must have been due to the food they consume and not their working conditions. 

Another study by Bloom et al. (2007) took blood samples from Great Lakes fishermen, a 

population with a potentially elevated dietary exposure to PBDEs because of their level of fish 

consumption. Again, no statistically significant result was found between PBDE level and 

thyroid hormone level. Interestingly, one study by Turyk et al. (2008) found a weak, but 

nonetheless positive association between PBDE concentrations and the thyroid hormone T4 in 

humans, the antithesis of what has been found in animal models.   

 With a handful of studies and no definitive results, this realm of scientific research is in 

need of some long term epidemiologic studies. Currently, there is a thought-provoking and 

logical link between PBDEs, thyroid hormone homeostasis, and developmental issues in animal 

models, but nothing to substantiate these theories in the human population. Examining the 

literature behind this specific health risk has demonstrated that although we know that PBDEs 

are building up in our bodies and in the world around us, the consequences of this ubiquitous 

contaminant are not yet within our comprehension.    
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7.0. Summary of Main Points  

 

 PBDEs have been found across the globe in air, soil and sediment. The existing literature 

examining PBDE transportation and storage is becoming more and more prevalent.  

 Research on the body burden of PBDEs in biota is substantial. This research has shown 

that PBDEs in the bodies of aquatic organisms are increasing over time and 

bioaccumulating. The health effects these chemicals are exerting on aquatic populations 

is unknown.   

 As is the case for other persistent contaminants, the Arctic environment is thought to be 

particularly susceptible to PBDEs contamination.   

 Humans are exposed to PBDEs by the diet, the home and the workplace. From these 

exposure routes, two major susceptible populations have been identified. One population 

is young children, potentially exposed to PBDEs in breast milk and PBDEs adhered to 

dust particles in the home. Secondly are workers in the E-waste industry, the largest 

population of which are in China and India.   

 Despite prolific evidence showing PBDE accumulation in the human body, health 

outcomes of PBDE exposure are unknown.   

 Experiments using animal models have found that PBDEs act to decrease thyroid 

hormone levels, leading to hypothyroidism. PBDE-induced hypothyroidism was 

associated with developmental and behavior impairment in this animal models. Only four 

epidemiological studies examined the relationship between PBDE exposure and thyroid 

levels, and not one of the four studies generated results which supported the animal 

model theory.  
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 Significant research gaps exist between environmental exposure and transportation, 

PBDE concentrations and actions in biota, and PBDE concentration and actions in the 

human body.   

 

8.0. Conclusion: The Future of PBDEs  

 

 This review examined the existing literature on polybrominated diphenyl ethers in a 

holistic manner. From this review, major themes about PBDE and associated flame retardant 

research have become apparent.   

 Particular aspects PBDE research is very topical and thoroughly investigated at this point 

in time. There have been many studies published in 2008 and 2009 alone looking at PBDE 

transport in the environment: levels in aquatic ecosystems, concentrations in house dust, 

concentrations in breast milk, the effect on thyroid hormones in rodents, in addition to many 

others. This vein of research is a hot topic, and is certainly not being ignored. The problem 

remains, however, that gaps in the literature are prolific. How do we jump from the body burden 

of PBDEs in a trout from Lake Ontario, to the health outcomes of a lab rat when injected directly 

with PBDEs, to the subsequent implications for human health? There are a lot of questions that 

have yet to be answered, and interdisciplinary studies will inevitably have a large role in these 

research questions.  

 Epidemiology needs to play a much larger role in the upcoming wave of PBDE research. 

As previously discussed, the four studies which examined PBDE exposure and thyroid hormone 

levels focused on at-risk populations.  All of these populations were adult males with suspected 

occupation exposure to PBDEs. Although occupational exposure to PBDEs is a major issue in 
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public health research, epidemiologic studies in the future should diversify and develop a focus 

on young children, a susceptible population to contaminants. Studies are needed that use large 

sample sizes and follow a population over a long period of time. Optimally, studies would be 

over a substantial time frame, so that at-risk female populations could be tracked through their 

pregnancies. In this way, the health of the baby could be examined in utero, after birth and until 

early adolescence or even adulthood.    

Because of the lack of overlap in PBDE research, no organization or government 

institution has stepped back and realized that all of these differing results, in fact, all point to one 

conclusion: the precautionary principle should be applied to PBDEs. The following are a few 

examples which demonstrate the many red flags of PBDE research.   

 Many review articles discussed the PBB incident that caused massive 

contamination, loss of animal lives, and widespread illness in Michigan in the 

1970’s. As shown in Figure 2, the only thing differentiating PBBs from PBDEs is 

one ether linkage and the fact that a major environmental disaster happened to one 

and not the other.  

 Other studies have looked in detail at the similarities between PBDEs and PCBs. 

Some of the similar characteristics are persistence, lipophilicity, bioaccumulation, 

transportation and storage in the environment. What is differentiating PBDEs and 

PCBs, however, is that PBDE levels in the environment are still on the rise and 

previously banned PCBs, proven to exert significant health effects, are on the 

decline.  
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 Predatory birds have been found to have high concentrations of PBDEs, as 

previously discussed. A history with environmental contaminants like DDT has 

shown what persistent, lipophilic chemicals can do to these sensitive populations.  

These three examples, on their own, don’t put forward enough evidence to promote action 

against PBDEs. But looking at these factors together, it seems illogical that no action is being 

taken; an unfavourable environmental outcome seems inevitable.  

With many more than just three examples suggesting the future of PBDEs, the 

precautionary principle should be playing a role in PBDE production and distribution.  Humans 

have a history of distributing harmful chemicals into the environment, and we often fail to act 

until a major disaster or scientific discovery occurs. Ironically, it is not until an event occurs 

which causes a loss of lives and environmental damage that laws are created which prevent these 

atrocities from happening in the future. Even the most well versed researchers in PBDE research 

do not know the role that this contaminant will play in the future; why wait around to find out?  
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