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SUMMARY
Introduction
The main aim of this thesis was to investigate the concentrations of polybrominated
diphenyl ethers (PBDEs) in residential dust and plasma samples of pregnant women
living in Western Australia. PBDEs are a type of brominated flame retardant, a
chemical that has been used in consumer goods to reduce their flammability. There is a
growing body of research around concentrations, toxicity and health effects of PBDEs
in humans. However, little is known about PBDEs and environmental exposure in the
Western Australian population. Hence, by using environmental and biological samples
to measure PBDE concentrations this thesis has helped to improve our understanding of
concentrations and possible predictors of exposure in Western Australia.

Methods
Pregnant women, aged 18 years or older, who were non-smokers, not occupationally
exposed to persistent toxic substances and living in Western Australia were recruited
between 2008 and 2011 to the Australian Maternal Exposure to Toxic Substances
(AMETS) study. Recruitment targeted pregnant women in both rural and metropolitan
areas across Western Australia.
Participants completed a questionnaire that focused on demographic and lifestyle
information and also included questions relating to activities that may increase exposure
to PBDEs.
A sub-sample of 30 residential dust samples were analysed for PBDE content by the
National Measurement Institute.
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At 38 weeks gestation, each participant provided blood samples. Concentrations of
PBDEs were analysed in 164 plasma samples by the Nha Trang Pasteur Institute.

Results and Conclusions
PBDEs were present in residential dust in Western Australia and concentrations were
higher than levels observed in previous Australian studies. The data suggest that
concentrations are higher in urban areas.
PBDEs were detected in all plasma samples from pregnant women at concentrations
higher than in samples from parts of Europe and Japan.
Due to the persistence of PBDEs in the environment and in humans, further work is
now required to understand the impact on human health due to the uncertainty that
exists around the compounds’ mechanisms of action.
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INT
TRODUCTIION AND BACKGROU
UND

Urbanissation, miniing, industriial and agriccultural actiivities are so
ources of peersistent org
ganic
pollutannts (POPs) in
i the environment. PO
OPs are syn
nthetic comp
pounds and include pessticides,
polychllorinated bipphenyl (PCB
Bs), dioxinss, perflurinaated chemiccals, phalatees and flamee
retardannts. Most POPs
P
have th
hree characcteristics; th
hey are lipop
philic, persi st in the
environnment and have
h
the abillity to biom
magnify (US EPA, 2012
2). POPs caan thereforee be
transporrted in the environmen
e
nt from wheere they werre originally
y manufactuured or used
d and
can be ffound in varrious compaartment of tthe environm
ment wheree they are avvailable to humans.
h
This theesis will foccus on Brom
minated Flam
me Retardants (BFRs),, specifically
ly polybrom
minated
diphenyyl ethers (PB
BDEs). BFRs have beeen used sincce the 1970s in consum
mer goods to
o reduce
their flaammability (Alaee and Wenning, 22002; de Wit,
W 2002; Erriksson et all., 2001). These
T
chemicaals are preseent in electrronic equipm
ment, furnitture foams and
a textiles which are
abundannt in microeenvironmen
nts where huumans spend most of th
heir time. PPBDEs havee been
found inn dust, air, food
f
and hu
umans. Theey have been
n recognised as potentiially causing
adversee health effeects in anim
mals, childrenn and adultss, including
g acting as eendocrine
disruptoors and caussing neurolo
ogical effeccts.

1.1 B
Brominated
d flame reetardants
There aare over 75 different
d
ch
hemicals thaat are known
n as flame retardants
r
annd they are
classifieed into fourr groups: ino
organic, hallogenated organic, orgaanophosphoorus and nitrrogen
based compounds and
a mixturees (Alaee ett al., 2003; Alaee
A
and Wenning,
W
20002; Birnbaaum and
Staskal,, 2004). Thhe second grroup is the ffocus of this thesis. Haalogenated fflame retard
dants
are eithher chlorinatted or brominated. Broomine is thee main chem
mical used inn flame retaardants
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as lower quantities are required to prevent the combustion process and it is inexpensive
(Birnbaum and Staskal, 2004).
BFRs act by releasing bromine atoms into the gas phase, this prevents a chemical reaction
from occurring and instead of the product igniting, smouldering occurs (European Flame
Retardants Association, nd). Historically there have been three major producers with sites in
the United States of America (USA), Israel, Europe, Asia and the Middle East (Bromine
Science and Environmental Forum, 2000; de Wit, 2002; Mc Pherson et al., 2004; Ohta et al.,
2002). BFRs have never been produced in Australia; however, they have been imported as
pure chemicals or mixtures (for scientific purposes) and as part of finished products
(NICNAS, 2001).
In 2001, 56% of global consumption of BFRs was in Asia followed by the Americas (29%)
and Europe (15%). Global demand for BFRs also increased by 75% between 1992 to 1999
(Sjödin et al., 2003).
There are five main types of BFRs: brominated bisphenols (PBB), PBDEs, cyclododecanes,
phenols and phthalic acid derivatives (Birnbaum and Staskal, 2004). BFRs can either be
reactive, meaning they are chemically bonded into plastics, or they can be additive meaning
they are blended with the polymer. Additive brominated flame retardants include PBDEs,
PBBs and hexabromocyclododecane (HBCD). Tetrabromobisphenol A (TBBPA) is a unique
BFR, because while it is mainly used as a reactive flame retardant it can also be used as an
additive. PBDEs make up one third of all BFRs produced and the remaining consists of over
30 other brominated compounds which include PBB, TBBPA and HBCDs (Darnerud, 2003).
There are 209 PBDE congeners and mixtures of these make up three formulations of PBDEs:
penta-BDE, octa-BDE and deca-BDE, which are included in different products. Specific
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products that contain PBDEs include circuit boards and housings of electronic equipment,
soft furniture foam and textiles.
Penta-BDE is a mixture of mainly BDE-47 and BDE-99 and is included in polyurethane
foams and circuit boards (La Guardia et al., 2006). Octa-BDE comprises largely BDE-183,
BDE-196 and BDE-197 and deca-BDE comprises predominantly BDE-209. The octa- and
deca-BDEs are used in housings of electronics, plastics, polystyrene, polybutylene
terephthalate, polyamides and textiles (Stapleton et al., 2005).
Consistent with all POPs, PBDEs easily transfer to air, water and soil (Sjödin et al., 2003).
They are ubiquitous in the environment and they are known to be persistent, lipophilic and
bioaccumulate through the food web (Alaee and Wenning, 2002).
Uncertainties exist around how PBDEs migrate out of products and enter the environment.
Research indicates that congeners are highly sensitive to light and heat and higher brominated
congeners can break down (or debrominate) to lower brominated congeners (Davis and
Stapleton, 2009; Stapleton and Dodder, 2008). The lower brominated congeners (i.e. those
with fewer bromine atoms, such as BDE-47) are more volatile because they have a higher
vapour pressure compared with higher brominated congeners making them more persistent
(Birnbaum and Cohen Hubal, 2006; Thuresson et al., 2006). This is of concern because
lower brominated congeners can be more easily absorbed by the intestine and bioaccumulate
due to their lower half-life (Watanabe and Sakai, 2003; Watanabe and Tatsukawa, 1987).
However, in humans BDE-153 is estimated to have a longer half-life than BDE-47, BDE-99,
BDE-99 and BDE-153 (Geyer et al., 2004).
PBDEs are included in products as mixtures (rather than single congeners) and once
debromination occurs it becomes difficult to determine which product the PBDEs originated
from or which congeners are responsible for exposure (Birnbaum and Cohen Hubal, 2006).
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1.2 Human exposure
Many household products contain PBDEs and therefore they are found in domestic
environments as well as in environmental media. The main pathways of exposure to PBDEs
are through consumption of contaminated foods, inhalation or ingestion of contaminated dust
or air and via occupational activities in industries that use and produce PBDEs (Frederiksen
et al., 2009; Sjödin et al., 2003). For humans, dust and diet are potentially the most
important sources of PBDE exposure. However, a combination of these sources is likely to
affect exposure and the contribution of each source may depend on a variety of factors such
as: geographical location, age, occupation, the length of time people spend in different
microenvironments and their activities.
Indoor dust has been reported to account for up to 82% of PBDE exposure in a North
American adult (Lorber, 2008). While the indoor environment appears to be an important
factor influencing concentrations of PBDEs in humans this may not be the main source of
exposure for all populations. A combination of exposures may be responsible and therefore
aggregate exposure measures should be considered. Exposure can vary depending on
geographical location and demographics of the population of interest.
For infants the main source of exposure is maternal milk (Toms et al., 2008; Toms et al.,
2009) and for toddlers exposure via dust is responsible for up to 80% of concentrations
detected (Allen et al., 2007; Wilford et al., 2005). Dust is thought to be the most important
route of exposure for adults in North America (Lorber, 2008; Wu et al., 2007). Yet in Europe
and Australia, diet is suggested to be the most important source of exposure (Besis and
Samara, 2012; Darnerud et al., 2001; Knutsen et al., 2008; Toms et al., 2012).
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1.2.1

Exposure within the indoor environments

Homes, workplaces and vehicles contain products which have PBDEs added to them, such as
textiles, foams and plastics (Frederiksen et al., 2009). PBDEs can leach from these products
and lead to human exposure. The indoor environment is an important consideration for
exposure as Australians spend approximately 90% of their time indoors (Australian Bureau of
Statistics, 2008).
PBDEs are commonly used in upholstered furniture and when used contribute to between
10% and 30% of polyurethane foam weight (Hale et al., 2002; Hites, 2004). Recently,
Stapleton et al. (2011) detected PBDEs in foam samples from baby products. The products
tested included car seats and car seat pillows, changing table pads, portable mattresses and
rocking chairs and were purchased between 2000 and 2007 in North America (Stapleton et
al., 2011)
Bromine has also been detected by X-ray fluorescence in a range of electronic equipment
(televisions, entertainment systems, computers, power adapters, remote controls, telephones,
alarm clocks) and soft furniture (couches, futons, chair, mattresses, and pillows) in North
American homes. Concentrations were highly variable (range for electronic equipment
<LOD to 190,698 ppm and furniture <LOD to 34,339 ppm). Concentrations in 29 samples of
plastic (from television and computer housing) and foam (chair) were validated using gas
chromatography–mass spectrometry (GC/MS) and results for these two methods were highly
correlated (r= 0.93, p < 0.0001) (Allen et al., 2008). This indicates that X-ray fluorescence is
a valid tool to determine bromine content.
1.2.1.1 Dust as a source of exposure
Chapter Four reviews in more detail the published literature on PBDE concentrations in dust
comparing concentrations across home, office and vehicle environments, country and method
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of sample collection and analysis. In sum, dust is an important source of exposure to PBDEs
and the data to date suggest that humans are exposed to the highest concentrations in
vehicles, followed by offices and homes.
Recently, hand wipes have also been used as a novel means of measuring exposure to
PBDEs. Hands are in constant contact with products that contain PBDEs (appliances,
furniture and dust) and due to hand to mouth contact, ingestion may be an important route of
exposure. Dermal exposure has also been suggested however, this route is not associated
with toxicity in laboratory studies (US EPA, 2008a; US EPA, 2008b). Penta-BDE
concentrations in 31 hand wipes were positively correlated with serum concentrations in a
sample of adult office workers from Boston (r=0.44, p value= 0.01) (Watkins et al., 2011).
These authors also found that concentrations in hand wipes were moderately correlated with
concentrations in dust from participants’ bedroom (r=0.39, 0.04) and offices (r=0.35 p
value=0.06), but were not correlated with dust from their main living area (r=-0.05, p
value=0.77) (Watkins et al., 2012). Stapleton et al. (2012) compared concentrations of
PBDEs in serum of toddlers and compared these with concentrations in hand wipes and
residential house dust. Eighty-one out of 83 hand wipe samples contained PBDEs (3PBDE
geometric mean 33.7ng, range= 3.2–2,152). 3PBDEs were also detected in 99% of serum
samples (GM=35.2, range 4.5 to 642 ng g -1 lipid) and 100% of house dust sample (GM=
2,057, range= 145 to 71,150 ng g -1). Concentrations of 3PBDE were positively correlated
between serum and hand wipes (r = 0.59 p < 0.0001) and a weaker correlation was observed
between dust and hand wipes (r=0.36, p value= 0.001). Stapleton et al. (2012) commented
that the stronger correlations found in their study were most likely due to toddlers exhibiting
more hand to mouth contact and greater dust ingestion.
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There are several limitations associated with the use of hand wipes as a method of
determining PBDE exposure. Unlike biological samples, hand wipes reflect recent exposure
and concentrations are likely to be dependent on activity immediately prior to sampling (e.g.
occupation). They are also affected by hand washing habits and therefore unlikely to be a
true indication of long term exposure.
The sample size in each of these studies was small and they are based on one single
collection of PBDE concentrations hence detection limits could be affected. Furthermore, the
population was very specific; therefore results may not be generalisable to other populations.
However, they suggest that exposure to PBDEs is occurring in the indoor environment.
1.2.1.2 Air as a source of exposure to PBDEs
PBDEs have also been detected in indoor air and a recent review of 16 journal articles
summarized concentrations in homes, work places and vehicles (Besis and Samara, 2012).
Median concentrations in air from homes ranged from 8.2 pg m3 in Kuwait (range 2.5 to 139
pg m3) to 760 pg m3 in the USA (range 210 to3980 pg m3). Authors examined a range of
workplaces including internet cafes, e-waste recycling facilities and offices. The samples
which made up the lower and upper range were both from offices, the lower from Kuwait
(median 8.6, range ~2 to 385 pg m3) and the higher from Sweden (median 4000 pg m3 ,
range= 140 to 7300 pg m3). Three studies reporting concentrations in vehicles were reviewed
and median concentrations ranged from 41 pg m3 (range 11 to 8184 pg m3) to 510 pg m3
(range 250 to 2800 pg m3) in vehicles from the UK and Sweden respectively. This review
concluded that exposure in air was probable, but less important than exposure via dust and
diet. At this stage it is difficult to draw conclusions about geographical differences or
differences by microenvironment for indoor air concentrations of PBDEs as there are limited
studies from each country.
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1.2.2

Diet as a source of exposure to PBDEs

Thirty two published journal articles investigating diet as a source of PBDE exposure were
reviewed by Domingo (2012). The highest concentrations of PBDEs were reported to be
present in lipid rich foods such as seafood, fats and oils and some dairy products. Domingo
(2012) reported that the most commonly reported congeners were BDE-47, BDE-49, BDE99, and BDE-209. However, the number of congeners investigated varies between studies
(five to 36 congeners investigated), which can affect comparability between studies.
A key feature of the review conducted by Domingo (2012) was the grouping by country or
region. Eleven European studies have measured PBDEs in food samples and combined with
questionnaire data PBDE intake was estimated to range from 20.8 ng/day (fish and seafood)
to 98 ng/day. Nine studies from China, Hong Kong and Japan estimated the intake of PBDEs
to be 9.9 ng/day for fish, meat and seafood and 308 ng/day for consumption of fish only.
Five studies from North America were included in this review and estimated dietary exposure
to PBDEs ranged from 14.9 ng/day from the consumption of lean meats to 84 ng/day from a
range of 62 food samples). Finally, one study from Australia estimated a total PBDE intake
of 71.9 ng/day for males and 83.2 ng/day for females from seafood products.
Hermanussen et al. (2008) measured concentrations of PBDEs in a range of marine mammals
as well as in wild caught seafood. The authors found that mean concentrations of PBDEs in
seafood collected from Queensland, Australia ranged from 12 to 150 ng g -1 lipid weight (lw).
These concentrations were, in the main, comparable to levels found in Asian and European
seafood samples (range 6.8 to 230 ng g -1 lw and 4.4 to 20,000 ng g -1 lw, respectively) and
lower than from North America (100 to 4200 ng g -1 lw). The upper range for the mean
PBDE concentrations in Europe was reported form two perch samples and was much higher
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than other reported samples. In European samples seafood caught in rivers and estuaries had
higher concentrations of PBDEs than in marine environments.
Geographical differences and food consumption habits vary between and within countries
and therefore estimated dietary exposure to PBDEs may not be transferrable from region to
region. Australians spend the smallest proportion of their weekly food budget on fish and
other seafood, with spending on takeaway and fast food, meat, dairy, fresh fruit and
vegetables and confectionary taking precedence (Australian Bureau of Statistics, 2012). In
2004 the National Oceanic and Atmospheric Administration (2004) estimated Australians to
consume 26.0 kilograms of fish and shellfish per capita annually, this is similar to North
America (24.2 kg per capita) and parts of Europe (United Kingdom 21.4 kg/per capita, New
Zealand 26.5). However it is much lower than high fish consuming countries (Norway 51.5,
Iceland 91.0, Faroe Islands 85.9, Maldives 142.4) (National Oceanic and Atmospheric
Administration, 2004). Therefore dietary exposure through seafood may not be as important
in Australia compared with other countries; both because the level of consumption and
concentrations of PBDEs tend to be lower than elsewhere.
Much of these data are collected using food frequency questionnaires or diet diaries which
may be limited by reporting and recall bias around portion sizes and frequency of
consumption. Diverse dietary patterns internationally will also affect estimates of exposure
to PBDEs in humans. Furthermore, Domingo (2012) identified that methods used to measure
PBDEs in food varied across studies and results therefore comparisons need to be treated
with caution. For example, some studies focused on one particular food (butter, fish or eggs)
while others assessed daily food portions or concentrations in market basket surveys. At this
stage data comparison between studies is limited.
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1.3 Potential health effects
Exposure to PBDEs is an emerging area of health concern. Neurobehavioural effects have
been reported in human studies (Chao et al., 2011; Gascon et al., 2012; Gascon et al., 2011;
Herbstman et al., 2010; Hoffman et al., 2012; Kiciński et al., 2012; Roze et al., 2009).
PBDEs have also been reported as endocrine disruptors, though results are inconsistent
(Bloom et al., 2008; Chao et al., 2007; Chevrier et al., 2010; Chevrier et al., 2011; Costa and
Giordano, 2007; Fonnum and Mariussen, 2009; Kim et al., 2012; Main et al., 2007; Meeker
et al., 2009; Zhang et al., 2010; Zota et al., 2011). Other health effects have been identified,
such as reproductive toxicity (Akutsu et al., 2008; Carmichael et al., 2010; Chao et al., 2007;
Hardell et al., 2006; Harley et al., 2010; Main et al., 2007) and adverse birth outcomes (low
birth weight, premature delivery, stillbirth) (Chao et al., 2007; Foster et al., 2011; Harley et
al., 2011; Wu et al., 2010). Pregnant women are a vulnerable group as exposure to PBDEs
during the prenatal period can have detrimental short and long term effects on both mother
and the child (Stillerman et al., 2008).

1.4 Regulation
There have been several initiatives to reduce exposure to PBDEs. In the USA the use and
importation of penta- and octa-BDE has been banned since 2004 and more recently a
voluntary phase out of deca-BDE has been recommended from 2013 (US EPA, 2013).
In the European Union, under the Registration, Evaluation, Authorisation and Restriction of
Chemical substances (REACH) initiative and the Restriction of the use of certain Hazardous
Substances in electrical and electronic equipment Directive (RoHS), the use of pent- and
octa-BDEs has been banned and more recently restrictions are being applied to the use of
deca-BDE (Bromine Science and Environmental Forum, 2011; Bromine Science and
Environmental Forum, 2012).
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In Australia, the government regulator, the National Industrial Chemicals Notification and
Assessment Scheme (NICNAS) has banned the manufacture and importation of penta- and
octa-BDEs. Deca-BDE is currently unregulated (NICNAS, 2007a; NICNAS, 2007b).
The Stockholm Convention is an international treaty which aims to protect the environment
and humans from exposure to POPs. Penta- and octa-BDEs have been added to Annexe A,
which requires signatories to the Convention to eliminate the production and use of these
chemicals (Stockholm Convention, nd). Currently there are no plans to eliminate deca-BDE.
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1.5 Rationale for the research
The aim of this thesis was to investigate concentrations of PBDEs in residential dust and
plasma of pregnant women living in Western Australia. The rationale for undertaking this
research was as follows:
1. Exposure to PBDEs is an emerging area of health concern internationally;
2. There are no Western Australian data available on PBDE concentrations in dust or
individual concentrations in plasma;
3. There is limited understanding of PBDEs and environmental exposure in the West
Australian population.
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1.6 Statement of aims
This research was conducted as part of an Australian Research Council (ARC) funded project
in collaboration with the Arctic Monitoring and Assessment Programme (AMAP) titled the
Australian Maternal Exposure to Toxic Substances (AMETS). The study investigated
persistent toxic substances in the environment, including PBDEs, organochlorine pesticides,
dioxins, some PCB congeners and metals (cadmium, lead, aluminium, mercury, chromium,
arsenic, nickel, manganese). Data collection included questionnaires, diet diaries, and water,
soil, blood, urine and dust samples.
The following aims focus on PBDEs:
↘ Determine the concentrations of PBDEs in dust samples from selected homes of a sample
of pregnant women in Western Australia;
↘ Determine the concentrations of PBDEs in plasma from a sample of pregnant women in
Western Australia and:
–

Compare concentrations by location, age and socio-economic status;

–

Investigate the relationship between environmental factors and concentrations of
PBDEs;

–

Investigate the relationship between dietary exposure and concentrations of PBDEs;

–

Explore relationship between concentrations of PBDEs and birth outcomes in order
to generate hypotheses for further research.
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1.7 Organisation of thesis
This thesis integrates three papers, a literature review and a discussion of results, findings and
recommendations for future research.
Chapter 1:

Introduction and overview of the thesis

Chapter 2:

Literature Review: Maternal body burden and potential health and other
effects [Manuscript]

Chapter 3:

Concentrations of polybrominated diphenyl ethers (PBDEs) in residential dust
samples from Western Australia [Published paper]

Chapter 4:

A systematic review of polybrominated diphenyl ethers (PBDE) in dust
comparing concentrations across home, office and vehicle microenvironments,
country and method of collection [Paper for publication, to be submitted mid
2013]

Chapter 5:

Polybrominated diphenyl ether (PBDE) concentrations in plasma of pregnant
women from Western Australia [Submitted]

Chapter 6:
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Discussion of overall findings

1.8 References
Akutsu, K., Takatori, S., Nozawa, S., Yoshiike, M., Nakazawa, H., Hayakawa, K., Makino,
T. & Iwamoto, T. 2008. Polybrominated diphenyl ethers in human serum and sperm
quality. Bulletin of Environmental Contamination and Toxicology, 80, 345-350.
Alaee, M., Arias, P., Sjödin, A. & Bergman, Å. 2003. An overview of commercially used
brominated flame retardants, their applications, their use patterns in different
countries/regions and possible modes of release. Environment International, 29, 683689.
Alaee, M. & Wenning, R. J. 2002. The significance of brominated flame retardants in the
environment: current understanding, issues and challenges. Chemosphere, 46, 576582.
Allen, J. G., McClean, M. D., Stapleton, H. M., Nelson, J. W. & Webster, T. F. 2007.
Personal exposure to polybrominated diphenyl ethers (PBDEs) in residential indoor
air. Environmental Science & Technology, 41, 4574-4579.
Allen, J. G., McClean, M. D., Stapleton, H. M. & Webstert, T. F. 2008. Linking PBDEs in
house dust to consumer products using X-ray fluorescence. Environmental Science &
Technology, 42, 4222-4228.
Australian Bureau of Statistics 2008. 4153.0 - How Australians use their time, 2006
Canberra: ABS.
Australian Bureau of Statistics 2012. 1301.0 - Year book Australia, 2012 Canberra: ABS.

27

Besis, A. & Samara, C. 2012. Polybrominated diphenyl ethers (PBDEs) in the indoor and
outdoor environments - A review on occurrence and human exposure. Environmental
Pollution, 169, 217-229.
Birnbaum, L. S. & Cohen Hubal, E. A. 2006. Polybrominated diphenyl ethers: A case study
for using biomonitoring data to address risk assessment questions. Environmental
Health Perspectives, 114, 1770-1775.
Birnbaum, L. S. & Staskal, D. F. 2004. Brominated flame retardants: cause for concern?
Environmental Health Perspectives, 112, 9-17.
Bloom, M., Spliethoff, H., Vena, J., Shaver, S., Addink, R. & Eadon, G. 2008. Environmental
exposure to PBDEs and thyroid function among New York anglers. Environmental
Toxicology and Pharmacology, 25, 386-392.
Bromine Science and Environmental Forum. 2000. An introduction to brominated flame
retardants [Online]. Available: http://www.ebfrip.org/download/weeeqa.pdf.
Bromine Science and Environmental Forum. 2011. Regulation [Online]. Available:
http://www.bsef.com/regulation [Accessed 3 January 2012].
Bromine Science and Environmental Forum 2012. Deca-BDE factsheet.
Carmichael, S. L., Herring, A. H., Sjödin, A., Jones, R., Needham, L., Ma, C., Ding, K. &
Shaw, G. M. 2010. Hypospadias and halogenated organic pollutant levels in maternal
mid-pregnancy serum samples. Chemosphere, 80, 641-646.
Chao, H.-R., Wang, S.-L., Lee, W.-J., Wang, Y.-F. & Päpke, O. 2007. Levels of
polybrominated diphenyl ethers (PBDEs) in breast milk from central Taiwan and their

28

relation to infant birth outcome and maternal menstruation effects. Environment
International, 33, 239-245.
Chao, H., Tsou, T., Huang, H. & Chang-Chien, G. 2011. Levels of breast milk PBDEs from
southern Taiwan and their potential impact on neurodevelopment. Pediatric Research,
70, 596 - 600.
Chevrier, J., Harley, K. G., Bradman, A., Gharbi, M., Sjödin, A. & Eskenazi, B. 2010.
Polybrominated Diphenyl Ether (PBDE) Flame Retardants and Thyroid Hormone
during Pregnancy. Environmental Health Perspectives, 118.
Chevrier, J., Harley, K. G., Bradman, A., Sjödin, A. & Eskenazi, B. 2011. Prenatal exposure
to polybrominated diphenyl ether flame retardants and neonatal thyroid-stimulating
hormone levels in the CHAMACOS study. American Journal of Epidemiology, 174,
1166-1174.
Costa, L. G. & Giordano, G. 2007. Developmental neurotoxicity of polybrominated diphenyl
ether (PBDE) flame retardants. NeuroToxicology, 28, 1047-1067.
Darnerud, P., Eriksen, G., Johannesson, T., Larsen, P. & Viluksela, M. 2001. Polybrominated
diphenyl ethers: occurrence, dietary exposure, and toxicology. Environmental Health
Perspectives, 109, 49 - 68.
Darnerud, P. O. 2003. Toxic effects of brominated flame retardants in man and in wildlife.
Environmental International, 841-853.
Davis, E. F. & Stapleton, H. M. 2009. Photodegradation pathways of nonabrominated
diphenyl ethers, 2-ethylhexyltetrabromobenzoate and di(2ethylhexyl)tetrabromophthalate: Identifying potential markers of photodegradation.
Environmental Science & Technology, 43, 5739-5746.

29

de Wit, C. A. 2002. An overview of brominated flame retardants in the environment.
Chemosphere, 46, 583-624.
Domingo, J. L. 2012. Polybrominated diphenyl ethers in food and human dietary exposure: A
review of the recent scientific literature. Food and Chemical Toxicology, 50, 238-249.
Eriksson, P., Jakobsson, E. & Fredriksson, A. 2001. Brominated flame retardants: A novel
class of developmental neurotoxicants in our environment? . Environmental Health
Perspectives, 109, 903-908.
European Flame Retardants Association. nd. Flame retardants, technologies/mode of action
[Online]. Available: http://www.ceficefra.com/index.php?option=com_content&view=article&id=116&Itemid=219&lang=
en [Accessed 5 March 2013].
Fonnum, F. & Mariussen, E. 2009. Mechanisms involved in the neurotoxic effects of
environmental toxicants such as polychlorinated biphenyls and brominated flame
retardants. Journal of Neurochemistry, 111, 1327-1347.
Foster, W. G., Gregorovich, S., Morrison, K. M., Atkinson, S. A., Kubwabo, C., Stewart, B.
& Teo, K. 2011. Human maternal and umbilical cord blood concentrations of
polybrominated diphenyl ethers. Chemosphere, 84, 1301-1309.
Frederiksen, M., Vorkamp, K., Thomsen, M. & Knudsen, L. E. 2009. Human internal and
external exposure to PBDEs - A review of levels and sources. International Journal of
Hygiene and Environmental Health, 212, 109-134.
Gascon, M., Fort, M., Martinez, D., Carsin, A.-E., Forns, J., Grimalt, J. O., Santa Marina, L.,
Lertxundi, N., Sunyer, J. & Vrijheid, M. 2012. Polybrominated diphenyl ethers

30

(PBDEs) in breast milk and neuropsychological development in infants.
Environmental Health Perspectives, 120, 1760-1765.
Gascon, M., Vrijheid, M., Martínez, D., Forns, J., Grimalt, J. O., Torrent, M. & Sunyer, J.
2011. Effects of pre and postnatal exposure to low levels of polybromodiphenyl ethers
on neurodevelopment and thyroid hormone levels at 4 years of age. Environment
International, 37, 605-611.
Geyer, H. J., Schramm, K.-W., Darnerud, P. O., Aune, M., Feicht, E. A., Fried, K. W.,
Henkelmann, B., Lenoir, D., Schmid, P. & McDonald, T. A. 2004. Terminal
elimination half-lives of the brominated flame retardants TBBPA, HBCD, and lower
brominated PBDEs in humans. Organohalogen Compounds, 66, 3820-3825.
Hale, R. C., La Guardia, M. J., Harvey, E. & Matt Mainor, T. 2002. Potential role of fire
retardant-treated polyurethane foam as a source of brominated diphenyl ethers to the
US environment. Chemosphere, 46, 729-735.
Hardell, L., Bavel, B., LindstrÖM, G., Eriksson, M. & Carlberg, M. 2006. In utero exposure
to persistent organic pollutants in relation to testicular cancer risk. International
Journal of Andrology, 29, 228-234.
Harley, K. G., Chevrier, J., Schall, R. A., Sjödin, A., Bradman, A. & Eskenazi, B. 2011.
Association of prenatal exposure to polybrominated diphenyl ethers and infant birth
weight. American Journal of Epidemiology, 174, 885-892.
Harley, K. G., Marks, A. R., Chevrier, J., Bradman, A., Sjödin, A. & Eskenazi, B. 2010.
PBDE concentrations in women's serum and fecundability. Environmental Health
Perspectives, 118, 699-704.

31

Herbstman, J. B., Sjödin, A., Kurzon, M., Lederman, S. A., Jones, R. S., Rauh, V., Needham,
L. L., Tang, D., Niedzwiecki, M., Wang, R. Y. & Perera, F. 2010. Prenatal exposure
to PBDEs and neurodevelopment. Environmental Health Perspectives, 118.
Hermanussen, S., Matthews, V., Paepke, O., Limpus, C. J. & Gaus, C. 2008. Flame retardants
(PBDEs) in marine turtles, dugongs and seafood from Queensland, Australia. Marine
Pollution Bulletin, 57, 409-418.
Hites, R. A. 2004. Polybrominated diphenyl ethers in the environment and in people: A metaanalysis of concentrations. Environmental Science & Technology, 38, 945-956.
Hoffman, K., Adgent, M., Davis Goldman, B., Sjödin, A. & Daniels, J. L. 2012. Lactational
exposure to polybrominated diphenyl ethers and its relation to social and emotional
development among toddlers. Environmental Health Perspectives, 120, 1438-1442.
Kiciński, M., Viaene, M., Den Hond, E., Schoeters, G., Covaci, A., Dirtu, A., Nelen, V.,
Bruckers, L., Croes, K., Sioen, I., Baeyens, W., Van Larebeke, N. & Nawrot, T. 2012.
Neurobehavioral function and low-level exposure to brominated flame retardants in
adolescents: a cross-sectional study. Environmental Health, 11, 86.
Kim, T. H., Bang, D. Y., Lim, H. J., Jin Won, A., Ahn, M. Y., Patra, N., Chung, K. K.,
Kwack, S. J., Park, K. L., Han, S. Y., Choi, W. S., Han, J. Y., Lee, B. M., Oh, J.-E.,
Yoon, J.-H., Lee, J. & Kim, H. S. 2012. Comparisons of polybrominated diphenyl
ethers levels in paired South Korean cord blood, maternal blood, and breast milk
samples. Chemosphere, 87, 97-104.
Knutsen, H. K., Kvalem, H. E., Thomsen, C., Froshaug, M., Haugen, M., Becher, G.,
Alexander, J. & Meltzer, H. M. 2008. Dietary exposure to brominated flame
retardants correlates with male blood levels in a selected group of Norwegians with a

32

wide range of seafood consumption. Molecular Nutrition & Food Research, 52, 217227.
La Guardia, M. J., Hale, R. C. & Harvey, E. 2006. Detailed polybrominated diphenyl ether
(PBDE) congener composition of the widely used penta-, octa-, and deca-PBDE
technical flame-retardant mixtures. Environmental Science & Technology, 40, 62476254.
Lorber, M. 2008. Exposure of Americans to polybrominated diphenyl ethers. Journal of
Exposure Science and Environmental Epidemiology, 18, 2-19.
Main, K. M., Kiviranta, H., Virtanen, H. E., Sundqvist, E., Tuomisto, J. T., Tuomisto, J.,
Vartiainen, T., Skakkebæk, N. E. & Toppari, J. 2007. Flame retardants in placenta and
breast milk and cryptorchidism in newborn boys. Environmental Health Perspectives,
115, 1519-1526.
Mc Pherson, A., Thorpe, B. & Blake, A. 2004. Brominated flame retardants in dust on
computers: the case for safer chemicals and better computer design. World Health
Organisation.
Meeker, J. D., Johnson, P. I., Camann, D. & Hauser, R. 2009. Polybrominated diphenyl ether
(PBDE) concentrations in house dust are related to hormone levels in men. Science of
the Total Environment, 407, 3425-3429.
National Oceanic and Atmospheric Administration. 2004. Per capita consumption [Online].
Available: http://www.st.nmfs.noaa.gov/st1/fus/fus04/08_perita2004.pdf.
NICNAS 2001. Polybrominated flame retardants (PBFRs), priority exisiting chemical
assessment report No. 20. Canberra: Department of Health and Ageing,.

33

NICNAS. 2007a. Information sheet PBDEs [Online]. Canberra: Department of Health and
Ageing. Available:
http://www.nicnas.gov.au/Publications/CAR/Other/PBDE_PDF.pdf.
NICNAS 2007b. Interim public health risk assessment of certain PBDE congeners. Canberra:
Department of Health and Ageing.
Ohta, S., Ishizuka, D., Nishimura, H., Nakao, T., Aozasa, O., Shimidzu, Y., Ochiai, F., Kida,
T., Nishi, M. & Miyata, H. 2002. Comparison of polybrominated diphenyl ethers in
fish, vegetables, and meats and levels in human milk of nursing women in Japan.
Chemosphere, 46, 689-696.
Roze, E., Meijer, L., Bakker, A., Van Braeckel, K. N. J. A., Sauer, P. J. J. & Bos, A. F. 2009.
Prenatal Exposure to Organohalogens, Including Brominated Flame Retardants,
Influences Motor, Cognitive, and Behavioral Performance at School Age.
Environmental Health Perspectives, 117, 1953-1958.
Sjödin, A., Patterson, D. & Bergman, Å. 2003. A review on human exposure to brominated
flame retardants- particularly polybrominated diphenyl ethers. Environmental
International, 829-839.
Stapleton, H. M. & Dodder, N. G. 2008. Photodegradation of decabromodiphenyl ether in
house dust by natural sunlight. Environmental Toxicology and Chemistry, 27, 306312.
Stapleton, H. M., Dodder, N. G., Offenberg, J. H., Schantz, M. M. & Wise, S. A. 2005.
Polybrominated diphenyl ethers in house dust and clothes dryer lint. Environmental
Science & Technology, 39, 925-931.

34

Stapleton, H. M., Eagle, S., Sjödin, A. & Webster, T. F. 2012. Serum PBDEs in a North
Carolina Toddler Cohort: Associations with handwipes, house dust, and
socioeconomic variables. Environmental Health Perspectives, 120, 1049-1054.
Stapleton, H. M., Klosterhaus, S., Keller, A., Ferguson, P. L., van Bergen, S., Cooper, E.,
Webster, T. F. & Blum, A. 2011. Identification of flame retardants in polyurethane
foam collected from baby products. Environmental Science & Technology, 45, 53235331.
Stillerman, K., Mattison, D., Giudice, L. & Woodruff, T. 2008. Environmental exposures and
adverse preganacy outcomes: a review of the science. . Reproductive Sciences, 15,
631-650.
Stockholm Convention. nd. Listing of POPs in the Stockholm Convention [Online].
Available:
http://chm.pops.int/Convention/ThePOPs/ListingofPOPs/tabid/2509/Default.aspx
[Accessed 5 March 2013].
Thuresson, K., Hoglund, P., Hagmar, L., Sjödin, A., Bergman, Å. & Jakobsson, K. 2006.
Apparent half-lives of hepta- to decabrominated diphenyl ethers in human serum as
determined in occupationally exposed workers. Environmental Health Perspectives,
114, 176 - 181.
Toms, L. L., Guerra, P., Eljarrat, E., Barceló, D., Harden, F. A., Hobson, P., Sjödin, A., Ryan,
E. & Mueller, J. F. 2012. Brominated flame retardants in the Australian population:
1993–2009. Chemosphere, 89, 398-403.

35

Toms, L. L., Harden, F., Paepke, O., Hobson, P., Ryan, J. J. & Mueller, J. F. 2008. Higher
accumulation of polybrominated diphenyl ethers in infants than in adults.
Environmental Science & Technology, 42, 7510-7515.
Toms, L. L., Sjödin, A., Harden, F. A., Hobson, P., Jones, P., Edenfield, E. & Mueller, J. F.
2009. Serum polybrominated diphenyl ether (PBDE) levels are higher in children (2-5
years of age) than in infants and adults. Environmental Health Perspectives, 117,
1461-1465.
US EPA 2008a. Toxicological review of 2,2',4,4'-Tetrabromodiephenyl ether (BDE-47).
Washington, DC: U.S. Environmental Protection Agency.
US EPA 2008b. Toxicological Review of 2,2',4,4',5-Pentabromodiphenyl ether (BDE-99)
Washington, DC: U.S. Environmental Protection Agency.
US EPA. 2012. Persistent organic pollutants: A global issue, a global response [Online].
Available: http://www.epa.gov/international/toxics/pop.html.
US EPA. 2013. Polybrominated diphenylethers (PBDEs) Significant New Use Rules (SNUR)
[Online]. Available: http://www.epa.gov/oppt/existingchemicals/pubs/qanda.html
[Accessed 5 March 2013].
Watanabe, I. & Sakai, S. 2003. Environmental release and behavior of brominated flame
retardants. Environment International, 29, 665 - 682.
Watanabe, I. & Tatsukawa, R. 1987. Formation of brominated dibenzofurans from the
photolysis of flame retardant decabromobiphenyl ether in hexane solution by UV and
sun light. Bulletin of Environmental Contamination and Toxicology, 39, 953-959.

36

Watkins, D. J., McClean, M. D., Fraser, A. J., Weinberg, J., Stapleton, H. M., Sjödin, A. &
Webster, T. F. 2011. Exposure to PBDEs in the office environment: Evaluating the
relationships between dust, handwipes, and serum. Environmental Health
Perspectives, 119, 1247-1252.
Watkins, D. J., McClean, M. D., Fraser, A. J., Weinberg, J., Stapleton, H. M., Sjödin, A. &
Webster, T. F. 2012. Impact of dust from multiple microenvironments and diet on
pentaBDE body burden. Environmental Science & Technology, 46, 1192-1200.
Wilford, B. H., Shoeib, M., Harner, T., Zhu, J. P. & Jones, K. C. 2005. Polybrominated
diphenyl ethers in indoor dust in Ottawa, Canada: Implications for sources and
exposure. Environmental Science & Technology, 39, 7027-7035.
Wu, N., Herrmann, T., Paepke, O., Tickner, J., Hale, R., Harvey, E., La Guardia, M.,
McClean, M. D. & Webster, T. F. 2007. Human exposure to PBDEs: Associations of
PBDE body burdens with food consumption and house dust concentrations.
Environmental Science & Technology, 41, 1584-1589.
Wu, Q., Baek, S. Y., Fang, M. & Chang, Y. S. 2010. Distribution and fate of polybrominated
diphenyl ethers in indoor environments of elementary schools. Indoor Air, 20, 263270.
Zhang, J., Jiang, Y., Zhou, J., Wu, B., Liang, Y., Peng, Z., Fang, D., Liu, B., Huang, H., He,
C., Wang, C. & Lu, F. 2010. Elevated body burdens of PBDEs, dioxins, and PCBs on
thyroid hormone homeostasis at an electronic waste recycling site in China.
Environmental Science & Technology, 44, 3956-3962.
Zota, A. R., Park, J.-S., Wang, Y., Petreas, M., Zoeller, R. T. & Woodruff, T. J. 2011.
Polybrominated diphenyl ethers, hydroxylated polybrominated diphenyl ethers, and

37

measures of thyroid function in second trimester pregnant women in California.
Environmental Science & Technology, 45, 7896-7905.

38

2

PB
BDES: MATERNAL BO
ODY BURD
DEN AND PO
OTENTIAL HEALTH A
AND OTHER
R
EFF
FECTS OF PBDE
P
S

PBDEs have becom
me ubiquito
ous in the ennvironment.. They bioaaccumulate and biomag
gnify up
the foodd chain and have been detected in adipose tisssue, blood and
a breast m
milk in hum
mans
(Frederiksen et al.,, 2009). PB
BDEs have bbeen detecteed in match
hed maternal
al and umbillical
cord bloood indicatiing that they
y can cross the placenta (Antignacc et al., 20099; Bi et al., 2006;
Foster eet al., 2011;; Frederikseen et al., 20110; Gómaraa et al., 2007
7; Guveniuss et al., 200
03;
Jakobssson et al., 20012; Kawasshiro et al., 2008; Kim et al., 2012
2; Mazdai ett al., 2003; Meijer
et al., 22008; Qiu ett al., 2009; Vizcaino
V
ett al., 2011). Exposure to
t PBDEs iss an emergiing area
of healtth concern as
a these com
mpounds aree chemically
y similar to poly chloriinated bipheenyls
(PCBs) (Birnbaum
m and Staskaal, 2004), annd have beeen reported to
t affect neuurodevelopm
ment,
the endoocrine systeem (in particular thyroiid hormones), the repro
oductive sysstem and birth
outcom
mes (Wikoff and Birnbaaum, 2011). Pregnant women
w
are therefore
t
a vvulnerable group,
as PBD
DEs may affe
fect the foetu
us during eaarly stages of
o developm
ment as welll as the motther
(Stillerm
man et al., 2008).
2
The current chaapter presen
nts a review of the literaature reportting
concenttrations in thhe blood off pregnant w
women and matched
m
foeetal sampless (where av
vailable)
and the literature published
p
on
n health effeects in humaans.

2.1 B
Body burdeen of PBD
DEs
Thirty journal articcles have rep
ported on thhe concentrations of PB
BDEs in preegnant wom
men and
these arre summarissed in Tablee 2.1. Sevenn of these papers
p
are frrom the Cennter for the Health
Assessm
ment of Mothers and Children
C
of S
Salinas (CH
HAMACOS)) study (Braadman et all., 2007;
Castorinna et al., 20011; Chevrieer et al., 20 10b; Chevriier et al., 20
011; Eskenaazi et al., 20
013;
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Harley et al., 2011; Harley et al., 2010). This is a large birth cohort study that began
recruitment in 1999 and primarily focuses on the relationship between health and
environmental exposures (for example flame retardants, pesticides, phalates, bisphenol A,
metals). There were 601 pregnant women (in first 20 weeks of pregnancy) enrolled into the
study between September 1999 and January 2001 and in 2010 to 2011, a further 300 children
(9 years old) were enrolled (Centre for Environmental Research and Children's Health, 2012).
All enrolled women and children have been followed since these dates. The women are
mainly Latina migrants from Mexico and are of low income and with a low educational level.
Most are overweight or obese (~60%). A number of the papers from the CHAMACOS study
described PBDE concentrations and investigated predictors of exposure (Bradman et al.,
2007; Castorina et al., 2011) while others investigated associations between concentrations of
PBDEs and range a of effects in humans (Eskenazi et al., 2013; Harley et al., 2011; Harley et
al., 2010). The papers from the CHAMACOS study have been grouped in Table 2.1 as they
report concentrations in sub-samples of different sizes from this cohort. For ease of
interpretation, only concentrations reported by Castorina et al. (2011) are presented in text as
this study reported data from the largest sample size.
2.1.1

PBDE congeners in maternal blood

Serum and plasma have both been analysed for concentrations of PBDEs. Twenty three of
the 30 journal articles reviewed have reported concentrations in serum. A review of PBDEs
in the general population found that no differences existed between PBDE concentrations in
serum and plasma for lipid adjusted samples from similar geographical areas or sampling
years; hence concentrations in the two matrices are comparable (Frederiksen et al., 2009).
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Table 2.1 Studies reporting concentrations of PBDEs in maternal and foetal cord blood, in ng g-1, correlation between samples reported where
available
Author, publication year, Country
(collection period)

CHAMACOS COHORT
Bradman et al. 2007
(Sep 99- Jan 01
USA)

n
maternal/ cord

Matrix

Sample
Population
BDE-47

BDE-99

PBDE Concentrations
Median (Range)
[GM(95%CI)]
BDE-100

BDE-153

PBDEn

24

Plasma

Maternal

11
(2.5-205)

2.9
(0.5-54)

2.9 (0.6-44)

1.5 (0.4-35)

21
(5.3- 320)

Chevrier et al. 2010b
(Oct 99- Oct 00
USA)

270

Serum

Maternal

15
(<LODa-761.0)

4.0
(<LODa-298.0)

2.4
(<LODa-138.0)

2.1
(<LODa-96.9)

25.2
(3.6-1338.6)

Harley et al. 2010
(Oct 99- Oct 00
USA)

317

Serum

Maternal

[14.9 (12.9,17.2)]

[4.4 (3.9,5.1)]

[2.8 (2.4, 3.2)]

[2.5 (2.2,2.8)]

-

Castorina et al. 2011
(Oct 99- Nov 00
USA)

416

Serum

Maternal

15.2
(<LODa-761)
[15.8 (14.3, 17.3)]

4.0
(<LODa- 298)
[4.4 (4.0, 4.9)]

2.5
(<LODa- 138)
[2.8 (2.6, 3.1)]

2.2
(<LODa- 96.9)
[2.4 (2.2, 2.7)]

24.6
(2.6a-1290)
[26.3 (24.0, 28.9)]

Chevrier et al. 2011
(Oct 99- Oct 00
USA)

289

Serum

Maternal

15.2
(<LODa – 667)
[15.3 (13.7, 17.1)]

3.8
(<LODa- 261)
[4.2 (3.7, 4.7)]

2.6
(<LODa- 103)
[2.7(2.4, 3.0)]

2.2
(<LODa-62.6)
[2.3 (2.1, 2.6)]

-

Harley et al. 2011
(Oct 99- Oct00
USA)
Ezkenazi et al. 2013
(Oct 99- Oct00
USA)

289

Serum

Maternal

14.57

3.85

2.45

2.03

-

279

Serum

Maternal

15

Plasma

Maternal

0.83
(0.3-5.1)

0.19
(<0.01-1.43)

0.17
(<0.01-0.52)

0.56
(0.27-1.03)

2.07
(6.53-57.9)

Foetal

0.98
(0.33-3.28)

0.07
(<0.01-0.85)

0.07
(<0.01-0.27)

0.17
(<0.01-0.32)

1.69
(0.46-4.28)

Correlation

r= 0.94, p<0.01*

NC

NCb

NCb

NCb

OTHER STUDIES
Guvenius et al., 2003, Sweden, (20002001)

15.7 (<LODa-761.0)

4.2 (<LODa-297.6)

2.6 (<LODa- 138.3)

2.1 (<LODa-96.9)

27.1 (4.2-1379.4)
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Table 2.1 Studies reporting concentrations of PBDEs in maternal and foetal cord blood, in ng g-1, correlation between samples reported where
available cont.
Author, publication year, Country
(collection period)

Mazdai et al. , 2003, USA, (Aug-Dec
2001)

Fängström et al., 2005, Faroe Islands,
(1993-1994)
Bi et al., 2006, China
(NRe)

n
maternal/ cord

12/12

Matrix

Serum

Sample
Population
BDE-47

BDE-99

PBDE Concentrations
Median (Range)
[GM(95%CI)]
BDE-100

Maternal

28
(9.2-310)

5.7
(2.4-68)

4.2
(1.9-110)

2.9
(1.0-83)

37
(15-580)

Foetal

25
(8.4-210)
NCb

7.1
(2.2-54)
NCb

4.1
(1.8-91)
NCb

4.4
(1.0-120)
NCb

39
(14-460)

1.3
(<LOQc-23d)
1.0
(0.36-3.6)

0.33
(<LOQc-8.2 d)
0..36
(0.08-7.4)

0.51
(<LOQc-4.1 d)
0.15
0.36-6.4)

1.0
(0.4-11 d)
1.4
(0.08-2.3)

Foetal

1.4
(0.03-4.9)

0.47
(0.17-3.4)

0.22
(0.04-0.86)

0.80
(0.09-5.2)

57

Serum

Maternal

21/21

Serum

Maternal

BDE-153

PBDEn

Inoue et al., 2006, Japan, (NRe)

89

Serum

Maternal

-

-

-

-

Gómara et al., 2007, Spain (Oct 2003Mar 2004)
(data from 2 towns reported)

113/92

Serum

Maternal (1)

2.4
(0.30-9.0)
2.6
(0.51-22)

2.6
(1.4-6.9)
2.3
(1.1-12)

1.6
(0.94-3.0)
1.2
(0.77-4.2)

0.86
(<0.18-2.5)
0.77
(4.4-46)

3.3
(<0.03-35)
3.2
(<0.03-10)
1.8
(0.31-55)

4.3
(1.8-17)
3.0
(0.94-7.4)
0.27
(<LOQ-9.5)

2.3
(1.0-5.7)
1.5
(0.81-4.4)
0.77
(0.16-0.63)

0.52
(<0.18-4.4)
0.32
(<0.18-8.7)
2.9
(1.1-4.8)

0.57
(0.2-11)

0
(<LOQ-1.5)

0.18
(0.059-1.2)

0.36
(<LOQ-0.90)

Maternal (2)
Foetal (1)
Foetal (2)

Kawashiro et al., 2008, Japan, (Nov
2005-Dec 2006)

16/8

Bloodf

Maternal
Foetal

r2=0986
4.0
4.4
(1.6-17)
3.9
(1.5-12)
r= 0.55, p<0.05
2.99
(0.74-21.19)
[2.89 (1.68SD)]
12
(5.5-43)
17
(6.3-82)
9.7
(4.4-46)
15
(4.3-38)
18
(11-95)
(3.0 (1.8-17)
1.6
(0.57-15)
(0.65 (0.30-6.2) ng g1 lipid)

Table 2.1 Studies reporting concentrations of PBDEs in maternal and foetal cord blood, in ng g-1, correlation between samples reported where
available cont.
Author, publication year, Country
(collection period)

Meijer et al., 2008, The Netherlands,
(Oct 01- Nov 02)

n
maternal/ cord

69/12

Matrix

Serum

Sample
Population
BDE-47

BDE-99

PBDE Concentrations
Median (Range)
[GM(95%CI)]
BDE-100

0.8
(0.04-6.1)
0.5
(0-2.2)
1.1 (0.2-2.1)h
2.831
(0.556-4.844)

0.2
(NDg- 2.1)
0.1
(0-0.4)
0.6 (0.1-1.1) h
1.939
(0.529-18.021)

0.2
(0.03-1.4)
0.1
(0-0.5)
0.9 (0.3-1.9) h
0.365
(0.107-4.185)

1.6
(0.3-20)
0.9
(0.2-2.2)
0.5 (0.3-0.9) h
0.721
(0.064-9.658)

8.848
(0.414-58.635)

Foetal

-

Maternal

15

7.43
(5.61-15.77)
6.3

1.37
(0.68-2.39)
3.0

0.48
(0.14-7.38)
5.5

12.34
(0.09-363.33)
1.2

Foetal

13
(range NRe)
19.1
(IQRi 9.5-57.1)
18.8
(IQRi 12.5-39.0)
381
(<11-7883)

5.3
(range NRe)
5.2
(IQRi 2.8-14.2)
6.5
(IQRi 4.6-11.6)
<105
(<53.4-18554)

2.6
(range NRe)
3.7
(IQRi 2.2-11.2)
5.1
(IQRi 3.2-10.6)
<104
(<53.4-6218)

2.7
(range NRe)
4.7
(IQRi 3.7-11.4)
6.9
(3.3-14.3)
1126
(<13-35962)

31
(range NRe)
-

<67.9
(<21.4-5262)
-

<290
(<128-7022)
-

<271
(<128-2733)
-

507
(202-9472)
-

Maternal
Foetal

Antignac et al., 2009, France, (Nov
2004-Sep 2006)

Qiu et al. 2009
(03-04
USA- Indiana)

91/90

4/6

Serum

Plasma

Carmichael et al. 2010
(2003, USA

48

Serum
Cases/
Controls

Maternal

Frederiksen et al. 2010
(Mar- Dec 07)
Denmark

41/40

Plasma

Maternal

Foetal
Zhang et al. 2010
(Apr 07-Dec 07)
China

50

Serum

BDE-153

PBDEn

0.3
(0.1-0.7)

1765
(640-51946)
958
(213-54346)
23.43
(7.74-201.3)
16.15
(1.58-134.3)
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Table 2.1 Studies reporting concentrations of PBDEs in maternal and foetal cord blood, in ng g-1, correlation between samples reported where
available cont.
Author, publication year, Country
(collection period)

Foster et al. 2011
(Jan 04-Jun 05)
Canada

n
maternal/ cord

97/97

Matrix

Serum

Sample
Population
BDE-47

BDE-99

PBDE Concentrations
Median (Range)
[GM(95%CI)]
BDE-100

Maternal (mid
pregnancy)

24.2
(9.34-799.3)
[26.94]

8.73
(2.85-276.7)
[9.75]

3.25
(0.52-172.4)
[3.69]

4.15
(21.4-1287.1)
[3.88]

52.1
(21.4-1287.1)
[60.37]

Maternal
(delivery)

23.3
(3.76-653.6)
[26.9]
50.5
(13.7-997.1)
[56.0]
18.87
<2-297.45
[16.5 (13.64-19.98)]

8.85
(0-230.1)
[10.1]
17.9
(4.13-236.3)
[12.0]
5.5
<2.0-249.08
[4.72 (3.74-5.94)]

3.66
(0-200.2)
[3.69]
6.79
(0-206.4)
[19.76]
4.61
(<1.2-107.45)
[4.19(3.51-5.00)]

3.8
(6.84-1103)
[3.84]
5.55
(0-147.5)
[7.10]
5.65
(<1.2-67.55)
[5.93(5.09-6.92)]

50.1
(6.84-1103)
[54.66]
100
(51.1-1449.8)
[112.76]
36.56
(3.59-694)

Maternal

2.3
(NDg-72)

0.35
(NDg -21)

-

2.1
(NDg -13)

9.6
(NDg -120)

Foetal

13
(NDg -24)

2
(NDg -68)

-

13
(NDg -86)

56
(NDg -517)

Foetal
Stapleton et al. 2011
Sep 08-Jun 10
n= 137
USA North Carolina
Vizcaino et al.
(03-05)
Spain

137

Serum

174/174

Serum

BDE-153

PBDEn

Zota et al. 2011, (08-09)
USA California

25

Serum

Maternal

42.1
[43.1 (1.7 SDj)]

9.8
[11.5 (1.82 SDj)]

8.96
[9.00 (1.86 SDj)]

16.5
[15.5 (1.82 SDj)]

82.9
[85.8 (1.59 SDj)]

Buttke et al. 2012, (Sep 08-Jun 10),
USA

140

Serum

Maternal

18.88
(<2.0-297.45)
[16.8 (13.89, 20.27)]

5.5
(<2.0-249.08)
[4.85 (3.86, 6.10)]

4.65
(<1.2-107.45)
[4.25 (3.56, 5.08)]

5.74
(<1.2-67.55)
[6.03 (5.19-7.01)]

36.87
(3.59-693.95)
[36.87]

Foster et al. 2012k, (Dec 05-Aug 07)
Canada

123

Plasma

Maternal

(NDg -232)
[9.9 (8.2, 12)]

(NDg-83)
[2.2(1.9, 2.6)]

(NDg-47)
[2.3(2.0, 2.7)]

(NDg-117)
[3.7 (3.0, 4.6)]

-

Table 2.1 Studies reporting concentrations of PBDEs in maternal and foetal cord blood, in ng g-1, correlation between samples reported where
available cont.
Author, publication year,
Country
(collection period)

Jakobsson et al. 2012,
(05-06)
Sweden

Kim et al. 2012
(NRe)
South Korea

Horton et al. 2013, (Sep 09-Dec
10)
a
b
c
d
e
f
g
h
i
j
k

n
maternal/
cord

10

21/21

316

Matrix

Serum

Serum

Serum

Sample
Population

PBDE Concentrations
Median (Range)
[GM(95%CI)]
BDE-47

BDE-99

BDE-100

BDE-153

PBDEn

Maternal

3.01
(1.2-11)

0.35
(<0.089-1.24)

<0.57
(<0.57-2.2)

2.6
(1.6-6.2)

-

Foetal

3.4
(1.2-12)
3.21
(0.97-6.52)

<0.22
( <0.22-<0.65)
1.65
(<LOQc-3.27)

<0.46
(<0.46-1.4)
0.15
(<LOQc-4.02)

1.3
(<0.24-2.0)
1.66
(0.52-3.96)

7.81
(1.8-17.66)

Foetal

7.65
(2.06-18.25)

0.38
(<LOQc-1.93)

0.15
(<LOQc-1.26)

1.68
(<LOQc-5.12)

12.04 7
(2.28-30.94)

Maternal

7.90 (NDg-1600)

1.60 (NDg-377)

1.70 (NDg-301)

2.95 (NDg-206)

-

Maternal

Limit of Detection
No correlation reported
Limit of Quantification
Concentrations reported in pmol g -1 lipid weight
Data not reported in literature
Concentrations reported in pg g -1
Not detected
Percentage of trans-placental transfer, median ratio (cord to maternal concentrations)
Interquartile range
Standard Deviation
μg kg-1 lipid
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BDE-47, BDE-100, BDE-99 and BDE-153 were the most commonly reported
congeners in the blood of pregnant women. Summary statistics of these four congeners
and the sum of all PBDEs (where available) are included in Table 2.1. BDE-47 was the
most dominant congener followed by BDE-153 (Buttke et al., 2012; Castorina et al.,
2011; Fängström et al., 2005; Foster et al., 2012; Foster et al., 2011; Horton et al.,
2013; Stapleton et al., 2011; Vizcaino et al., 2011; Zota et al., 2011). Median
concentrations of BDE-47 ranged from 1.3 ng g-1 lipid (Fängström et al., 2008) to 42.1
ng g-1 lipid (Zota et al., 2011). However, Bi et al. (2006), Kawashiro et al. (2008),
Frederiksen et al. (2010) and Meijer et al. (2008) reported BDE-153 as the dominant
congener with median concentrations ranging from 1.4 ng g -1 lipid (Bi et al., 2006) and
1126 ng g -1 lipid (Frederiksen et al., 2010). These latter studies are from Europe and
Asia whereas the aforementioned studies were, in the main, from North America. North
America has a high historical use of penta-BDE, which is mainly comprised of BDE-47
and BDE-99, hence the dominance of these congeners is not surprising. While BDE153 is included in penta-BDEs, it comprises a much smaller proportion and is also a
component of the octa-BDE mixture.
Kawashiro et al. (2008) categorised their sample of mothers into high and low
concentrations based upon PBDE. There were just two mothers in the high
concentrations group. The authors found that there was a difference in the proportion of
BDE-47 to total PBDE. In the high concentrations group BDE-47 contributed to 56% of
the total BDEs, whereas in the low concentration group it contributed to only 11%. This
study was based on a small sample size (n=16) and the high concentration group only
consisted of two mothers. However, this tells us that the dominance of congeners may
be dependent on the level of exposure.
BDE-99 is found in much lower concentrations than BDE-47 in biological samples,
which is interesting because in dust and the penta-BDE mixture, BDE-99 is more
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pronounced (Castorina et al., 2011). Meijer et al. (2008) suggest that the reason for this
discrepancy is that higher brominated BDEs are either excreted in faeces or that
debromination occurs in the digestive tract, and therefore lower concentrations of BDE99 are seen in serum. They based this conclusion on a study investigating excretion of
PBDEs in carp (Stapleton et al., 2004), therefore results may not be applicable to
humans due to interspecies variability.
While BDE-209 is the most commonly detected congener in dust, it is less frequently
measured in blood. Six studies measured this congener in maternal blood (Antignac et
al., 2009; Fängström et al., 2005; Gómara et al., 2007; Horton et al., 2013; Inoue et al.,
2006; Kawashiro et al., 2008) and a further three measured it in umbilical cord blood
(Antignac et al., 2009; Gómara et al., 2007; Kawashiro et al., 2008). Median maternal
concentrations ranged from 1.1 ng g -1 lipid (Gómara et al., 2007) to 5.783 ng g -1 lipid
(Antignac et al., 2009). In a Japanese study of 89 pregnant women, BDE-209 was the
dominant congener measured in serum accounting for 38% of PBDE (Inoue et al.,
2006). Kawashiro et al. (2008) measured concentrations in maternal blood, that were
not adjusted for lipid, and reported a median 6.5 pg g -1 wet weight (ww) (range 3.6 to
19 pg g -1 ww).
BDE-47, BDE-99, BDE-100 and BDE-153 are the main components of penta-BDE and
these are correlated with each other when detected in blood. Castorina et al. (2011)
reported correlations of 0.73 to 0.95 (p <0.001 for all). Stapleton et al. (2011) also
reported strong correlations for BDE-47, BDE-99, BDE-100 and PBDE (r=0.58-0.95,
p<0.0001) but correlations for BDE-153 were less strong with the other congeners
(r=0.39-0.67, p<0.0001). This pattern was also reported by Horton et al. (2013).
Maternal concentrations of PBDEs were highest in North American samples compared
with those from Europe and Asia. North American median concentrations of PBDEs
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ranged from 24.6 ng g-1 (Castorina et al., 2011) to 82.9 ng g-1 (Zota et al., 2011). One
North American study reported lower median PBDE concentrations (1.2 ng g-1 lipid)
but this was based on a sample size of four (Qiu et al., 2009). Median concentrations
from European studies ranged from 1.8 ng g-1 (Frederiksen et al., 2010) to 12 ng g-1
(Gómara et al., 2007), and from Asian studies from 3.0 ng g-1 (Inoue et al., 2006) to
23.43 ng g-1(Zhang et al., 2010). These data show North Americans with the lowest
exposure still had higher concentrations of PBDEs in blood than Europeans or Asians
with the highest exposure. In general population samples, North American
concentrations are on average 10 times higher than in European or Asian samples
(Birnbaum and Cohen Hubal, 2006). High historical use of penta-BDEs may be
responsible for the differences in concentration (Hites, 2004).
In summary BDE-47, BDE-99 and BDE-153 are the most commonly reported
congeners in blood of pregnant women. Concentrations are higher in samples collected
from North America compared to Europe and Asia. The dominance of congeners is
dependent on level of exposure, as well as the country that the samples were collected
from.
2.1.2

Concentrations of PBDEs in matched maternal and foetal samples

Of the thirty journal articles reporting maternal concentrations of PBDEs, 13 have also
reported concentrations in umbilical cord blood post-delivery. These articles are also
summarized and show that correlations between concentrations of PBDEs in maternal
and cord blood are inconsistent (Table 2.1). Some studies have reported positive
associations and others no association. Mazdai et al. (2003) and Kawashiro et al.
(2008) reported concentrations that were highly correlated (r2=0.99 no p value and r=
0.86 p <0.01, respectively). Bi et al. (2006) reported a moderate association (r=0.55, p
<0.5) as did Kim et al. (2012) (r= ranged from 0.19 to 0.53, p <0.05 for BDE47, 100,
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155 and 7PBDE). However, Guvenius et al. (2003) found that only BDE-47 was
highly correlated between maternal and cord blood (r=0.94 p <0.01). Frederiksen et al.
(2010) reported BDE-47 and BDE-153 were highly correlated (r= 0.62 and 0.77,
respectively p <0.01).
Other studies have reported no overall association (Antignac et al., 2009; Fängström et
al., 2008; Gómara et al., 2007; Guvenius et al., 2003; Jakobsson et al., 2012; Vizcaino
et al., 2011). Gómara et al. (2007) investigated associations between concentrations in
maternal, paternal and cord blood, placental tissue and breast milk, concluding that
concentrations in maternal and cord serum were not associated (p <0.05). While
Guvenius et al. (2003) found BDE-47 concentrations in maternal blood and cord blood
were correlated, concentrations of BDE-99, -100 and -153 were not and the correlation
was weaker if samples were not adjusted for lipid. Fängström et al. (2005) compared
maternal concentrations (collected at delivery) with concentrations in children at seven
years of age and found no association. Children are more independent by age seven and
have their exposure beyond that from their mother, for example dust and diet. The lack
of overall association reported by Antignac et al. (2009) in 90 maternal and cord serum
samples from France could be due to the fact that the most commonly detected
congeners (i.e. BDE-47, BDE-99, BDE-100) were detected in less than a quarter of
maternal serum samples and less than 10% of umbilical cord samples. The authors
explained this by the low volume of serum available for PBDE analysis.
Concentrations of PBDEs in cord blood are generally lower than in maternal blood.
Given that PBDEs are lipophilic lower concentrations in cord blood could be due to the
lower level of lipids in cord blood (Antignac et al., 2009; Guvenius et al., 2003), and
this could therefore protect the foetus. However, it has also been shown that higher
brominated BDEs are found in increased concentrations in maternal serum (Bi et al.,
2006; Jakobsson et al., 2012), whereas lower brominated BDEs are found at higher
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levels in cord serum (Bi et al., 2006; Foster et al., 2011). This has also been
demonstrated in studies where BDE-47 contributed to 74% of total PBDEs but BDE153 only 18% in cord serum (Kim et al., 2012). This may be in part due to the ability of
lower brominated congeners to cross the placenta more efficiently than the higher
brominated congeners (Frederiksen et al., 2010). In North America the correlation
between concentrations in maternal and cord blood is strong (Mazdai et al., 2003);
however, in countries where the concentrations are not as high (for example parts of
Europe) the correlation is weaker. Further research into this area is required to
determine whether this association is dose dependent.
The presence of PBDEs in cord blood samples indicates that PBDEs are crossing the
placenta (Bi et al., 2006; Mazdai et al., 2003) but the mechanisms of this require further
research. The inconsistent associations observed to date could be due to small sample
size or differences in the methodology of sample collection and analysis, therefore
standardised research methods are required to determine if an association exists and the
strength of the association.
In sum, these data suggest that pregnant women are exposed to median concentration of
PBDEs in the range of 1.2 ng g-1 lipid (Qiu et al., 2009) to 82.9 ng g-1 lipid (Zota et
al., 2011). The foetus and infants are also potentially exposed. The important question
that follows is whether or not these concentrations are associated with health effects for
the mother and the foetus. The following section considers the factors that influence
concentrations seen in blood. Section 2.3 will review the health effects associated with
exposure to PBDEs.
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2.2 Maternal characteristics (age, parity, breastfeeding history, BMI) and
influence on PBDE concentrations in blood
2.2.1

History of breastfeeding

PBDEs have been detected in breast milk (Bi et al., 2006; Fängström et al., 2008;
Frederiksen et al., 2009; Guvenius et al., 2003; Jakobsson et al., 2012; Noren and
Meironyte, 2000; Toms et al., 2007; Toms et al., 2009a) indicating that they may be a
source of exposure for infants. Furthermore, PBDEs could be expressed from the
maternal system in the breast milk and therefore decrease concentrations present in the
breastfeeding mothers. Jakobsson et al. (2012) did not find a difference in
concentrations of PBDEs in maternal serum between delivery and after six weeks of
continuous breastfeeding, but the sample size was small.
Guvenius et al. (2003) did not find an association between PBDE concentrations in
maternal serum and number of children breastfed in a sample of 15 mothers from
Sweden. While Jakobsson et al. (2012) found concentrations were higher in colostrum
than in mature milk, there was no difference in maternal serum concentrations between
delivery and after six weeks of continuous breastfeeding. However, this study was
conducted in Sweden with a small sample size of 10 limiting the reliability if the results.
In contrast, a study conducted by Inoue et al. (2006) in a larger sample of 89 Japanese
women reported that nursing duration was correlated with PBDE concentrations in
serum samples (Kendall’s τ= -0.266, p=0.019).
2.2.2

Concentrations across pregnancy

Foster et al. (2011) compared concentrations of PBDEs at mid pregnancy and at
delivery in a sample of 97 women and found significant decreases in less commonly
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reported PBDE congeners, namely BDE-17 (p= 0.028), BDE-66, (p < 0.001), BDE-154
(p= 0.005), and BDE-183 (p < 0.001).
2.2.3

Parity

Castorina et al. (2011) reported higher concentrations of BDE-153 among women with
two or more children in the CHAMACOS Cohort (n=416). Other studies have also
reported higher concentrations of PBDEs in maternal serum of multiparous women
compared with nulliparous women (Herbstman et al., 2007; Horton et al., 2013).
However, as the differences in the latter studies were not statistically significant a clear
association cannot be attributed between parity and concentrations of PBDEs. These
results are interesting as concentrations of other POPs tend to decrease with increased
parity.
2.2.4

Maternal age

To date, no association has been found between PBDE concentrations and maternal age
(Bradman et al., 2007; Gómara et al., 2007; Guvenius et al., 2003; Mazdai et al., 2003).
Similarly, in a general population sample an association between PBDE concentrations
and age was not reported in subset of the National Health and Examination Survey
(NHANEs) cohort from North America (n=1367) (Lim et al., 2008).
Age appears to be important when comparing concentrations of PBDEs in serum of
children with concentrations in adults. Higher concentrations of PBDEs have been
reported in the blood of infants and children than in adults (Eskenazi et al., 2011; Toms
et al., 2008; Toms et al., 2009b). Fängström et al. (2005) reported lower concentrations
of BDE-47 in seven year old children than in their mothers at 34 weeks pregnancy, but
other congeners (BDE-99, BDE-100, BDE-153, BDE-209) were higher in children.
Some of the reasons for this may be that children are closer to the ground and therefore
inhale and ingest more dust than adults, they have a smaller height to weight ratio and,
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for infants in particular, and they may have residual concentrations from exposure to
breast milk (Toms et al., 2009b).
2.2.5

Maternal BMI

As PBDEs are lipophilic and stored in adipose tissues of the body, the effect of maternal
body mass index (BMI) on PBDE concentrations has been investigated. Bradman et al.
(2007) found concentrations of PBDEs were higher in women with a higher BMI. The
median PBDE concentrations were 18.7 and 22.6 ng g-1 for women in the underweight
and normal category and overweight and obese category, respectively, in a sub sample
(n=24) of women from the CHAMACOS cohort. In a larger sample (n=416) from the
same cohort, concentrations of PBDEs were higher in women who reported being
overweight or obese before becoming pregnant (mean 31.4 ng g-1, 95%CI 27.9, 35.4)
compared with women who were in the underweight or normal category (25.0, 95%CI
21.8, 28.6) (Castorina et al., 2011). Mazdai et al. (2003) did not find an association
between BMI and maternal PBDE concentrations, but the sample was small with just 12
women included in the analyses.
Concentrations of BDE-153 were negatively associated with increasing BMI in a subset
of a general population sample (n=1367) of the National Health and Nutrition
Examination Survey (NHANES) cohort from the United States (r= -0.16, p<0.01).
However, no association was found for other congeners (Lim et al., 2008).
In summary, age, parity and breastfeeding history do not appear to be important
influences on maternal PBDE concentrations. However, higher concentrations of
PBDEs are associated with increased BMI.
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2.3 Potential health effects associated with PBDE exposure
The health effects associated with exposure to PBDEs have been well documented in
laboratory studies (Stoker et al., 2004; Stoker et al., 2005). These studies have
investigated consequences of various types, routes and levels of PBDE exposure as well
as interactions between congeners. Results from animal studies indicate that PBDEs
have neurotoxic effects, can disrupt the function of the endocrine, reproductive and
hepatic systems and may have carcinogenic effects (Birnbaum and Staskal, 2004;
Wikoff and Birnbaum, 2011). These findings are suggestive but due to interspecies
variability, results may not be applicable to humans. Furthermore, while biological
mechanisms are well documented in laboratory studies, they are not clear for humans
(Wikoff and Birnbaum, 2011).
Some adult diseases may have foetal origins but the mechanisms for this remain unclear
in humans (Skogen and Øverland, 2012). In terms of PBDEs specifically, laboratory
studies indicate that exposure prenatally or during the early stages of infancy may be
particularly harmful as this is the time that the brain goes through rapid growth (World
Health Organisation, 2012). Therefore, critical development windows are an important
consideration for PBDEs, which tend to be found in higher concentrations in infants
compared with adults (Toms et al., 2008).
Epidemiological studies investigating the association between exposure to PBDEs and
the mechanisms by which exposure affect health are sparse and with inconclusive
results. The mechanisms that have been identified to date are mainly grouped into
endocrine disruption, neurological effects, reproductive toxicity, effects on birth
outcomes and other unclassified effects.
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2.3.1

Association between PBDE concentrations and endocrine function

The endocrine system helps maintains homeostasis and its normal functioning is
important for brain development, reproduction and sexual differentiation (World Health
Organisation, 2012). In laboratory studies, prenatal exposure to PBDEs is reported to
disrupt thyroid hormones, be anti-androgenic (Stoker 2005), estrogenic as well as antiestrogenic. PBDEs are similar in structure to triiodothyronine (T3) and thyroxine (T4)
(Hamers et al., 2006) and therefore are believed to affect the hypothalamic–pituitary–
thyroid by competing with the hormones for the receptor and transport protein (World
Health Organisation, 2012). PBDEs also seem to affect the hypothalamic–pituitary–
gonadal axes by affecting the hormones’ synthesis, metabolism and action. However, in
humans these mechanisms are not yet clear. To date, most epidemiologic studies have
focussed on thyroid and sex-related hormones and these are summarised in Table 2.2
and Table 2.3 and discussed in the following sub section.
2.3.1.1 Association between PBDE concentrations and thyroid hormone function
Twenty one studies have investigated the association between concentrations of PBDEs
and levels of thyroid hormones; these are summarized in Table 2.2.
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Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones
Author, Year,
Country

n

Matrix,
Population

110

Plasma,
adult males

Concentration
Hormone

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

1.04 (no range)

-

-

-

-

-

-

-

4.2 (1.9-110)

2.9 (1.0-83)

37 (15-580)

4.1 (1.8-91)

4.4 (1.0-120)

39 (14-460)

0.44 (<0.05- 5.0) e

1.9 (<0.05-8.9) e

9.7 (1.7-89) e

NR

0.29, 0.08

NR

SERUM
Hagmar et al. 2001,
Sweden (39%), Latvia
(61%)

Concentration, Median
ng -1lipid
a

TSH
total T3b
free T3
total T4
Free T4
Mazdai et al., 2003, 9,
USA

9

Serum,
pregnant
women and
umbilical
cord

Concentration, Median
(Range) ng g-1lipid
Maternal

28 (9.2-310)

Umbilical
Total T3
Free T3
Total T4
Free T4
Julander et al., 2005,
Sweden

11

Plasma,
adults

r (Spearman’s Rank Correlation) , p value
0.31, 0.001
No relationship seen

Concentration, Median
(Range) ng g-1

T4
TSH
T3

5.7 (2.4-68)

25 (8.4-210)
7.1 (2.2-54)
No relationship seen with, no further data published

3.7 (0.22-30)e

0.78 (<0.14-44)e

Point estimate on log scale, p value
NR
NR
No relationship seen

Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones cont.
Author,
Year,
Country
Bloom et al.
2008, USA

n
36

Matrix,
Population
Serum,
adults

Concentration

Concentrations, Median (Range)
ng g-1lipid
Ln TSH
Free T4

Herbstman et
al. 2008,
USA

289

Serum,
umbilical
cord

Concentration, Median (Range),
ng g- 1lipid

TSH
Total T4
Free T4
Turyk et al.,
2008, USA

308

Serum
(PBDE),
Urine
(Hormone),
adult males

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

7.9 (0.0-1378.4)

1.8 (0-430.1)

1.0 (0.0-247.5)

1.8 (0.0-143.3)

15.0 (0.0-2303.0)

 (95%CI), p f
-0.007 (-0.219, 0.205),
0.945
0.008 (-0.027, 0.044),
0.63
13.8 (1.1-311.2)

-0.006 (-0.273, 0.260),
0.962
0.012 (-0.032, 0.057),
0.577
-

0.002 (-0.365, 0.368),
0.993
0.014 (-0.047, 0.076),
0.643
2.3 (0.5-77.0)

-0.007 (-0.475, 0.461),
0.976
0.020 (-0.058, 0.099),
0.605
2.3 (0.5-77.0)

-0.013 (-0.183, 0.158),
0.881
0.013 (-0.016, 0.041),
0.369
-

Hormones

Concentration, Median (Range),
ng g-1

Ln TSH
Total T3
Ln Free T3
Ln Reverse T3
Total T4
Free T4
Urinary Total T4
TBGh

 change in thyroid hormone associated with 1ln unit change in PBDE/
Adjusted OR (95% CI), highest quintile compared to rest of distribution
-0.03 (-0.11, 0.04)/
0.00 (-0.09, 0.08)/
-0.01 (-0.09, 0.07)/
0.68 (0.47, 0.98)
0.92 (0.63, 1.33)
0.92 (0.65, 1.29)
-0.08 (-0.26, 0.19)/
-0.23 (-0.52, 0.06)/
-0.24 (-0.51, 0.03)/
1.16 (0.83, 1.63)
1.41 (0.99, 2.01)
1.32 (0.95, 1.82)
0.00 (-0.02, 0.02)/
0.00 (-0.02, 0.02)/
-0.01 (-0.04, 0.01)/
1.07 (0.78, 1.48)
1.06 (0.75, 1.49)
1.37 (1.00, 1.88)
0.11 (0.010.03 (0.01- 2.60)
0.01 (0.01- 0.87)
0.03 (0.03- 2.30) g
0.26 (0.13- 10.15)
5.90)
38.4 (15.8- 1360.2)g
 change in TH for tertiles 2 of PBDE exposure/  change in TH for tertiles 3 of PBDE exposure, p value for trend
-0.14/ -0.14,
-0.07/-0.10, 0.27
-0.05/, -0.06, 0.42
0.06/ -0.02, 0.96
0.08
-2.49/ -4.33*,
-2.78/ -0.21, 0.84
-5.61*/ -1.27, 0.18
-3.34/ -3.83, 0.04*
0.02*
-0.04/ -0.07,
0.01/ -0.03, 0.55
-0.004/ -0.05, 0.47
0.03/ -0.15*, 0.04*
0.18
0.03/ 0.09,
0.01/ 0.13*, 0.009*
-0.04/ 0.11*, 0.11
0.04/ 0.12*, 0.03*
0.06
-0.17/ -0.01,
-0.15/ 0.32*, 0.06
-0.25/ 0.24, 0.44
0.13/ 0.38*, 0.04*
0.92
-0.004/ 0.04,
0.02/ 0.10*, 0.002*
-0.03/ 0.07*, 0.13
0.03/ 0.10*, 0.009*
0.25
0.02/ 0.30*,
-0.03/ 0.30*, 0.0009*
0.06/ 0.24*, 0.01*
0.03/ 0.20*, 0.06
0.0007*
-0.32/ -0.69,
-1.80*/ -0.68, 0.22
-1.17/ 0.19, 0.79
-0.56/ 0.07, 0.88
0.28
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Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones cont.
Author, Year,
Country
Yuan et al., 2008,
49, China

n
49

Matrix,
Population
Serum,
adults

Concentration
Hormones
Concentrations, Median
(Range) ng g-1 lipid
Unexposed
Exposed
TSH

Roze et al., 2009,
51, The
Netherlands

Chevrier et al.
2010, USA

Wang et al., 2010,
China

51

270

442

Serum,
pregnant
women
(exposure),
umbilical
cord
(outcome)

Serum,
pregnant
women
(exposure),
umbilical
cord
(hormone)
Serum,
adults

Concentrations, Median
(Range) ng g-1 lipid
T3
TSH
Reverse T3
T4
Reverse T3
TBG
Concentration, Median
(Range) ng g-1 lipid
Log10TSH
Total T4
Free T4

BDE-47

BDE-99

BDE-100

BDE-153

Median level of serum TSH in exposed group and control group (range), p value for difference
-

0.9 (<LOD-6.1)

0.2 (<LOD-2.1)

r (Spearman rank correlation), p value
0.322, 0.021
0.311, 0.031
No association reported

15 (<LOD-761.0)

4 (<LOD-298.0)

PBDE

158 (18-436)
382 (77-8452)
1.79 (0.38-9.03)
1.15 ( 0.48-2.09),
0.01*

0.2 (<LOD-1.4)

1.6 (0.3-19.7)

0.291, 0.038

NR

-

2.4 (<LOD-138.0)

2.1 (<LOD-96.9)

25.2 (3.6-1338.6)

=% change in thyroid hormones for every 10 fold increase in PBDE (95%CI) j
-0.07 (-0.13, -0.01)*
-0.07 (-0.13, 0.00)*
-0.09 (-0.15, -0.02)*
-0.08 (-0.15, -0.01)*
0.15 (-0.60, 0.30)
-0.18 (-0.62, 0.27)
-0.11 (-0.58, 0.36)
-0.27 (-0.79, 0.25)
0.01 (-0.06, 0.08)
0.00 (-0.07, 0.07)
0.01 (-0.06, 0.08)
(-0.02, 0.14)

-0.08 (-0.14, -0.01)*
-0.18 (-0.65, 0.30)
0.02 (-0.05, 0.09)

Concentration, Median
(Range) ng g-1 lipid
Occ. Exposed.
Non-Occ. Exposed
Control
TSH
Total T3
Free T3
Free, T4

No relationship reported

-

-

-

189.79 (0-6015.63)
164.64 (0-8600.38)
122.37 (0-1398.09)

Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones cont.
Author, Year,
Country
Zhang et al.,
2010, China

n
50

Matrix,
Population
Serum,
pregnant
women

Concentration

BDE-47

TT3
TT4
TSH

Gascon et al.,
2011, Spain

289

224

Maternal
Serum
(PBDE)
Infant
blood spot
(Hormone)
Children’s’
serum
(4yo.)

Concentration, Median
(Range) ng g-1 lipid

TSH
Concentration, Median
(Range) ng g-1 lipid
lnTSH
TT3
Free T4

Lin et al.,
2011, Taiwan
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Cord blood

BDE-100

BDE-153

PBDE

Concentration, Median
(Range) ng g-1 lipid
Zone A
Zone B

Chevrier et al.,
2011, USA

BDE-99

Concentration, Median
(Range) ng g-1 lipid
T3
Free T3
TSH
T4
Free T4

No relationship between PBDE and thyroid hormone concentrations in maternal serum

-

23.43 (7.74-201.3)
16.15 (1.58,134.3)

2.6 (<LOD- 103)

2.2 (<LOD-62.6)

25.4 (<LOD- 1113.8)

= decrease in TSH level for each 10-fold increase in PBDE (95% CI)
OR (95% CI) 80th Percentile of TSH vs. 80th percentile of TSH
0.00 (-0.05, 0.06)
0.01 (-0.07, 0.04)
0.02 (-0.07, 0.04)
1.37 (0.68, 2.76)
1.15 (0.58, 2.28)
1.04 (0.51, 2.10)

0.01 (-0.07, 0.05)
0.75 (0.36, 1.56)

0.00 (-0.06, 0.06)
1.18 (0.56, 2.46)

0.92 (0.03-12.54)

4.05 (0.31-32.66)

NR
NR
NR

NR
NR
NR

0.915 (0.240-14.7)

3.49 (1.65- 47.3)

15.2 (<LOD – 667)

0.56 (0.01-15.00)

3.8 (<LOD- 261)

0.27 (0.01-8.94)

0.25 (0.01-3.19)

Regression  (95% CI) for thyroid hormone level and BDE-47 exposure
0.05 (-0.1, 0.2)
NR
NR
7.3 (-0.4, 14.9)
NR
NR
0.01 (-0.04, 0.05)
NR
NR

0.672 (0.351- 19.6)

0.742 (<LOD- 3.75)

0.174 (<LOD- 10.3)

= decrease in thyroid hormone level for each 2-fold increase in PBDE, R2 change, p value
NRd
NRd
NRd
NRd
d
d
d
NR
NR
NR
-0.143,0.164, 0.023*
No association reported

NRd
NRd
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Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones cont.
Author, Year,
Country
Stapleton et al.
2011, USA

Zota et al.,
2011, USA

Kicinski et al.,
2012, Belgium

n
137

25

515

Matrix,
Population
Serum
(pregnancy
)

Maternal
Serum

Serum
Adolescent
s

Concentration
Hormones
Concentration, Median
(Range) ng g-1

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

18.87 <2-297.45

5.5 <2.0-249.08

4.61 (<1.2-107.45)

5.65 (<1.2-67.55)

36.56 3.59-694)

= change in thyroid hormone level associated with a one unit change in lnPBDE (95%CI)
lnTSH

0.07 (-0.02, 0.16)

0.04 (-0.04, 0.11)

0.01 (-0.09, 0.11)

0.03 (-0.08, 0.14)

0.06 (-0.04, 0.17)

lnFree T4

0.05 (0.01, 0.08) *

0.02 (-0.009, 0.05)

0.02 (-0.02, 0.06)

0.05 (0.006, 0.09) *

0.05 (0.01, 0.09) *

lnTotal T4

0.42 (0.05, 0.78) *

0.32 (0.02, 0.63) *

0.41 (0.003, 0.82) *

0.12 (-0.35, 0.58)

0.50 (0.06, 0.94) *

Ln Free T3

0.01 (-0.01, 0.03)

0.003 (-0.01, 0.02)

0.0004 (-0.02, 0.02)

0.02 (-0.04, 0.01)

0.01 (-0.02, 0.04)

ln Total T3

0.04 (-0.01, 0.08)

0.01 (-0.03, 0.05)

0.001 (-0.05, 0.5)

0.01 (-0.04, 0.07)

0.02 (-0.03, 0.08)

42.1 [43.1 (1.7)]

9.8 [11.5 (1.82)]

8.96 [9.00 (1.86)]

16.5 [15.5 (1.82)]

82.9 [85.8 (1.59)]

TSH
Total T4

0.39 (-0.04, 0.82)
0.02 (-1.37,1.41)

0.24 (-0.12, 0.60)
0.84 (-0.31, 1.99)

0.23 (-0.12, 0.59)
0.21 (-1.02, 1.43)

0.07 (-0.32, 0.45)
0.66 (-0.66, 1.98)

0.40 (-0.07, 0.87)
0.50 (-1.04, 2.04)

Free T4

-0.04 (-0.16, 0.09)

0.01 (-0.09, 0.11)

-0.02 (-0.12, 0.07)

0.04 (-0.06, 0.14)

-0.02 (-0.15, 0.12)

Concentration, Median
[GM(GSD)], ng g-1

Concentration, Median
(Range) ng g-1 lipid

<LOQ

k

<LOQ

k

<LOQ

k

2

k

7k

 change in serum TH levels (pg L-1) for serum PBDE levels above LOQ (95%CI), p value
TSH
Free T3
Free T4

10.1% (0.8%, 20.2%),
0.033*
No association reported

-

-

-

-

-0.018 (0.03, 0.34),
0.02*

-0.015 (0.004, 0.29),
0.045*

-

-

Table 2.2 Summary of studies that have investigated an association between PBDE concentrations and thyroid hormones cont.
Author,
Year,
Country
Kim et al.
2012, South
Korea

n

Matrix,
Population

21

Maternal
Serum
Cord
Serum

Concentration

Maternal
TSH
Free T4

Shy et al.,
2012, Taiwan

149

Breast milk
(PBDE)
Infant
bloodspots
(Hormone)
Breast milk
(PBDE)
Cord Blood
(Hormone)

BDE-99

BDE-100

BDE-153

PBDE

7.65(2.06 ± 18.25)

0.38(<LOQ–1.93)

0.15(<LOQ–1.26)

1.68(<LOQ–5.12)

12.04(2.28–30.94)

3.21(0.97–6.52)
No relationship reported

1.65(<LOQ–3.27)

0.15(<LOQ–4.02)

1.66(0.52–3.96)

7.81(1.8–17.66)

0.95 (0.15-56)

0.26 (0.02-9.5)

0.42 (0.01-5.0)

0.03 (0.01-1.2)

Hormones
Concentration, Median
(Range) ng g-1 lipid

Cord

BREAST MILK
Eggesbø et
239
al., 2011,
Norway

BDE-47

Concentration, Median
(Range) ng g-1 lipid
TSH
Exposure
Log T4
Log Free T4
TSH
T3

No Association reported
0.994/0.519
0.303/0.144
0.302/0.176
 change in TH for a unit change in Log PBDE (95%CI), p value
NR
NR
NR
NR
0.158 (0.042, 0.274),
NR
0.008*
No association reported

0.672/0.836

3.38/3.13

NR
NR

NR
NR

-

-

DUST
Meeker et al.,
2009, USA

a

24

Dust
(PBDE)
Serum
(Hormone),
Adult
Males

TSH- Thyroid Stimulating Hormon
T3- triiodothyronine
c
T4- thyroxine
d
NR- No relationship, no further data published
e
Exposure in pmol g-1 lipid weight
b

Concentration, Median
(Range) ng g-1 lipid

500 (NR-7620)

838 (NR-9220)

180 (NR-2830)

r = % change in hormone level for IQR increase in PBDE concentration (95% CI), p value
TSH

0.6 (-15.3, 19.0), 0.94

1.4 (-14.9, 20.9), 0.87

-2.5 (-19.8, 19.0), 0.78

-

-

Total T3

-0.1 (-8.1, 8.1), 0.99

-0.2 (-8.5, 8.1), 0.96

0.8 (-8.3, 10.0), 0.85

-

-

Free T4

3.8 (0.2, 7.4), 0.04*

4.1 (0.5, 7.8), 0.03*

4.0 (-0.1, 8.2), 0.06

-

-

f

PBDE concentrations ln transformed prior to analysis
PBDE concentrations in ng g-1 lipid
h
Thyroid Binding Globulin
i
PBDE concentrations log10 transformed prior to analysis
j
ng Lg
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Thyroid Stimulating Hormone (TSH)
The studies investigating the effect of PBDE on Thyroid Stimulating Hormone (TSH)
have shown varied results; some indicated that higher PBDE concentrations were
associated with decreased TSH, others with increased TSH and others no effect.
Hagmar et al. (2001) were the first to investigate the relationship between
concentrations of PBDEs and levels of TSH in a sample of men from Sweden and
Latvia (n=110). They reported a weak, negative association between concentrations of
BDE-47 and TSH (r=0.31, p = 0.001). Turyk et al. (2008) also found a negative
association with TSH and concentrations of BDE-47, BDE-99, BDE-100 and BDE-153
in a sample of 308 adult males from North America. These associations were not
significant at the 5% level, but for BDE-47, the results neared significance (p=0.08).
These finding were later supported by Chevrier et al. (2010) who found a 10.9 to 18.7%
decrease in TSH in maternal blood for every ten-fold increase in the concentrations of
individual congeners (BDE-28, BDE-47, BDE-100, BDE-99, and BDE-153) and a
16.8% decrease for every ten-fold increase of PBDE.
In an exploratory study, Yuan et al. (2008) reported that median levels of TSH were
significantly higher (1.79 μIU/mL) in a group of workers from an e-waste facility who
were exposed to PBDEs compared with unexposed controls who worked at the same
facility (1.15 μIU/mL), p=0.01. Zota et al. (2011) reported a positive relationship
between individual PBDE congeners (including BDE-28, BDE-47, BDE-99, BDE-100
and BDE-153) and PBDE concentrations and TSH in maternal serum. However, the
association was only significant for BDE-85 (= 0.33 95%CI 0.02, 0.64). The authors
reported a negative association for BDE-207 and TSH (= -0.72 95%CI -1.10, -0.34).
Furthermore, the authors also reported a positive association between several
hydroxylated PBDEs and TSH, with a significant association between 4´-OH-BDE-49
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and TSH (= 0.50 95%CI 0.22, 0.78). A Belgian study found that maternal BDE-47
concentrations were associated with a 10.1% increase in TSH levels (95%CI 0.8, 20.2)
in 51 umbilical cord serum samples (Kiciński et al., 2012). Conversely, Herbstman et
al. (2008) reported that BDE-47 concentrations in umbilical cord serum were associated
with reduced odds of high TSH levels in infants. Conversely, Chevrier et al. (2011)
reported that increased PBDE concentrations in maternal serum were related to
increased odds of high (>80th percentile) TSH levels measured in infant blood spots.
However, the associations in the last two studies did not reach statistical significance.
Fifteen studies did not report an overall association between levels of TSH and
concentrations of PBDEs in serum (Bloom et al., 2008; Chevrier et al., 2011; Gascon et
al., 2011; Herbstman et al., 2008; Julander et al., 2005; Kim et al., 2012; Lin et al.,
2011; Mazdai et al., 2003; Roze et al., 2009; Stapleton et al., 2011; Wang et al., 2010;
Zhang et al., 2010), breast milk (Eggesbø et al., 2011; Shy et al., 2012) or residential
house dust (Meeker et al., 2009).
While the results from these studies are mixed, they suggest that increased
concentrations of PBDEs may be associated with increased TSH levels, particularly in
pregnant women. Hence, this association warrants further investigation.
Total triiodothyronine (total T3)
The relationship between concentrations of PBDEs and total triiodothyronine (total T3)
has been investigated in fewer studies, and again mixed results were reported.
Roze et al. (2009) found that maternal concentrations of BDE-47, BDE-99 and BDE100 were moderately positively correlated with T3 levels (r= 0.322, 0.311 and 0.291
respectively, p <0.05 for all) in umbilical cord serum (n=51). However, Lin et al.
(2011) reported a twofold increase in concentrations of BDE-154 was associated with a
0.043 ng/mL decrease in levels of total T3 in a sample of 54 umbilical cord samples
63

from Taiwan. A negative association was also reported by Turyk et al. (2008). Serum
PBDE concentrations that were classified into tertiles of exposure were shown to have
significant negative associations for BDE-47 ( tertile 2= -2.49,  tertile 3= -4.33, p for
trend <0.05) and BDE-153 ( tertile 2= -3.34,  tertile 3= -3.83, p for trend <0.05).
Furthermore, Stapleton et al. (2011) reported a negative association between 4´-OHBDE-49 and total T3 levels (r=-0.24, p=0.08). Shy et al. (2012) reported a positive
association between breast milk concentrations of BDE-47, BDE-85, BDE-99, and
BDE-100 with levels of total T3 in umbilical cord blood. However, the authors
reported negative associations with BDE-183, BDE-197 and BDE-207. Multiple
stepwise linear regression did not support a relationship for individual congeners or
PBDE. A further eight studies did not report an association between total T3 and
PBDE concentrations measured in serum (Abb et al., 2011; Hagmar et al., 2001;
Julander et al., 2005; Mazdai et al., 2003; Wang et al., 2010; Zhang et al., 2010) or
residential dust (Meeker et al., 2009).
In short, the results across studies are inconsistent but indicate that increased PBDE
concentrations may be associated with decreased levels of total T3.
Free triiodothyronine (free T3)
Unlike total T3, associations between concentrations of PBDEs and free T3 have only
been investigated in serum. No association was reported in four studies (Hagmar et al.,
2001; Mazdai et al., 2003; Stapleton et al., 2011; Wang et al., 2010) while a negative
association was reported in a further three studies.
Turyk et al. (2008) reported that concentrations of BDE-153 (ln transformed) were
associated with decreased levels of free T3 ( tertile 2: 0.03,  tertile 3 -0.15, p for trend
<0.05). In 54 umbilical cord samples, a twofold increase in BDE-153 and BDE-183
was associated with decreases of 0.143 and 0.084 ng/mL, respectively, of free T3
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(adjusted r= -0.487, p <0.05) (Lin et al., 2011). Kiciński et al. (2012) reported BDE-99
and BDE-100 concentrations above the limit of detection were associated with
decreases of 0.018pg/mL (95%CI 0.03, 0.34) and 0.015pg/mL (95%CI 0.004, 0.29) in
free T3 levels (p <0.05 for both). Concentrations of BDE-47, BDE-153, BDE-209 and
PBDEs were also negatively association with levels of free T3. However, these
associations were not statistically significant.
While data are limited, results from these studies indicate that increased PBDE
concentrations may be associated with decreased levels of free T3.
Total thyroxine (TT4)
Six studies did not report an association between concentrations of PBDEs and total T4
(Chevrier et al., 2010a; Hagmar et al., 2001; Julander et al., 2005; Lin et al., 2011;
Mazdai et al., 2003; Zhang et al., 2010; Zota et al., 2011). Inconsistent with laboratory
studies (Darnerud, 2008; Legler, 2008), results from four studies showed positive
associations between PBDE concentrations and total T4 levels in humans. Turyk et al.
(2008) reported levels of total T4 were positively associated with BDE-99 ( tertile 2= 0.15,  tertile 3= 0.32, p for trend = 0.06) and BDE-153 ( tertile 2= 0.13,  tertile 3=
0.38, p for trend <0.05). Later, Wang et al. (2010) reported a strong positive association
between concentrations of less often reported PBDEs, namely BDE-126 and BDE-205
(= 0.25, SE= 0.10 and =3.27, SE= 0.97, respectively p <0.05) and total T4 levels in
serum samples from occupationally exposed and unexposed Chinese adults. A positive
association was observed for total T4 levels and = concentrations of BDE-47 (=0.42,
95%CI 0.05, 0.78), BDE-99 (= 0.32 95%CI 0.02, 0.63), BDE-100 (= 0.41 95%CI
0.003, 0.82) and PBDEs (= 0.50 95%CI 0.06, 0.94) in pregnant women from North
America (Stapleton et al., 2011). This association was also observed across matrices in
a Taiwanese study, where breast milk concentrations of BDE-154 were associated with
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an increase in T4 levels in umbilical cord blood (= 0.133 95%CI 0.024, 0.241) (Shy et
al., 2012).
While the data are currently limited, the results from these studies show that PBDE
concentrations could lead to increased concentrations of free T4.
Free thyroxine (FT4)
No overall association was reported by 10 studies (Bloom et al., 2008; Chevrier et al.,
2010a; Gascon et al., 2011; Hagmar et al., 2001; Herbstman et al., 2008; Kiciński et al.,
2012; Lin et al., 2011; Mazdai et al., 2003; Wang et al., 2010; Zota et al., 2011).
However, Herbstman et al. (2008) reported that concentrations of BDE-153 were
associated with an increased odds of having low cord blood free T4, while Bloom et al.
(2008) observed a weak positive association between PBDEs in a small study of adults
fishermen from in North America.
A positive association was reported in a further three studies. Turyk et al. (2008)
observed associations with BDE-99 ( tertile 2= 0.02,  tertile 3 0.10, p for trend <0.05)
and BDE-153 ( tertile 2= 0.03,  tertile 3= 0.10, p for trend <0.05) and Stapleton et al.
(2011) reported associations with BDE-47, BDE-153 and PBDEs.
Meeker et al. (2009) investigated the relationship between concentrations of BDE-47,
BDE-99 and BDE-100 in residential dust from home vacuum cleaners and reproductive
health in 24 men aged between 18 and 54 years from Massachusetts. BDE-47 and
BDE-99 concentrations were positively associated with free T4 (3.8% and 4.1%,
respectively, p <0.05), BDE-100 concentrations were approaching significance (p=
0.06).
In summary, the data suggest that increased concentrations of PBDEs may be associated
with increased levels of free T4 in humans.
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Table 2.3 Summary of studies reporting effect of PBDEs on reproductive hormones
Author, Year,
Country

n

Matrix,
Sample

Concentration

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

1.04

-

-

-

-

Hormone
Hagmar et al.
2001, Sweden
Latvia

Main et al., 2007,
Denmark and
Finland

110

130/280
(Breast
milk/Plac
enta)

Plasma,
Adult
Males

Breast
Milk,
Placenta
(PBDE)
Infant
Serum
(Hormones)

Concentrations, Median
ng g-1
FSH
LH
Prolactin
SHBG
Testosterone

Concentrations not correlated
-

Concentration, Median
(Range) ng g-1lipid, p
value
Maternal

1.12 (0.42 -12.87)

0.42 (0.10-3.19)

0.27(0.10-1.37)

0.81 (0.28-3.08)

3.16 (1.08-21.47

Placenta

1.56 (0.45-33.13),
0.003*

0.53 (0.09-10.48), 0.091

0.37 (0.11-4.65), 0.008)

0.94 (0.33-3.35), 0.156

4.16 (1.39, 51.62),
0.007*

Correlation between concentration of PBDE and hormone in infant male serum, p value
LH
FSH
Inhibin B, SHBG,
Testosterone,
Testosterone
Turyk et al., 2008,
USA

308

Serum,
Adult male

Concentration, Median
(Range) ng g-1lipid,

0.227, <0.027

NR

0.293, <0.004

NR

0.218, <0.033

0.03 (0.03- 2.30) a

0.26 (0.13- 10.15) g
38.4 (15.8- 1360.2)

Breast milk and placenta concentrations of PBDEs were not correlated in this sample

0.11 (0.01- 5.90)a

0.03 (0.01- 2.60) a

0.01 (0.01- 0.87) a

Outcome change in hormone level ( tertile 2/  tertile 3, p value for trend)
Testosterone (serum)
SHBG

0.32/0.36, 0.02
-0.13/0.05, 0.64

0.33/0.21, 0.16
-0.20/-0.01, 0.88

-0.11/-0.18, 0.25
-0.08/0.03, 0.99

0.31/0.25, 0.46
0.10/-0.09, 0.66

NR
NR
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Table 2.3 Summary of studies reporting effect of PBDEs on reproductive hormones
Author,
Year,
Country
Meeker et
al., 2009,
USA

n

Matrix,
Sample

Concentration

24

Dust
(PBDE)
Serum
(Hormones)

Concentrations,
Median (Range) ng g-

BDE-99

BDE-100

BDE-153

PBDE

500 (NR-7620)

838 (NR-9220)

180 (NR-2830)

-

-

-

-

-

-

1

Estradiol
FSH
Inhibin B
LH
Prolactin
SHBG
Testosterone
* p value <0.05
NR: no relationship reported
a
PBDE concentrations in ng g-1(no lipid adjustment)

BDE-47

r = % change in hormone level for IQR increase in PBDE concentration in dust (95% CI), p value
8.9 (-12.0, 29.0), 0.38
13.2 (-7.5, 34.0), 0.20
13.3 (-10.0, 36.6), 0.24
-32.3 (-51.0, -6.3), 0.02*
-32.6 (-51.6, -6.0), 0.02*
-37.1 (-56.2, -9.6), 0.01*
32.9 (10.7, 55.2), 0.006*
32.7 (9.8, 55.7), 0.007*
36.3 (10.7, 61.9), 0.008*
-30.9 (-45.6, -12.3),
-33.0 (-47.1, -15.3),
-33.3 (-49.4, -12.2),
0.004*
0.002*
0.006*
-4.6 (-22.3, 17.1), 0.63
-5.3 (-26.5, 19.8), 0.60
-6.0 (-27.3, 20.3), 0.61
18.8 (0.6, 40.2), 0.04*
18.6 (-0.1, 40.6), 0.05*
22.8 (1.6, 48.4), 0.03*
-11.0 (-29.2, 7.1), 0.22
-10.6 (-29, 7.9), 0.24
-9.2 (-30.5, 12.0), 0.37

2.3.1.2 Association between concentrations of PBDEs and reproductive hormone
function
It is unclear from the literature to date whether a relationship between exposure to
PBDEs and levels of reproductive hormones exists, as the results are largely
inconclusive (Table 2.3). The effects of PBDEs on reproductive hormones have
generally been investigated as a secondary outcome, with, three of the four studies
conducted primarily focused on the effects on thyroid hormones (Hagmar et al., 2001;
Meeker et al., 2009; Turyk et al., 2008) and one focused on cryptorchidism (Main et al.,
2007).
Two studies have considered the effects of PBDEs on follicle stimulating hormone
(FSH); one finding no association in a sample of adults males (Hagmar et al., 2001)
while the other reported a significant negative correlation (Meeker et al., 2009). In a
sample of adult males attending the Vincent Memorial Andrology Laboratory in
Massachusetts, Meeker et al. (2009) reported that with every increase in interquartile
range of BDE-47 in participants’ house dust, there was a 32.3% (95% CI -51.0, -6.3)
decrease in FSH level. This relationship was also significant for BDE-99 (-32.6%,
95%CI -51.6, -6.0) and BDE-100 (-37.1% 95%CI -56.2, -9.6). However, confidence
intervals were wide, indicating a lack of precision for these estimates.
Meeker et al. (2009) also found that concentrations of PBDEs in house dust were
associated with decreased levels of luteinizing hormone (LH) (BDE-47: -30.9% 95%CI
-45.6, -12.3); BDE-99: -33.0 (95%CI -47.1, -15.3) and BDE-100 -33.3 (95%CI -49.4, 12.2). These results are inconsistent with those reported by Main et al. (2007), where
increased concentrations of PBDEs in breast milk were positively associated with LH in
male offspring at three months of age. This association was evident for 7PBDE
(r=0.218), BDE-47 (r=0.227), BDE-100 (r=0.293) and BDE-154 (r= 0.203), (p <0.05
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for all). Conversely, Hagmar et al. (2001), who was the first to publish on the
associations of PBDEs and hormones in humans did not find a relationship. These
inconsistent results could be due to different sample population and exposure measures.
These studies have used three different matrices to measure concentrations of PBDEs,
and although exposure is measured in males, they are of different ages which may affect
levels of hormones.
Meeker et al. (2009) reported that increased concentrations of PBDEs in dust had a
positive and significant effect on sex-hormone-binding globulin (SHBG). An increase
in the IQR of BDE-47 was associated with an 18.8% (95%CI 0.6, 40.2) increase in
levels of SHBG. A similar increase was also evident for BDE-99 (18.6%, 95%CI -0.1,
40.6) and BDE-100 (22.8%, 95%CI1.6, 48.4). However, no association was reported in
a sample of adult males (Hagmar et al., 2001; Turyk et al., 2008) or in infants exposed
to PBDEs in breast milk (Main et al., 2007).
Meeker et al. (2009) reported a significant positive association with dust concentrations
and inhibin B. An increase in the IQR of BDE-47 was associated with a 32.9% increase
in levels of inhibin B (95%CI 10.7, 55.2); this relationship was also seen for
concentrations of BDE-99 (32.7%, 95%CI 9.8, 55.7) and BDE-100 (36.3%, 95%CI
10.7, 61.9). The only other study to investigate this relationship found no association
(Main et al., 2007). Finally, PBDE concentrations were not associated with levels of
prolactin (Hagmar et al., 2001; Meeker et al., 2009) or estradiol (Meeker et al., 2009).
In a sample of over 300 adult male sport fish consumers from the Great Lakes, Turyk et
al. (2008) did not find an association between PBDE concentrations and testosterone
when concentrations of PBDEs were treated as a continuous variable. However, when
exposure was classified into tertiles, a significant positive association became evident
for BDE-47 and testosterone (p=0.02) which is possibly suggestive of a non-linear
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relationship. Other studies did not find an association between PBDEs and testosterone
(Hagmar et al., 2001; Main et al., 2007; Meeker et al., 2009).
Overall, the results from studies investigating the relationship between concentrations of
PBDEs and levels of reproductive hormone are inconclusive; hence it is unclear whether
an association exists.
2.3.2

Association between PBDE concentrations and neurological function

PBDEs may cause neurological effects in humans although the mechanisms are still not
clear (Darnerud, 2008). In a review of published literature on neurotoxicity of BDE209, Costa and Giordano (2011) suggested that PBDEs may act directly on brain cells
and secondly, that their effects on thyroid hormones may also cause neurologic effects.
In another review of literature focusing on in vitro PBDE toxicology in brain cells,
Verner et al. (2011) found that PBDEs (even in low doses) can result in human cell
cytotoxicity, apoptosis, increased reactive oxygen species (ROS), DNA damage and
chromosomal irregularities. Furthermore, exposure to PBDEs may affect functioning of
neural progenitor cells (which migrate and differentiate into neurons and
oligodendrocytes). Neurological function could be further impacted by PBDEs through
their effect on thyroid hormones (Darnerud, 2008), where normal functioning is
important for brain development. A limited number of studies have investigated
neurologic effects in humans and these are summarized in Table 2.4, Table 2.5 and
Table 2.6. Table 2.4 contains studies that have considered more than one congener,
Table 2.5 contains a study that has just considered BDE-47 and finally, Table 2.6
includes studies that considered PBDEs.
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Table 2.4 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans
Author, Year, Country

n

Matrix for PBDE
exposure

Concentration

Roze et al. 2009,
The Netherlands

62

Maternal serum
(PBDE)

Outcome measure
Concentration, Median
(Range) ng g-1 lipid

Children 5-6 yo
(Outcome)

Verbal memory
Attention sustained
Attention selective

Chao et al. 2010

70

Breast milk (PBDE)
Children 8-12 mo.
(Outcome)

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

0.9 (<LOD-6.1)

0.2 (<LOD-2.1)

0.2 (<LOD-1.4)

1.6 (0.3-19.7)

-

-0.723, , <0.01*
NS

NS
NS

Correlation between score and PBDE concentration, p value
NS
NS
NSa
0.264, <0.05*
0.264, <0.05*
-0.261, <0.10
0.23, <0.10

NS

NS

NS

NS

Total behavioural outcome

NS

0.276 , <0.05*

0.231, <0.10

NS

NS

Internalising behaviour
(parent reported)
internalising behaviour
(teacher reported)

NS

0.283 , <0.05*

0.235, <0.10

NS

NS

0.237, < 0.10

0.265, <0.10

0.236, <0.10

NS

NS

0.475 (0.207-80.4)

0.144 (0.0418-19.7)

0.172 (0.0684-10.4)

0.835 (0.361-10.2)

2.92 (1.44-118)

NSa
NSa
NSa
NSa
NSa

-0.02 , 0.871
0.142 , 0.24
0.159 , 0.189
0.159 , 0.189
0.159 , 0.189

Concentration, Median
(Range) ng g-1 lipid

Correlation between development score and PBDE concentration, p value
Bayley Scale of Infant Development (BSID), Third Edition
NSa
NSa
Cognitive
NSa
NSa
0.237 , 0.048
Language
NSa
NSa
NSa
Motor
NSa
NSa
NSa
Social-emotional
NSa
a
a
NS
NSa
Adaptive behaviour
NS

Table 2.4 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans cont.
Author, Year, Country

n

Matrix for PBDE
exposure

Herbstman et al., 2010
North America

118→7
2

Cord Serum (PBDE)
Children 12-72 mo.
(Outcome)

Concentration

BDE-47

Outcome
Concentration, Median
(Range) ng g-1 lipid

11.2 (613.1)

BDE-99

BDE-100

BDE-153

PBDE

3.2 (202.8)

1.4 (71.9)

0.7 (28.9)

-

Every increase in serum ln-BDE resulted in significantly decreased neurodevelopment indices,  (95%CI)
Bayley Scales of Infant Development (BSID) Scores; Motor Development Index (MDI), Psychomotor Development Index (PDI)
MDI 12mo.

-0.64 (-2.11, 0.82)

-0.52 (-1.92, 0.88)

-0.72 (-2.29, 0.85)

0.02 (-1.65, 1.68)

-

MDI 24mo.

-3.12 (-5.25, -0.99)**

-2.82 (-4.78,-0.56)**

-3.67 (-6.00, -1.34)**

-1.71 (-4.07, 0.65)

MDI 36 mo.

-1.05 (-3.35, 1.26)

-1.09 (-3.29, 1.11)

-3.67 (-6.00, -1.34)

-0.05 (-2.46, 2.37)

PDI 12 mo.

-2.09 (-4.20, 0.03)

-0.74 (-2.79, 1.31)

-1.89 (-4.36, 0.58)

-1.95 (-4.34, 0.43)

PDI 24 mo.

-0.29 (-2.37, 1.79)

-0.06 (-2.03, 1.09)

-1.93 (-4.21, 0.35)

1.21 (-1.06, 3.49)

PDI 36 mo.

-1.81 (-4.69, 1.07)

-0.89 (-3.62, 1.84)

0.10 (-2.22, 2.41)

0.03 (-3.00, 3.05)

-2.42 (-4.71, -0.12)**

-1.42 (-3.53, 0.61)

-3.68 (-6.05, -1.28)**

-3.09 (-5.64, -0.54)**

-

-1.17 (-4.03, 1.69)

-0.22 (-2.97, 2.52)

-3.10 (-6.27, 0.06)

-3.25 (-6.35, -0.15)**

-

-2.75 (-5.28,-0.22)**

-1.88 (-4.16, 0.40)

-3.46 (-6.14, -0.79)**

-2.46 (-5.32, 0.41)

-

Wechsler Preschool and Primary Scale of Intelligence
Full IQ 48mo.
Full IQ 72mo.
Verbal IQ 48mo.

Hertz-Picciotto et al.
2011, USA

100

Serum (PBDE)

Verbal IQ 72 mo.

0.09 (-2.82, 3.01)

0.76 (-2.02, 3.54)

-1.46 (-4.74, 1.81)

-1.79 (-5.05, 1.47)

Performance IQ 48mo.

-1.67 (-4.32, 0.98)

-0.86 (-3.23, 1.52)

-3.37 (-6.14, -0.60)**

-3.62 (-6.62, -0.63)**

-

Performance IQ 72mo.

-2.14 (-5.20, 0.93)

-1.20 (-4.16, 1.75)

-4.02 (-7.41, -0.63)**

-4.19 (-7.47, -0.89)**

-

3.56, 4.75b

2.57, 3.90

2.61, 3.68

2.47, 3.67

5.15, 6.12

Concentration, ln(ng g-1)
(25th, 75th %tile)

 in PBDE concentrations when comparing groups (90%CI), p value
Compared concentrations of PBDEs in three groups of children: autism/autism spectrum disorder (AU/ASD), developmental regression (DD) and typically
developing (TD)
AU/ASD vs. TD
-0.24 (0.40, 1.42),
-0.33 (0.32, 1.31),
-0.32 (0.41, 1.23),
-0.63 (0.23, 1.05),
-0.35 (0.38, 1.33),
0.46
0.31
0.31
0.12
0.37
DD vs. TD
0.35 (0.65, 3.58),
0.46 (0.80, 4.25),
0.41 (0.72, 3.34),
0.61 (0.81, 4.91),
0.51 (0.77, 3.50),
0.42
0.23
0.34
0.21
0.28
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Table 2.4 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans cont.
Author,
Year,
Country
Gascon et al.
2012
Spain

Hoffman et
al. 2012
USA

n

290

22

Matrix for
PBDE
exposure
Colostrum
(PBDE),
Children
14months
(range 12-18
months
(Outcome)

Breast milk
(PBDE); Infant
score at 24-36
mo. (Outcome)

Concentration
Outcome
Concentration, Median
(Range) ng g-1 lipid

BDE-47

BDE-99

BDE-100

BDE-153

0.56 (0.01-15.00)

0.27 (0.01-8.94)

0.25 (0.01-3.19)

0.92 (0.03-12.54)

Increase in log PBDE concentration effect on mental score ( (95%CI), p value)
Bayley Scales of Infant Development (BSID) Scores
Mental Score
-1.22 (-2.89, 0.46), 0.15
-1.37 (-2.99, 0.25),
-1.36 (-3.48, 0.77),
-1.29 (-3.55, 0.96),
0.10
0.21
0.26
Psychomotor score
-0.55 (-2.16,1.05), 0.50
0.13 (-1.44,1.69),
0.10 (-1.92,2.11),
-1.05 (-3.18,1.07),
0.87
0.93
0.33
Concentration, Median
(Range) ng g-1 lipid

28.7 (4.0-143.0)

(nd-299.0)

5.3 (nd-188.0)

5.6 (nd-229.0)

PBDE

–2.25 (–4.75, 0.26)
0.08
-1.39 (-3.78,0.99),
0.25
-

Adjusted OR (95%CI) for PBDEs concentrations (<median= referent, 50th-75th/ >75th percentiles) and subscales of
behaviour
Infant-Toddler Social and Emotional Assessment (ITSEA)
Activity/ Impulsivity
2.1 (0.8, 5.4)
1.4 (0.6, 3.8)
3.2 (1.2, 8.0)
2.1 (0.9, 5.1)
2.5 (1.0, 6.3)
3.3 (1.3, 8.2)
2.6 (1.1, 6.3)
2.6 (1.0, 6.5)
1.2 (0.5, 3.0)
3.2 (1.3, 7.8)
Aggression/ Defiance
1.3 (0.6, 3.0)
1.0 (0.4, 2.4)
2.0 (0.8, 4.6)
1.5 (0.7, 3.5)
1.1 (0.5, 2.7)
1.3 (0.6, 3.1)
1.9 (0.8, 4.3)
1.3 (0.5, 3.0)
0.9 (0.4, 2.1)
1.2 (0.5, 2.8)
Peer Aggression
1.0 (0.4, 2.6)
1.2 (0.5, 3.1)
0.9 (0.3, 2.5)
1.1 (0.4, 2.8)
0.7 (0.3, 2.0)
1.7 (0.6, 4.3)
1.1 (0.4, 2.9)
1.8 (0.7, 4.7)
1.1 (0.4, 2.8)
1.8 (0.7, 4.4)
General Anxiety

1.0 (0.4, 2.4)
1.2 (0.5, 3.0)

1.3 (0.6, 3.2)
1.7 (0.7, 4.0)

0.7 (0.3, 1.8)
2.1 (0.9, 4.7)

0.5 (0.2, 1.3)
1.7 (0.8, 3.9)

1.5 (0.6, 3.6)
1.7 (0.7, 4.0)

Table 2.4 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans cont.
Author,
Year,
Country

n

Hoffman et
al. 2012
USA, cont.

22

Matrix for
PBDE
exposure
Breast milk
(PBDE); Infant
score at 24-36
mo. (Outcome)

Concentration

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

28.7 (4.0-143.0)

(nd-299.0)

5.3 (nd-188.0)

5.6 (nd-229.0)

-

Outcome
Concentration, Median
(Range) ng g-1 lipid

Adjusted OR (95%CI) for PBDEs concentrations (<median= referent, 50th-75th/ >75th percentiles) and subscales of
behaviour
Infant-Toddler Social and Emotional Assessment (ITSEA)
Depression/ Withdrawal
0.9 (0.4, 1.9)
0.9 (0.4, 2.0)
0.5 (0.2, 1.2)
0.9 (0.4, 1.9)
0.9 (0.4, 1.9)
1.0 (0.4, 2.2)
1.2 (0.6, 2.7)
0.6 (0.3, 1.4)
0.6 (0.3, 1.3)
0.6 (0.3, 1.3)
Inhibition to Novelty
1.6 (0.7, 3.4)/
0.9 (0.4, 2.2)
0.7 (0.3, 1.6)
1.3 (0.6, 3.0)
1.4 (0.6, 3.2)
0.7 (0.3, 1.9)
0.6 (0.2, 1.5)
0.6 (0.3, 1.5)
0.8 (0.3, 1.8)
0.5 (0.2, 1.3)
Separation Distress
1.5 (0.7, 3.4)
1.2 (0.5, 2.8)
1.4 (0.6, 3.3)
1.7 (0.8, 3.8)
1.3 (0.6, 2.9)
1.2 (0.5, 2.9)
1.5 (0.6, 3.4)
1.7 (0.7, 3.8)
0.6 (0.2, 1.4)
1.1 (0.5, 2.5)
Eating
1.4 (0.5, 3.5)
0.9 (0.3, 2.3)
0.3 (0.1, 1.1)
0.6 (0.2, 1.6)
0.8 (0.3, 2.3)
0.4 (0.1, 1.4)
0.4 (0.1, 1.2)
0.4 (0.2, 1.2)
0.3 (0.1, 1.1)
0.6 (0.2, 1.7)
Negative Emotionality
1.5 (0.7, 3.3)/
1.6 (0.7, 3.6)
1.5 (0.7, 3.3)
2.0 (0.9, 4.5)
2.2 (1.0, 5.0)
1.2 (0.5, 2.9)
2.2 (1.0, 4.9)
1.2 (0.5, 2.8)
1.3 (0.6, 2.9)
1.2 (0.5, 2.9)
Sensory Sensitivity
3.0 (1.2, 7.3)/
1.8 (0.7, 4.6)
1.4 (0.6, 3.5)
1.1 (0.5, 2.9)
2.2 (0.9, 5.5)
1.1 (0.4, 3.4)
1.0 (0.4, 2.8)
0.9 (0.3, 2.4)
0.7 (0.3, 1.9)
0.8 (0.3, 2.3)
Sleep
0.9 (0.4, 2.3)/
0.6 (0.2, 1.6)
0.8 (0.3, 2.1)
1.2 (0.5, 2.9)
0.7 (0.3, 1.8)
2.0 (0.9, 4.7)
1.5 (0.7, 3.4)
2.2 (0.9, 5.0)
1.0 (0.4, 2.5)
1.6 (0.7, 3.7)
Attention
1.6 (0.6, 4.4)/
1.6 (0.6, 4.3)
2.1 (0.8, 5.6)
2.4 (0.9, 6.4)
3.0 (1.1, 8.5)
1.0 (0.3, 2.7)
1.0 (0.3, 2.8)
0.6 (0.2, 1.8)
0.7 (0.2, 2.2)
0.6 (0.2, 1.8)
Compliance
1.2 (0.5, 2.7)/
1.6 (0.7, 3.7)
1.8 (0.8, 4.2)
1.4 (0.6, 3.1)
1.2 (0.5, 2.9)
1.6 (0.7, 3.5)
1.2 (0.5, 2.8)
1.3 (0.5, 3.0)
0.7 (0.3, 1.6)
1.5 (0.5, 3.3)
Empathy
1.9 (0.7, 4.8)/
3.2 (1.2, 8.5)
1.6 (0.6, 4.2)
0.5 (0.2, 1.5)
1.0 (0.4, 2.7)
2.3 (0.9, 6.1)
2.1 (0.8, 5.7)
1.3 (0.5, 3.4)
1.3 (0.5, 3.1)
1.5 (0.6, 3.7)
Initiation/ Play
2.0 (0.8, 5.3)/
2.8 (1.7, 8.0)
1.8 (0.7, 4.6)
1.0 (0.4, 2.7)
2.0 (0.8, 5.4)
1.2 (0.4, 3.6)
1.5 (0.5, 4.3)
0.8 (0.3, 2.4)
0.8 (0.3, 2.3)
0.9 (0.3, 2.7)
Mastery Motivation
1.5 (0.6, 3.3)/
1.5 (0.6, 3.6)
0.6 (0.3, 1.5)
1.4 (0.6, 3.3)
1.3 (0.6, 2.9)
1.4 (0.6, 3.3)
2.1 (0.9, 4.8)
1.1 (0.5, 2.5)
0.8 (0.3, 1.9)
1.1 (0.5, 2.5)
Peer Relatedness
1.2 (0.4, 3.4)/
1.6 (0.6, 4.3)
1.2 (0.4, 3.2)
1.1 (0.4, 2.9)
0.4 (0.1, 1.4)
1.6 (0.6, 4.2)
1.3 (0.5, 3.6)
1.1 (0.4, 3.0)
0.8 (0.3, 2.3)
1.5 (0.6, 3.8)
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Author,
Year,
Country
Kiciński et al.
2012, USA

n
489/34
0
489/34
0

Matrix for
PBDE
exposure
Serum
Adolescents
(PBDE);
Adolescents
(Outcome)

Concentration
Outcome
Concentration, Median (Max), ng L-1

BDE-99

BDE-100

BDE-153

PBDE

<LOQ (104)

<LOQ (12)

<LOQ (42)

2 (24)

7 (125)

Effect of a two fold increase in serum PBDE concentrations on neurodevelopment
Neurobehavioural Evaluation System
Continuous performance
Reaction time

3.45( −4.88, 11.78)

−5.39 (−19.85 , 9.08)

7.61( −5.94 , 21.16)

5.09 (−2.76 , 12.95)

2.12 (−2.9 , 7.13)

−10% (−29.9,
15.6%)
6.2 %( −6.2, 20.1%)

−16.3% (−46.4,
30.8%)
12.9% (−8.6, 39.5%)

−5.8% (−37.2,
41.4%)
−3.2% (−21, 18.5%)

−19.3% (−36.4,
2.3%)
−2% (−12.8, 10.2%)

−6.6% (−19.9, 8.9%)

Digit symbol

−1.19 (−5.57 , 3.2)

−1.35 (−8.94 , 6.24)

1.98 (−5.6 , 9.56)

−1.34 (−5.46 , 2.77)

−0.39 (−3.04 , 2.26)

Digit span
Forward

−0.09 (−0.29 , 0.11)

0.09 (−0.25 , 0.44)

−0.26 ( −0.57 , 0.06)

−0.09 (−0.28 , 0.1)

−0.01( −0.13 , 0.11)

Backward

−0.07 (−0.27 , 0.14)

0.3 (−0.04 , 0.64)

−0.18 −0.49 , 0.14

−0.08 (−0.27 , 0.11)

−0.26 ( −0.57 , 0.05)

Finger Tapping

-7.04 ( -0.78, 14.87)
p= 0.078

-12.13 (-1.3, 25.57),
p= 0.078

-12.43 (-0.03, 24.89)
p= 0.051

-8.43 (1.01, 15.68)
p= 0.026*

-5.31 ( 0.56, 10.05),
p= 0.029*

Errors of omission
Errors of commission

a
NS: Not significant, no further data reported
* p value 0.05
** Confidence intervals do not include 0

BDE-47

0.7% (−6.6, 8.6%)

Table 2.5 Summary of studies that have reported an association between BDE-47 concentrations and neurological effects in humans
Author, Year, Country

n

Matrix for PBDE
exposure

Gascon et al. 2011,
Spain

88/244

Cord,
Serum (4yo.)
(PBDE), Children
4 yo. (Outcome)

Concentration

BDE-47
Outcome

Concentration, Median (Max) ng g-1 lipid
Cord
Serum

2.10 (16.8)
0.12 (130.2)
Score difference in exposed and referent groups, ( (95%CI)
Cord PBDE concentrations

Serum PBDE concentrations

McCarthy Scales of Children’s Abilities (MSCA)
Total Cognitive Score

-1.4 (-9.2, 6.5)

Verbal

-0.4 (-7.6, 6.7)

-2.7 (-7.0, 1.6)
-3.2 (-7.7, 1.3)

Performance

-1.4 (-9.7, 6.8)

-1.4 (-5.8, 3.0)

Quantitative

-2.5 (-10.6, 5.6)

-1.2 (-5.6, 3.3)

Memory

-3.1 (-10.1, 3.8)

-2.0 (-6.5, 2.6)

Motor

-2.8 (-11.4, 5.8)

-1.0 (-5.3, 3.3)

Executive Function

-1.1 (-9.1, 6.8)

-2.8 (-7.1, 1.5)

Poor social Competence

1.8 (0.2; 18.0)

2.6 (1.2, 5.9)

ADHD Total Score

0.4 (0.1, 1.7)/

1.1(0.6, 2.1)

Attention deficit symptoms

0.3 (0.1, 1.3)/

1.8(1.0, 3.2)
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Table 2.6 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans
Author, Year, Country

n

Matrix for PBDE
exposure

Fitzgerald et al. 2012, USA

144

Serum

PBDE

Concentration
Outcome
Concentration, Median (Range) ng g-1 lipid

31(23.9 - 89)
 change in test score per unit change in log transformed PBDE, p
value

California Verbal Learning Test (CVLT)
t-score
trial 1 score
short-delay free recall
long-delay free recall
semantic cluster ratio
learning slope
perseverations
discriminability
proactive interference
recognition vs long-delay free recall
Wechsler Memory Scale
logical immediate recall
logical delayed recall
visual immediate recall
visual delayed recall
Executive function
Trail making Part A, time to complete
Trail making Part B, time to complete
Stroop Color-Word test, t-score
Wisconsin Card Sorting Test (WCS), categories
completed
WCS, perseverative completed
WCS, perseverative errors
WCS, failures to maintain set
Visual and spatial recognition
Digit symbol coding
Block design
Reaction time
Motor function
Static Motor Steadniess Test (SMST), total time
(dominant hand)

-0.691 (-2.075, 0.693), 0.325
-0.168 (-0.402, 0.066), 0.157
0.021 (-0.34, 0.383), 0.908
-0.365 (-0.754, 0.024), 0.066
-0.056 (-0.154, 0.043), 0.267
0.01 (-0.062, 0.082), 0.78
0.069 (-0.042, 0.181), 0.222
-0.011 (-0.026, 0.004), 0.157
-0.099 (-0.408, 0.21), 0.529
-0.084 (-0.384, 0.217), 0.585
0.217 (-0.396, 0.83), 0.484
0.088 (-0.478, 0.655), 0.758
-0.092 (-0.462, 0.279), 0.624
0.155 (-0.228, 0.539), 0.424
0.019 (-0.015, 0.052), 0.28
-0.009 (-0.048, 0.03), 0.661
0.879 (-0.107, 1.864), 0.08
0.023 (-0.256, 0.302), 0.871
0.023 (-0.079, 0.125), 0.653
0.017 (-0.077, 0.111), 0.716
0.034 (-0.23, 0.298), 0.802
-0.672 (-1.886, 0.542), 0.275
-0.211 (-1.339, 0.916), 0.711
-0.001 (-0.011, 0.009), 0.81
0.038 (-0.037, 0.113), 0.321

Table 2.6 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans cont.
Author, Year, Country

n

Matrix for PBDE
exposure

Fitzgerald et al. 2012, USA
(cont.)

144

Serum

Eskenazi et al. 2013, USA

310 (5y)
323 (7)

Maternal and child
serum at 5 and 7 yo.

PBDE

Concentration
Outcome
Concentration, Median (Range) ng g-1 lipid
Motor function cont.
SMST, total time (non-dominant hand)
Pegboard completion time (dominant hand)
Pegboard completion time (non-dominant hand)
Finger tapping (dominant hand)
Finger tapping (non-dominant hand)
Affective state
Beck depression inventory, total score
Anxiety Inventory, state anxiety t-score
Anxiety Inventory, trait anxiety t-score
Smell Identification Test
Concentration, Median (Range) ng g-1
Maternal
7 yo

31(23.9 - 89)
 change in test score per unit change in log transformed PBDE, p value
0.024 (-0.109, 0.157), 0.725
-0.004 (-0.028, 0.02), 0.76
-0.009 (-0.038, 0.02), 0.545
-0.22 (-1.005, 0.564), 0.58
-0.06 (-0.747, 0.627), 0.863
-0.033 (-0.448, 0.382), 0.875
-0.389 (-1.36, 0.581), 0.429
0.581 (-0.274, 1.436), 0.181
0.103 (-0.168, 0.374), 0.456
27.1 (4.2-1379.4)

91.8(6.9-1385.5)
 change per 10 fold increase in PBDE (95%CI)

ATTENTION RELATED 5yo.
Child Behaviour Checklist (CBCL) (raw score)
Attention problems
ADHD
Conners’ Kiddie Continuous Performance Test K-CPT
(T-score)
Errors of omission
Errors of commission
ADHD Confidence Index
CBCL (raw score)
ATTENTION RELATED 7yo.
Conners’ ADHD/DSM-IV Scales (CADS)–maternal
report (T-score)
ADHD index
DSM-IV total scale
Inattentive subscale

0.1 (–0.4, 0.6)
0.4 (–0.5, 1.2)

5.8 (1.5, 10.1)*
–0.5 (–3.7, 2.7)
7.0 (1.6, 12.4)*
0.1 (–0.4, 0.6)
Maternal 2.9 (0.7, 5.2)*
Child: 1.0 (–1.9, 3.9)
Maternal 2.6 (0.2, 5.0)*
Child: 1.4 (–1.5, 4.4)
Maternal 2.2 (0.0, 4.5)*
Child: 0.7 (–2.1, 3.5)
Maternal 1.6 (–0.8, 4.1)
Child: 1.9 (–1.1, 5.0)
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Author, Year, Country
Eskenazi et al. 2013, USA, cont.
.

n
310 (5y)
323 (7)

PBDE

Matrix for PBDE
exposure

Concentration

Maternal and child
serum at 7 yo.

Concentration, Median (Range) ng g-1
Maternal and 7 yo
ATTENTION RELATED 7yo. cont.

Outcome
27.1 (4.2-1379.4)

91.8(6.9-1385.5)
 change per 10 fold increase in PBDE (95%CI)

Hyperactive/Impulsive subscale
Behaviour Assessment System for Children 2nd edition
(BASC-2)–maternal report (T-score)
Hyperactivity scale
Attention Problems scale
Conner’s rating scale (CADS)–teacher report (T-score)
ADHD index
DSM-IV total scale
Inattentive subscale
Hyperactive/Impulsive subscale
BASC-2–teacher report (T-score)
Hyperactivity scale
Attention Problems scale
MOTOR at 5yo
Wide Range Assessment of Visual Motor Ability
(WRAVMA) pegboard (standard score)
Dominant hand
Non-dominant hand
Finger tap (Behaviour Assessment and Research System
(BARS) z-score)
Dominant hand
Non-dominant hand
McCarthy Scales of Children’s Abilities
(z-score)
Gross motor leg
Bean bag catch

Maternal 1.0 (–1.5, 3.6)
Child: 0.5 (–2.6, 3.5)
Maternal 0.5 (–1.2, 2.1)
Child: –0.1 (–2.1, 1.9)
Maternal 2.4 (–1.4, 6.1)
Child: 4.6 (–0.4, 9.6)
Maternal 1.8 (–1.4, 5.0)
Child: 4.0 (–0.3, 8.3)
Maternal 1.2 (–1.6, 3.9)
Child: 3.7 (0.1, 7.4)*
Maternal 1.7 (–1.7, 5.0)
Child: 3.5 (–1.1, 8.0)
Maternal 1.8 (–1.3, 4.9)
Child: 4.8 (0.5, 9.0)*
Maternal 0.7 (–1.3, 2.7)
Child: 2.9 (0.4, 5.5)*
Maternal 2.9 (0.7, 5.2)*
Child: 1.0 (–1.9, 3.9)

Maternal: –4.3 (–9.6, 1.0)
Maternal: –5.6 (–10.8, –0.4)*

Maternal: –0.4 (–0.7, 0.0)*
Maternal: –0.2 (–0.5, 0.1)

Maternal: 0.0 (–0.3, 0.4)
Maternal: –0.1 (–0.4, 0.2)

Table 2.6 Summary of studies that have reported an association between PBDE concentrations and neurological effects in humans cont.
Author, Year, Country

n

Eskenazi et al. 2013, USA, cont.

310 (5y)
323 (7)

Matrix for PBDE
exposure
Maternal and child
serum at 7 yo.

PBDE

Concentration
Concentration, Median (Range) ng g-1
Maternal
7 yo

27.1 (4.2-1379.4)

91.8(6.9-1385.5)
 change per 10 fold increase in PBDE (95%CI)

MOTOR at 7yo.
WRAVMA pegboard (standard score)
Dominant hand
Non-dominant hand

Maternal –5.4 (–11.1, 0.3)
Child: –5.4 (–12.0, 1.2)
Maternal: –6.5 (–12.3, –0.7)*
Child: –6.1 (–12.7, 0.4)

Finger tap (BARS z-score)
Dominant hand
Non-dominant hand

Maternal: –0.1 (–0.4, 0.2)
Child: –0.2 (–0.6, 0.2)
Maternal: –0.1 (–0.4, 0.2)
Child: –0.1 (–0.5, 0.2)

McCarthy (z-score)
Gross motor leg

Maternal: –0.1 (–0.4, 0.1)
Child: –0.1 (–0.4, 0.2)
Bean bag catch
Maternal: 0.0 (–0.3, 0.4)
Child: 0.0 (–0.4, 0.3)
Cognition Measured using Wechsler Preschool and Primary Scale of Intelligence 3rd edition (WPPSI-III) and Wechler Intelligence Scale for
Children4th edition (WISC-IV)
COGNITION at 5 yo.
Peabody Picture Vocabulary Test
Maternal: 0.4 (–5.1, 5.9)
Performance IQ
Maternal: 0.9 (–3.5, 5.3)
COGNITION at 7 yo.
Full-Scale IQ
Verbal Comprehension IQ
Perceptual Reasoning IQ
Working Memory IQ
Processing Speed IQ
* p value 0.05

Maternal: –4.7 (–9.4, 0.1)
Child: –5.6 (–10.8, –0.3)*
Maternal: –5.5 (–10.0, –1.0)*
Child: –4.3 (–9.4, 0.8)
Maternal: –2.4 (–7.6, 2.9)
Child: –5.2 (–11.1, 0.7)
Maternal: –2.4 (–7.2, 2.3)
Child:
–2.3 (–7.4, 2.8)
Maternal: –2.3 (–6.8, 2.3)
Child:–6.6 (–11.4, –1.8)*

81

Four studies have reported on the association between PBDE concentrations and
neurodevelopment measured by the Bayley Scales of Infant Development- second
(BSID-II) and third editions (BSID-III). Generally, the results indicated that higher
PBDE concentrations were associated with poorer neurodevelopment scores in infants
and motor development appeared to be unaffected.
Herbstman et al. (2010) investigated associations between concentrations of PBDEs in
cord blood and development at 12, 24 and 36 months of age as measured by the BSIDII. The study population initially consisted of 329 mothers who were recruited into a
cohort study by the Columbia Centre for Children’s Environmental Health. However,
maternal PBDE concentrations and children’s assessment scores were available for 118
pairs at the 12 month assessment. After adjusting for a range of covariates, every
increase in ln-BDE-47 was associated with a decrease of 3.12 points (95% CI -5.25, 0.99) in the Mental Development Index (MDI) at 12 months. With every increase in lnBDE-99 there was a significant decrease of 2.82 points (95% CI -4.78, -0.56) in MDI at
24 months. BDE-100 was associated with a 3.67 point (95%CI -6.00, -1.34) decrease in
MDI at 24 months and a 3.68 point (95%CI -6.05, -1.28) decrease in Full IQ. No
association between concentrations of PBDEs and the Psychomotor Development Index
(PDI) were statistically significant. Children in the highest 20% of prenatal
concentrations of BDE-47, BDE-99 and BDE-100 scored lower on almost all of the
developmental measurements compared with children whose concentrations fell in the
lowest 80% (Herbstman et al., 2010).
Cord blood concentrations of PBDEs were also investigated in a Taiwanese study (Shy
et al., 2011). Shy et al. (2011) investigated the relationship between concentrations in
cord blood and BSID-III for cognitive, language and motor ability (at eight to 12
months). Parents were also asked to complete an instrument assessing social-emotional
and adaptive behaviour of the children. Children with BDE-15, BDE-99, BDE-197, and
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PBDE concentrations above the median had higher risk of achieving a lower score
compared with those below the median (OR 1.17, 1.10, 1.19 and 1.13, respectively; p
<0.05 for all). Children with PBDE concentrations above the median for BDE-28,
BDE-99, BDE-154, BDE-183 and PBDE had a reduced risk of achieving higher scores
for adaptive behaviour (OR 0.915, 0.934, 0.824 and 0.904, respectively p <0.05 for all).
While low concentrations of PBDEs were detected in a Taiwanese study, Chao et al.
(2011) found that PBDE concentrations in 70 breast milk samples were inconsistently
associated with infants (eight to 12 months) BSID-III scores. Concentrations of BDE209 were negatively associated with cognitive development (r=-0.267, p=0.026).
However, BDE-100 concentrations were positively associated with language (r= 0.237,
p = 0.048). No other significant associations were found for individual or summed
PBDEs that were measured. Gascon et al. (2012) also used breast milk as the exposure
measure. However, concentrations were measured in colostrum and compared with
scores in older infants (14 months). After adjusting for covariates, a unit increase in log
PBDEs resulted in a 2.25 point (95% CI -4.75, 0.26) decrease in mental score (p 0.08)
and after adjusting for the PCBs, HCB and DDE concentrations the effect was
decreased ( -1.85, 95% CI -4.76, 1.06, p= 0.21). A unit change in log BDE-209
resulted in a 2.40 point (95% CI -4.79, -0.01) decrease in mental score (p = 0.05).
While all other individual PBDE congeners were also negatively associated with mental
test scores, these were not significant at the 5% level (p values ranged from 0.10 to
0.46). PBDE concentrations were not associated with psychomotor development.
A further seven studies have used a range of developmental inventories that demonstrate
an association between higher PBDE concentrations and poor neurodevelopment.
Roze et al. (2009) investigated the relationship between PBDE concentrations in
maternal blood samples, collected as part of the Groningen-Infant-Compare study in the
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Netherlands, and their children’s motor, cognitive and behavioural performance at
school age (5 to 6 years, n=62). Researchers adjusted for socio-economic status, gender
of the child and information from the Home Observation for Measurement of the
Environment (HOME) survey. Maternal concentrations of BDE-153 were correlated
with children’s decreased verbal memory (r=-0.723, p <0.01). BDE-99 was correlated
with decreased attention sustained (r=-0.264, p <0.05) and increased total behavioural
outcome (parent reported) (r=0.276, p <0.05). Increased internalising behaviour (parent
reported) was also correlated with maternal concentrations of BDE-153 (r=0.283, p
<0.05). BDE-47 concentrations were correlated with decreased attention sustained (r=0.264, p <0.05). Correlations between other congeners and outcomes approached
statistical significance. For BDE-47 the correlation coefficient for attention- selective
was 0.23 (p <0.10) and for internalizing behaviour (teacher reported) was 0.237 (p <
0.10). For BDE-99, the correlation with internalising behaviour (teacher reported) was
0.265 (p <0.10). For BDE-100, correlations approached statistical significance for
attention- sustained (r=-0.261, p <0.10), total behavioural outcome (parent reported)
(r=0.231, p <0.10), internalizing behaviour (parent reported) (r=0.235, p <0.10) and
internalising behaviour (teacher reported) (r= 0.236, p <0.10).
Roze et al. (2009) also reported that TSH concentrations in umbilical cord blood was
correlated with worse neuropsychological function in children, but T3 and T4 were
correlated with better outcomes. PBDEs tend to increase TSH but decrease T3, and the
effect on T4 is mixed, which suggests that there could be a relationship that requires
further investigation (refer to section 2.3.1.1).
Along with using the BSDI-II, Herbstman et al. (2010) also assessed maternal
concentrations of PBDEs and development using the Wechsler Preschool and Primary
Scale of Intelligence (Revised Edition) at 48 and 72 months (pairs n=96 at 72 months).
At 48 months of age, for every increase in lnBDE-47, Full IQ scores decreased by 2.42
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points (95% CI -4.71, -0.12) and Verbal IQ scores decreased by 2.75 points (95% CI 5.28, -0.22). Increased lnBDE-100 concentrations were associated with a 3.46 point
(95%CI -6.14, -0.79) decrease in Verbal IQ at 48 months. BDE-100 concentrations
were also associated with a decrease in Performance IQ at 48 and 72 months, -3.37
points (95%CI -6.14, -0.60) and -4.02 points (95%CI -7.41, -0.63), respectively. BDE153 concentrations were associated with decreased Full IQ at 48 months (3.09 points
95%CI -5.64, -0.54) and 72 months (3.25 points 95%CI -6.35, -0.15) and Performance
IQ at the same time points (3.62 points 95%CI -6.62, -0.63 and 4.19 points 95%CI 7.47, -0.89).
In a sample of 94 children, Hertz-Picciotto et al. (2011) found no differences in
concentrations of PBDEs between children with autism/autism spectrum disorder,
developmental regression and those who had standard development between two and
five years of age. The main limitation of this study was that PBDE concentrations were
assessed in maternal serum at 35 weeks and later exposures during or post pregnancy
were not considered.
Postnatal exposure to BDE-47 may be associated with an increased risk of children
experiencing attention deficit symptoms and poor social competence at four years of
age. Gascon et al. (2011) investigated whether prenatal (cord n=88) and postnatal (four
years of age n=244) serum concentrations of BDE-47 were associated with
neurodevelopment in a sample of Spanish children. Neurodevelopment was measured
by assessing scores obtained on the McCarthy Scales of Children’s Abilities (MSCA),
Global Cognitive Scale, cognitive tasks associated with executive function, California
Preschool Social Competence Scale (CP-SCS) and the Attention-Deficit Hyperactivity
Disorder (ADHD) Criteria of the Diagnostic and Statistical Manual (ADHD-DSM-IV).
The authors divided the sample into two groups, exposed (concentrations above the
limit of quantification) and referent (concentrations below the limit of quantification).
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Those in the exposed group obtained lower scores on the MSCA for total and all sub
categories, but these differences were not statistically significant. Children exposed to
BDE-47 were at a greater risk of experiencing attention deficit symptoms (RR 1.8, 95%
CI 1.0, 3.2) but at decreased risk of experiencing hyperactivity symptoms (RR 0.4, 95%
CI 0.2, 1.1). There was no association for total ADHD score. Only two cases of
ADHD were diagnosed in the sample assessing prenatal exposure hence, these results
need to be interpreted with caution. Exposure to BDE-47 was associated with an
increased risk of poor social competence in four year olds (RR 2.6, 95%CI 1.2, 5.9) in
this sample. Concentrations of PCBs, DDT, DDE and HCB did not affect associations
in this sample.
In the CHAMACOS cohort, prenatal maternal PBDE concentrations were associated
with decreased scores on developmental inventories assessing children’s
neurodevelopment at age five and seven (Eskenazi et al., 2013). Researchers used a
range of developmental inventories to assess attention, motor and cognitive function
and concluded that both prenatal maternal and children’s exposure by age seven
contributed to poorer neurobehavioural development. For neurodevelopment at age
five, maternal PBDE concentrations were used to estimate prenatal exposure and
significant associations were reported on attention outcomes measured by Conners
Kiddie Continuous Performance Test, namely errors of omission (= 5.8 95%CI 1.5,
10.1) and the ADHD Confidence Index (=7.0, 95%CI1.6, 12.4). At age seven
associations between neurodevelopment scores were investigated for both maternal and
child concentration of PBDE in serum. Significant associations were reported between
maternal concentrations and three components of the maternal reported Conner’s Rating
Scale (ADHD Index, DSM-IV total score and the inattentive subscale). Children’s
concentrations were associated with teacher scores for the same outcomes, but not those
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reported by the mother. Children’s concentration was also significantly associated with
teacher reported scores on the Behavioural Assessment for Children inventory.
While previous studies did not find an association between motor development and
PBDE concentrations (Chao et al., 2007; Herbstman et al., 2010; Roze et al., 2009),
Eskenazi et al., (2013) found that finger tapping with the non dominant hand was
associated with maternal concentrations of PBDE in five year olds and both hands in
seven year olds in the CHAMACOS cohort. Maternal concentrations were also
associated with cognition scores in seven year olds for Verbal Comprehension IQ (=5.5, 95%CI-10.0, -1.0) and children’s PBDE concentrations were associated with
decreased Full-Scale IQ (=-5.6, 95% CI -10.8, -0.3) and Processing Speed IQ (-= 6.6,
95%CI-11.4, -1.8).
Kiciński et al. (2012) compared concentrations of PBDEs in blood of adolescents from
Flanders (Belgium) and their scores to The Neurobehavioural Evaluation System.
Binary exposure indicators (below and above limit of quantification (LOQ)) for
individual PBDE congeners and the log of PBDEs were not associated with three of
the four domains measuring neurobehavioural function namely, continuous performance
(measuring attention), digit symbol (visual scanning, information processing), digit span
(working memory). PBDE concentrations were associated with decreased finger
tapping in the preferred hand (motor function), a two fold increase in log-PBDE
results in a 5.31 decrease in taps (95% CI 0.56, 10.05, p = 0.029). Individuals’
concentrations of PBDEs above the LOQ also showed a decrease in taps compared with
individuals with PBDE concentrations below the LOQ. Results were significant for
BDE-153 (-8.43, 95%CI 1.01, 15.68, p= 0.026), and approaching significance for BDE47 (-7.04, 95%CI -0.78, 14.87, p 0.078), BDE-99 (-12.13, 95%CI -1.3, 25.57, p= 0.078)
and BDE-100 (-12.43, (95%CI -0.03, 24.89, p 0.051). This study was limited by the
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low concentration of PBDEs, with only BDE-153 having median concentrations above
the LOQ.
Fitzgerald et al. (2012) did not find an association between concentrations of PBDEs
in the serum of 144 New York adults (47% males; 55 to 74 years of age) and
neuropsychological functioning. Higher PBDE concentrations were negatively
associated with many scores obtained, though these were not significant. PCB
concentrations were also measured in this sample and included in further analyses. The
researchers found that participants who had concentrations of PCBs above the median
(467ppb lipid) had a significant association between PBDE and California Verbal
Learning Test (CVLT) scores. These associations were not seen in participants with
PCB concentrations below the median. Increased PBDE concentrations resulted in
decreased scores on discriminability (for every increase in log PBDE concentration
there was a 0.019 point decrease in discriminability score (95% CI -0.034, -0.005) and
recognition versus long-delay recall ( -0.48, 95% CI -0.959, -0.001). CVLT t-score
(combined learning outcome) approached significance (-2.009, 95%CI -4.099, 0.080).
The interaction between PBDE and PCB concentrations was statistically significant
for short-delay free recall (p = 0.024) and recognition-hits versus long delay free recall
(p = 0.023) and approached significance for t-score (p 0.054), long-delay free recall (p =
0.056) and discriminability (p = 0.091). The authors indicated that the interaction
between these two compounds was more that additive and further studies investigating
this interaction were recommended.
In a sample of 222 breast milk samples collected at three months post-partum from
North Carolina, Hoffman et al. (2012) did not find an association between
concentrations of PBDEs and scores attributed by mothers’ to their infants on three
domains of the Infant-Toddler Social and Emotional Assessment (ITSEA), namely
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internalizing, dysregulation and competency assessments. The ITSEA is a validated
tool used to assess four domains of development; externalising, internalizing,
dysregulation and social-emotional competence, where high scores in the first three
domains can be indicative of behavioural problems. In the externalising domain,
children in the fourth quartile of exposure scored higher than those with concentrations
below the median for BDE-47 (2.8 points higher, 95%CI -0.1, 5.7) and BDE-99 (3.0,
95%CI 0.1, 5.8). Each domain also includes a set of subscales but activity/impulsivity
was the only relevant subscale in the externalising domain. Children who were exposed
to higher breast milk concentrations of BDE-28, BDE-47, BDE-99 and BDE-100 were
more likely to have higher activity scores compared with children who had lower
concentrations. Children exposed to higher breast milk concentrations of BDE-47 were
2.1 times (95%CI 0.8, 5.4) more likely to report higher activity scores and for BDE-99,
children exposed to higher concentrations were 3.3 times (95%CI 1.3, 8.2) more likely.
The effects in this study were small and therefore should be interpreted with caution,
particularly given that the ITSEA scores for this sample fell in the normal range.
Furthermore, while most mothers had completed over 16 years of education, there may
have been less bias if non-parental measures were incorporated into the evaluation of
ITSEA and infant development.
While the number of studies investigating the relationship between PBDE
concentrations and neurodevelopment are limited, the results show exposure may have
an effect on development. There is limited comparability between the studies, with
each assessing different exposures (concentrations of PBDEs have been measured in a
range of matrices) and outcomes (range of tools used) during various stages of
development. Furthermore, concentrations of PBDEs were higher in the North
American samples compared with those from Europe; hence, the magnitude of effect
may be different by geographical regions. However, these findings are important as
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scores on developmental tests can act as early predictors of academic performance,
meaning early intervention programs could assist with development (Herbstman et al.,
2010). Furthermore, PBDEs as neurotoxicants are an important consideration because
humans are exposed prenatally (Antignac et al., 2009; Bi et al., 2006; Foster et al.,
2011; Frederiksen et al., 2010; Gómara et al., 2007; Guvenius et al., 2003; Jakobsson et
al., 2012; Kawashiro et al., 2008; Kim et al., 2012; Mazdai et al., 2003; Meijer et al.,
2008; Qiu et al., 2009; Vizcaino et al., 2011) and concentrations are highest in infants
and children (Toms et al., 2008; Toms et al., 2009b) which are important periods for
brain development (World Health Organisation, 2012). It is important to investigate
these effects in a large longitudinal cohort to determine the short and long term effect on
neurodevelopment over time, because as with animal models, the ‘magnitude of effect’
could increase with age (Viberg et al., 2003).
2.3.3

Association between PBDE concentrations and effects on the reproductive
system

Reproductive toxicity may have environmental origins and with the rising rates of
infertility in the population, the role of environmental factors is being investigated. As
previously mentioned, PBDEs may disrupt endocrine function and therefore six studies
have also investigated the compound’s effect on the reproductive system (Table 2.7). It
is currently difficult to draw conclusions as studies are sparse and limited by small
sample size. It is also difficult to compare results across studies because of the varied
measurements of exposure and different outcomes of interest in each study.
Hardell et al. (2006) found no significant differences in 3PBDE (BDE-47, BDE-99 and
BDE-153) concentrations in men with a testicular cancer diagnosis compared with
matched controls (n=58) (data not published). The participants’ mothers’ exposure to
PBDEs were also assessed at the time of cancer diagnosis. Higher concentrations of
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PBDEs in maternal samples were associated with increased odds of testicular cancer
risk in sons (OR 2.5, 95% CI 1.02, 6.0). Odds were lower for seminoma (OR 1.8, 95%
CI 0.5, 6.5) compared with non-seminoma (OR 2.9, 95% CI 1.04, 8.2) cancers. The
authors dichotomised exposure by low (median to <75th percentile) and high (>75th
percentile) and found odds of testicular cancer were higher in the higher exposure group
for all testicular cancers (higher exposure: OR 3.2 (95% CI 1.1, 8.9), lower exposure
OR 1.8 (95% CI 0.6, 5.4)), seminoma (higher exposure: OR 2.1 (95% CI 0.5, 9.2),
lower exposure OR 1.6 (95% CI 0.3, 7.4)) and non-seminoma (higher exposure: OR 3.5
(95% CI 1.1, 11), lower exposure OR 2.2 (95% CI 0.6, 7.9)).
Maternal concentrations at the time of cancer diagnosis may not be an accurate measure
of prenatal exposure and there may be other factors influencing the outcome which have
not been reported in this study. Thus, while an association between current maternal
exposure and testicular cancer in adult sons is shown here it is not possible to draw a
conclusion about prenatal exposure and risk of testicular cancer.
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Table 2.7 Summary of studies that have investigated the association between PBDE concentrations and reproductive toxicity in humans
Author, Year,
Country

n

Matrix for PBDE
exposure

Hardell et al. 2006

58

Maternal Serum

Concentration
Outcome
Concentration
All testicular
Seminoma
Non-seminoma

Chao et al. 2007

Main et al. 2007

20

130

Breast milk

Breast milk

Concentrations,
Arithmetic mean, ng g1
lipid

10

Serum

BDE-99

BDE-100

BDE-153

Maternal PBDE concentrations resulted in increased odds of testicular cancer in sons OR (95%CI)
1.52

0.512

0.374

0.871

Menstrual cycle length

Mean PBDE levels by Menstrual Cycle Length, <30 days/ 30 days, p value
1.58/ 1.26, 0.322
0.572/ 0.302, 0.056
0.419/ 0.322, 0.035

Menstrual cycle length

Mean PBDE levels by Longest Length of Menstrual Cycle, <38 days/ 38 days, p value
1.51/1.27, 0.483
0.559/ 0.267, 0.025
0.382/0.342, 0.411
0.912/ 0.696, 0.213

Menstrual cycle length

Mean PBDE levels by Duration of menstrual bleed, <5 days/ 5 days, p value
1.09/ 1.38, 0.532
0.54/ 0.393, 0.565
0.392/0.354, 0.998
1.25/ 0.752, 0.146

PBDE

Not reported
2.5 (1.02-6.0)
1.8 ( 0.5-6.5)
2.9 (1.04-8.2)
-

1.06/0.642, 0.013

Concentrations,
Median, (range) ng g-1
lipid
Control
Case
p value

Akutsu et al.
2008,

BDE-47

Concentrations,
Median, ng g-1 lipid
Sperm concentration
Testis size

1.12 (0.42 -12.87)
0.42 (0.10-3.19)
0.27(0.10-1.37)
0.81 (0.28-3.08)
1.56 (0.45-33.13)
0.53 (0.09-10.48)
0.37 (0.11-4.65)
0.94 (0.33-3.35) 0.156
0.003*
0.091
0.008
Median concentrations of PBDEs were higher in cases (infants with cryptorchidism) than controls
1.4

0.21

Correlation between PBDE exposure and outcome, p value
NSa
NSa
NSa
NSa

3.16 (1.08-21.47)
4.16 (1.39, 51.62)
0.007*

0.24

0.72

-

NSa
NSa

-0.841, 0.002
-0.764, 0.01

NSa
NSa

Table 2.7 Summary of studies that have investigated the association between PBDE concentrations and reproductive toxicity in humans cont.
Author, Year,
Country
Carmichael et al.
2010

Harley et al. 2010

n
48

223

Matrix for PBDE
exposure
Maternal Serum

Maternal Serum

Concentration
Outcome
Concentrations,
Median (IQR), ng
g-1 lipid

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

Cases
Controls
p value for
difference

19.1 (9.5–57.1)
18.8 (12.5–39.0)
0.41

5.2 (2.8–14.2)
6.5 (4.6–11.6)
0.28

3.7 (2.2–11.2)
5.1 (3.2–10.6)
0.63

4.7 (3.7–11.4)
6.9 (3.3–14.3)
0.96

-

Odds of
Hypospadias
Concentrations,G
M (95% CI, ng g-1
lipid)
Fecundity

a

No significant association, data not published

10 ng g-1 lipid change in concentration of PBDE effect on odds of hypospadias (95%CI), p value
1.01 (0.93, 1.11), 0.73
1.06 (0.90, 1.22), 0.50
1.02 (0.74, 1.35), 0.90
0.95 (0.67, 1.35), 0.76
14.9 (12.9-17.2)

4.4 (3.9-5.1)

2.8 (2.4-3.2)

2.5 (2.2-2.8)

-

Each 10 fold increase in concentration was associated with decrease in the odds of achieving pregnancy each month OR (95%CI),
p value
0.73 (0.51-1.04),
0.76 (0.54-1.06),
0.61 (0.42-0.89), <0.05 0.52 (0.33-0.81), <0.05
0.68 (0.47-0.98), <0.05
>0.05
>0.05
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In a study investigating the associations between breast milk concentrations of PBDEs and
birth outcomes in Taiwan (n=20), Chao et al. (2007) also investigated whether PBDE
concentrations influenced self-reported menstrual cycle length. Mean concentrations of
PBDEs were higher for women with menstrual cycles less than 30 days compared with
women who had cycles longer than 30 days. This was significant for BDE-100 (0.419 and
0.322 respectively, p = 0.035), BDE-153 (1.06 and 0.642 respectively, p = 0.064) and BDE209 (0.293 and 0.104, respectively p= 0.032). Women whose maximum length of menstrual
cycle was less than 38 days also had higher mean PBDE concentrations in breast milk
compared with women whose maximum length of cycle was greater than 38 days, although
this was only statistically significant for BDE-99 (0.559 and 0.267, respectively p= 0.025).
Women with menstrual bleeding lasting for less than five days generally had higher
concentrations of PBDEs in breast milk, with BDE-47 the only exception (<5 days mean=
1.09, >5 days mean= 1.38, p >0.1). The association between breast milk concentrations and
length of menstrual bleeding was only significant for BDE-209 (0.663 and 1.36, p= 0.048).
Once researchers adjusted for potential confounders (maternal age, pre-pregnancy BMI and
parity), these associations were no longer significant. While these results were not
statistically significant, they do indicated that increased PBDE concentrations could affect the
function of the female reproductive system.
Concentrations of PBDEs in 130 breast milk samples and 280 placenta samples from mothers
of boys with and without a cryptorchidism diagnosis were compared in a study from
Denmark and Finland (Main et al., 2007). Breast milk and placenta concentrations were used
as a proxy for prenatal exposure. BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-66
and BDE-28 were detected in 100% of breast milk samples and PBDE concentrations were
higher for those with cryptorchidism compared with controls (median 4.16 ng g-1 and 3.16 ng
g-1, respectively p<0.05). Median concentrations of BDE-47, BDE-100, BDE-28, BDE-66
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and BDE-154 were also higher in breast milk for those with cryptorchidism (p <0.05 for all).
Significant differences (p <0.05) were observed in median concentrations of PBDEs
(PBDEs and individual congeners BDE-47, BDE-100, BDE-28, BDE-66 and BDE-154)
between the cryptorchid and control groups in the samples from Denmark and combined
analyses for Denmark and Finland. No significant differences between the two groups were
observed in the Finnish samples. There was no significant difference observed in placenta
PBDE concentrations between the two study groups (p values 0.312 and 0.128 for
cryptorchid and control groups, respectively). This is the only study to investigate the
association between PBDE concentrations in breast milk and placenta and cryptorchidism.
This paper indicated that there may be an association, although cryptorchidism can be
affected by a number of other biological and environmental factors and these should be
considered as variables in further research.
In a small pilot study, Akutsu et al. (2008) investigated the relationship between PBDE
concentrations and sperm quality and testis size in 10 young Japanese males. Concentrations
of BDE-153 were negatively associated with sperm concentrations (r=-0.841, p= 0.002) and
testis size (r= -0.764, p = 0.01). No other significant associations were reported for PBDE
concentrations (BDE-17, BDE-28/33, BDE-37, BDE-49, BDE-47, BDE-66, BDE-100, BDE99, BDE-118, BDE-85, BDE-155, BDE-154, BDE-183) and sperm concentrations (r ranged
from -0.187 to -0.099, p range 0.605 to 0.786) or testis size (r range= -0.216 to -0.054, p
range 0.548 to 0.883). As this was only a small pilot study this relationship needs to be
investigated further.
No association was reported in a case-control study investigating the association between
maternal PBDE concentrations and risk of hypospadias in male infants (Carmichael et al.,
2010). Median concentrations of PBDEs were higher in cases (n=20) than controls (n=28),
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but these differences were not statistically significant. After adjusting for sample processing
time and ethnicity a 1 ng g -1 lipid change in BDE-28 did not significantly affect the odds of
hypospadias (OR 0.95, IQR 0.68, 1.31, p= 0.74). Similarly there was no association with a
10 ng g -1 lipid change of BDE-47 (OR1.01, IQR 0.93, 1.11, p= 0.73), BDE-99 (OR 1.06,
IQR 0.90, 1.22, p= 0.50), BDE -100 (OR 1.02, IQR 0.74, 1.35, p= 0.90) and BDE-153 (OR
0.95, OR 0.67, 1.35, p= 0.76) and risk of hypospadias.
Higher concentrations of BDE-100, BDE-153 and PBDEs may be associated with reduced
fecundity (Harley et al., 2010). After adjusting for a range of factors (maternal age, years in
USA, gynaecologic history, hormonal contraceptive use, breastfeeding, caffeine
consumption, pesticide exposure), Harley et al. (2010) reported that for every 10 fold
increase in concentrations of BDE-100 and BDE-153, there was a 40 % (95%CI 60, 10) and
50 % (95%CI 70, 20) reduction, respectively, in achieving pregnancy each month in a sub
sample of CHAMACOS women (n=223) . When the authors excluded women who
indicated they were not trying to fall pregnant during this time, all four congeners (BDE-47,
BDE-99, BDE-100 and BDE-153) were associated with decreased fecundity (n=107) (p
>0.05). While the mechanisms for how PBDE concentrations affect fecundity remain
uncertain, Harley et al. (2010) suggest it may be another downstream effect of PBDEs acting
as endocrine disruptors, particularly their effect on the hypothalamic-pituitary-thyroid or the
hypothalamic-pituitary-gonadal axis.
In sum, while studies are limited, the results are suggestive of an association between PBDE
concentrations and reproductive effects. Each of the studies measured different outcomes
hence it is difficult to draw conclusions about effects on the reproductive system.
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Table 2.8 Summary of studies that have investigated the relationship between PBDE concentrations and birth outcomes in humans
Author, Year, Country

n

Matrix for
PBDE
exposure

Mazdai et al., 2003, USA

12

Maternal
Serum

Concentration

Birth weight
20

Breast milk

Concentration (Arithmetic mean)
ng g-1
Birth weight

Birth Length
Head circumference
Breast circumference
Quetelet’s index (BMI)
Tan et al., 2009, Taiwan

41,

Umbilical
cord serum

BDE-99

BDE-100

BDE-153

PBDE

28 (9.2-310)
25 (8.4-210)

5.7 (2.4-68)
7.1 (2.2-54)

4.2 (1.9-110)
4.1 (1.8-91)

2.9 (1.0-83)
4.4 (1.0-120)

37 (15-580)
39 (14-460)

0.374

0.871

Outcome measure
Concentration, Median (range),
ng g-1
Maternal
Umbilical Cord

Chao et al., 2007,
Taiwan

BDE-47

No relationship (no further data published)
1.52

0.512

Mean PBDE levels by birth weight 3.05 kg/3.05 kg, p value
2.15/1.05, 0.001*
0.727/ 0.296,
0.451/ 0.318,
0.001*
0.007*

Mean PBDE levels by birth length, 50cm/50cm, p value
1.67/ 1.18, 0.148
0.629/ 0.303,
0.432/ 0.318,
0.940/ 0.705, 0.182
0.040*
0.025*
Mean PBDE levels by head circumference, 33.0 cm/33 cm, p value
1.68/ 1.20, 0.274
0.454/ 0.382, 0.521
0.391/ 0.343, 0.433
0.838/ 0.766, 0.697

-

-

Mean PBDE levels by breast circumference, 32.5 cm/32.5 cm, p value
1.95/ 1.11, 0.015*
0.686/ 0.306, 0.05 *
0.455/ 0.316,
0.901/ 0.737, 0.266
0.003*
Mean PBDE levels by Quetelet’s index, 11.8 kg/m2/11.8 kg/m2, p value
1.75/1.04, 0.024*
0.605/ 0.272,
0.416/ 0.311,
0.894/ 0.700, 0.307
0.009*
0.031*

Concentration
Median (Range) ng g-1
Birth weight
Birth length
Head circumference

0.948/ 0.717, 0.207

3.3 (<LOD-459)
No relationship (no further data published)
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Table 2.8 Summary of studies that have investigated the relationship between PBDE concentrations and birth outcomes in humans cont.
Author,
Year,
Country
Wu et al.,
2010,

n

153

Matrix for
PBDE
exposure
Umbilical
cord serum
(extracted
from
placenta)

Concentration

BDE-47

BDE-99

BDE-100

BDE-153

PBDE

-

-

-

-

13.835 (1.14504.97)

-

-

-

-

Outcome Measure
Concentrations
Median (Range) ng g-1
E-recycling area

Non e-recycling area

Foster et al.,
2011, Canada

Harley et al.,
2011,
USA
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286

Maternal
serum
Umbilical
cord serum

Maternal
serum

Adverse birth outcomes
(Premature delivery, Stillbirth,
Low birth weight)
Concentration, Median (Range)
ng g-1
Mid pregnancy
Delivery
Umbilical cord

9.882/ 41.97,
0.004*

Birth weight

Association between PBDE concentrations at mid pregnancy and birth weight , p value:
-0.552, 0.279
-2.085, 0.207
-1.98, 0.404
-0.0553, 0.982

Birthweight

Association between PBDE concentrations at delivery and birth weight , p value:
-0.509, 0.353
-2.621, 0.186
-2.147, 0.332
-0.772, 0.802

-0.328, 0.305

Birthweight

Association between PBDE concentrations in umbilical cord serum and birth weight , p value:
-0.654, 0.115
-3.645, 0.050*
-2.636, 0.194
-0.676, 0.838

-0.426, 0.120

Concentration, Median (Range)
ng g-1
Birth weight

* p value <0.05

5.226 (0.29-363.70)
Median PBDE concentrations normal (n=128)/adverse birth outcomes (n=25), p value
1.222/2.24, 0.004*
0.427/ 0.865,
0.119/ 0.302,
0.74/2.293, 0.036*
0.001*
0.132*

14.57 (7.78-126.30)

3.85 (2.28-27.84)

2.45 (1.49-22.43)

10 fold increases in concentrations of PBDEs resulted in  (95%CI):
-115g (-229, -2) *
-114g (-225, -4) *
-121 (-121, -7) *

52.1 (21.4-1287.1)
50.1 (6.84-1103.0)
100 (51.1-1449.8)
-0.295, 0.319

2.03 (1.27-17.54)
-92.4 (-213.2, 28.5)

-116.8 (-234.3, 0.6)

Birth length

-0.23 (-0.84, 0.38)

-0.17 (-0.76, 0.42)

-0.25 (-0.86, 0.36)

-0.23 (-0.87, 0.42)

-0.22 (-0.86, 0.41)

Head circumference

-0.20 (-0.57, 0.18)

-0.26 (-0.62, 0.10)

-0.21 (-0.59, 0.16)

-0.24 (-0.64, 0.15)

-0.25 (-0.63, 0.14)

Gestational Age

0.24 (-0.19, 0.67)

0.22 (-0.20, 0.63)

0.24 (-0.19, 0.66)

0.08 (-0.38, 0.54)

0.25 (-0.19, 0.69)

2.3.4

Association between PBDE concentrations and effects on birth outcomes

A small number of studies have investigated the association between PBDE
concentrations and birth outcomes yielding inconsistent results (Table 2.8). The
mechanisms by which PBDEs may affect birth outcomes are not known, although it is
thought the compounds’ influence on thyroid hormone homeostasis may be involved.
Three studies have investigated the relationship between maternal PBDE concentrations
and birth outcomes of infants. Two did not find an association (Foster et al., 2011;
Mazdai et al., 2003) and one found a negative association (Harley et al., 2011). Mazdai
et al. (2003) found that concentrations of PBDEs (BDE-47, BDE-99, BDE-100, BDE153, BDE-154, BDE-183 and PBDEs) were not associated with birth weight in a small
sample (n=12), but no further data were provided. Foster et al. (2011) measured
concentrations of PBDEs in 97 maternal serum samples at mid pregnancy and at
delivery. Increased concentrations of most PBDE congeners measured (BDE-28, BDE47, BDE-99, BDE-100, BDE-153, BDE-153 and PBDEs) were associated with a
decrease in infant birth weight; associations were approaching significance for BDE-28
(where a 10 fold increase in PBDE concentrations resulted in a 43.44 gram reduction in
birthweight, p= 0.092). Concentrations of BDE-183 and BDE-66 resulted in increased
birth weight but only approached significance for BDE-183 ( 37.43, p= 0.066).
However, one of the main limitations of this study is that the authors did not adjust for
known factors that affect birthweight (i.e. BMI, maternal age, parity, gestational age at
birth, socio-economic status, gender of infant, and serum cotinine concentration).
Harley et al. (2011) reported that a 10 fold increase in concentrations of log adjusted
PBDE concentrations was associated with a decreased birth weight in infants.
Statistically significant decreases were observed for BDE-47 (= -115g, 95%CI -229, 2), BDE-99 (=-114g, 95%CI -225, -4) and BDE-100 (=-121, 95%CI -121, -7). In
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this study researchers had adjusted for known predictors of birthweight (i.e. maternal
age, marital status, parity, BMI, country of birth, family income and gender of infant).
No statistically significant association between concentrations and birth length, head
circumference or gestational age were observed. While this latter study has a large
sample size (n=286), the participants were mainly low income Mexican women living
in California and therefore the results may not be generalisable to other populations.
The association between infant birth outcomes and PBDE concentrations has also been
investigated in cord blood in three studies. While Foster et al. (2011) did not find
significant associations between PBDE concentrations in maternal serum and
birthweight, the authors reported significant associations for cord blood. A 10 fold
increase in concentrations of BDE-17 and BDE-99 resulted in a 49.86g and 3.65g
decrease in birth weight, respectively (p 0.05). However, after adjusting for known
predictors of birth weight, only BDE- 99 remained significant (= -3.951, p= 0.016).
Wu et al. (2010) reported that Chinese infants with adverse birth outcomes (premature
delivery, low birth weight and stillbirth, n=25) had higher concentrations of PBDEs
(BDE-28, BDE-47, BDE-99, BDE-153, BDE-183 and PBDEs) in cord blood
compared with those with no adverse outcomes (n=128) (p <0.05 for the difference).
No association was found between concentrations of BDE-28, BDE-47, BDE-99 and
PBDEs and birth outcomes (birth length, birth weight and head circumference) in a
sample of 41 infants from Singapore (Tan et al., 2009)
A small study (n=20) found an association between increased concentrations of PBDEs
in breast milk and decreased birth outcomes in Taiwan (Chao et al., 2007). After
adjusting for maternal age, pre-pregnancy BMI and parity, mean concentrations of
BDE-47, BDE-99, BDE-100 and BDE-209 were significantly higher in the breast milk
of mothers whose babies weighed less than 3.05 kg compared with those who weighed
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more (p <0.01 for all). Increased concentrations of the same congeners were also
associated with a smaller breast circumference (p <0.05). Concentrations of BDE-99,
BDE-100 and BDE-209 were significantly higher for infants who were less than 50 cm
long at birth (p <0.05). This pattern was also observed for head circumference but did
not approach statistical significance.
These studies do not show a clear relationship between concentrations of PBDEs and
birth outcomes (mainly birth weight). However, many of these studies have a small
sample size (n= 12 to 286) and therefore may have limited statistical power to detect a
relationship.
2.3.5

Association between PBDE concentrations and diabetes and metabolic
syndrome

Lim et al. (2008) reported a non-linear relationship between quintile concentrations of
BDE-153 and prevalence of diabetes (adjusted OR 1.0, 1.6, 2.6, 2.7 and 1.8, p for
quadratic <0.01) and metabolic syndrome (adjusted OR 1.0, 2.1, 2.5, 2.4 and 1.7, p for
quadratic =0.02) in a sub sample of NHANES participants (Table 2.9).
As there is only one study that has investigated this relationship to date it is difficult to
draw conclusions about the relationship between PBDE exposure and diabetes and
metabolic syndrome.
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Table 2.9 Summary of study that has investigated the relationship between PBDE concentrations and diabetes and metabolic syndrome
Author,
Country

Congener

Lim et al.
2008, USA
n= 1367

Concentration
Condition
Category of exposure

Adjusted Odds Ratio (OR, 95% CI) for category of PBDE exposure
not detected

Median (ng g-1)

<25th

25th to 50th

50th to 75th

75th

6.5

13.7

28.2

73.3

p value for trend

p value for
quadratic

BDE-47

Diabetes
Metabolic Syndrome

Referent
Referent

3.4 (0.8, 15.7)
1.1 (0.3, 3.5)

2.9 (0.6, 13.5)
0.8 (0.3, 2.8)

3.8 (0.8, 17.4)
1.2 (0.4, 4.0)

2.7 (0.6, 12.5)
1.1 (0.3, 3.6

1.00
0.70

0.16
0.72

BDE-99

Diabetes
Metabolic Syndrome

Referent
Referent

2.0 (1.2, 3.2)
1.1 (0.7, 2.0)

1.5 (0.9, 2.6)
1.0 (0.6, 1.8)

1.2 (0.7, 2.2)
1.9 (1.0, 3.5)

1.3 (0.7, 2.2)
0.8 (0.5, 1.5)

0.57
0.75

0.06
0.24

BDE-100

Diabetes
Metabolic Syndrome

Referent
Referent

1.3 (0.6, 2.8)
1.8 (0.8, 4.1)

1.6 (0.7, 3.5)
1.5 (0.6, 3.4)

1.6 (0.7, 3.5)
1.6 (0.7, 3.6)

1.4 (0.6, 3.0)
1.7 (0.7, 3.8)

0.50
0.68

0.20
0.61

BDE-153

Diabetes
Metabolic Syndrome

Referent
Referent

1.6 (0.7, 3.6)
2.1 (1.0, 4.6)

2.6 (1.2, 5.8)
2.5 (1.1, 5.6)

2.7 (1.2, 6.0)
2.4 (1.0, 5.3)

1.8 (0.8, 4.0)
1.7 (0.7, 3.8)

0.15
0.69

<0.01*
0.02*

2.4 Common limitations of epidemiologic studies of PBDEs and health
outcomes
The studies included in this review highlight several methodological issues including
differences in sample collection, analytical techniques and statistical analysis.
Information bias is also relevant as the methods used to ascertain disease or health
outcome are not always comparable, for example the limitations of various
psychometric tests discussed in Section 2.3.2. Loss to follow up was also an issue in
these studies, particularly in the CHAMACOS cohort where over 600 women were
initially recruited but exposure measures were available for less than 300.
Due to the small sample size in many of the studies statistical power to determine
associations between PBDE concentrations and health effects is limited.
The participants in many of the studies represent a fairly homogenous sample that may
not be representative, for example an ethnic minority with lower educational attainment
and low income.
The cross sectional study design of many studies in this review is indicative of the early
the stages of research for this area. Determining whether an association really exists
between exposure to PBDEs and observed health outcomes is a key limitation of this
type of design.
While exposure assessment is a reliable process due to the use of biomarker other
factors that have an impact on results and require further consideration. These may
include timing of sample collection, matrix used (e.g. plasma, serum, breast milk).
Furthermore, in many studies these are one off measures that may be presenting
concentrations at a single point in time.
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Exposure to PCBs has been identified as a potential confounder when investigating
exposure to PBDEs and health outcomes. However, many studies are limited by the
lack of and exposure measure for PCBs.

2.5 Conclusion
This review shows humans are exposed to PBDEs and that these compounds can cross
the placenta, putting infants in utero at risk as well. PBDE exposure is an area of
international health concern because the compounds migrate out of domestic products
and into the human body and may also have long term effects on the developing foetus.
Overall, there is a lack of consistency in results from studies investigating potential
health and developmental outcomes. The evidence is more consistent for effects on
poorer neurological function.
The inconsistencies in results may be due to study design or methodology, such as the
different methods used to assess exposure or outcome. A range of PBDE congeners and
outcomes are compared across studies, and coupled with small sample sizes, this
increases the likelihood of finding a significant result by chance alone. Furthermore,
there are inconsistencies in the adjustment of skewed distributions of PBDE
concentrations and the adjustment for confounders.
The inconsistencies across studies could also be due to the differences that exist within
study populations. Exposure levels to contaminants vary between groups (for example:
age, life stage, geographical location) and the effect of PBDEs compounds may also
vary during the life course. Therefore, future research should focus on better defining
the mechanism by which PBDEs affect human health to determine whether a
relationship exists. Future research should also focus on investigating the interactions
between congeners and other compounds.
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3.1 Absstract
Polybromiinated dipheenyl ethers (PBDEs) arre one of the most com
mmon types of
brominateed flame retaardants appplied to foam
ms, plastics and textiless to prevent fires.
These flam
me retardantts are now rregulated an
nd are eitherr banned orr being volu
untarily
phased ouut. Howeverr, as these cchemicals arre persistentt, humans ccontinue to be
b
exposed. Dust has beeen identifieed as an imp
portant sourrce of expossure and hen
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he aim of th
his paper waas to determ
mine the
residentiall concentrattions are of interest. Th
concentrattions of PBD
DEs in sam
mples of residential dustt from the hhomes of preegnant
women in Western Australia.
A
Thirty resiidential dusst samples w
were analyseed for conceentrations oof 32 PBDE
congenerss. Samples were
w colleccted from urrban and rurral areas.
PBDEs weere detected
d in all residdential dust samples wiith the sum of the mostt common
PBDEs (
7 of BDEs -47, -99, -1 00, -153, -1
154, -183 an
nd -209) rannging from 60.4
6 to
82400 ng g-1 (median
n 571 ng g--1). Deca-B
BDE makes up the highhest proportiion of
PBDEs in residential dust, on avverage 66 % of 32PBD
DEs. We didd not find a
relationshiip between housing chaaracteristicss nor the preesence of apppliances an
nd PBDE
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concentrations. Dust from urban areas had significantly higher concentrations of BDE209 and 32PBDEs than dust from rural areas of Western Australia (p values 0.01 and
0.03 respectively).
PBDEs were present in residential dust in Western Australia at concentrations higher
than reported previously in Australia. Further investigation of source with a larger
sample size is required to determine associations between PBDE concentrations and
potential exposure sources and geographical regions.
Keywords
Polybrominated diphenyl ethers, PBDEs, dust, Australia, exposure

3.2 Introduction
Brominated flame retardants have been used in foams and plastics, in particular those
used in electronic equipment and textiles since the 1970s to prevent fires (Alaee and
Wenning, 2002; Birnbaum and Staskal, 2004). There are approximately 75 types of
brominated flame retardants including polybrominated diphenyl ethers (PBDEs),
polybrominated biphenyls (PBB), hexabromocyclododecane (HBCD) and
tetrabromobisphenol A (TBBPA) (Birnbaum and Staskal, 2004).
PBDEs make up approximately one third of the brominated flame retardants used.
There are 209 PBDE congeners and mixtures of these make up the three main types of
flame retardants; penta-BDEs, octa-BDEs and deca-BDEs (Birnbaum and Staskal,
2004; Allen et al., 2008a). Penta-BDE, which has been used in polyurethane foam
(found in most residential furniture) and in circuit boards, mainly comprises BDE-99
and BDE-47. Deca-BDE is predominantly BDE-209, and is used in the housings of
electrical and electronic equipment, plastics, polystyrene, polybutylene terephthalate,
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polyamides and textiles hence its presence in homes (Bromine Science and
Environmental Forum, 2012). Octa-BDE is a mixture of mainly BDE-175/183, BDE196 and BDE-197 however, may also include BDE-209 and this mixture had been
included in similar products to deca-BDE (La Guardia et al., 2006).
PBDEs have been reported to be endocrine disruptors and associated with having
neurotoxic health effects in animal and human studies (Costa and Giordano, 2007; Main
et al., 2007; Fonnum and Mariussen, 2009; Meeker et al., 2009). Pregnant women are a
vulnerable group as the foetus can be exposed during this prenatal period (Chao et al.,
2007; Main et al., 2007; Herbstman et al., 2010). Penta and octa BDEs have been
added to Annex A of the Stockholm Convention, an international treaty aimed at
protecting humans and the environment from exposure to persistent organic pollutants
(Stockholm Convention, 2009). There have been several initiatives to reduce or remove
sources of exposure, such as the phasing out of deca-BDE by United States
Environmental Protection Agency (US EPA) (US EPA, 2010), and the introduction of
regulations regarding concentrations of flame retardants in electronic equipment
(Bromine Science and Environmental Forum, 2011). Australia does not manufacture
PBDEs and is a party to the Stockholm Convention, however has not ratified the
Convention since 2004 (Stockholm Convention, nd). In 2007 the National Industrial
Chemicals Notification and Assessment Scheme (NICNAS), the Australian Government
regulator of industrial chemicals, banned the manufacture and importation of pentaBDEs and octa-BDEs chemicals (NICNAS, 2007a; NICNAS, 2007b). However, decaBDEs are still imported in goods into Australia and as PBDEs persist in the
environment, humans continue to be exposed.
Not all sources and pathways of exposure to PBDEs have been identified (Sjödin et al.,
2008; Toms et al., 2009b), however research indicates that dust may be an important
source of exposure (Jones-Otazo et al., 2005; Frederiksen et al., 2009; Harrad et al.,
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2010a) accounting for 82 % of daily exposure (Lorber, 2008). Several studies have
reported significant correlations between concentrations of PBDEs in paired samples of
house dust and plasma of pregnant women (Frederiksen et al., 2010), serum of toddlers
(Stapleton et al., 2012) and serum of adults (Johnson et al., 2010; Watkins et al., 2012).
Exposure to PBDEs is also affected by social determinants of health. For example dust
may be the main source of exposure for individuals living in dusty homes compared
with individuals living in a less dusty environment whose principle source of exposure
may be diet (Stapleton et al., 2005).
BDE-47, BDE-99, BDE-100 and BDE-209 have been found in their highest
concentrations in residential dust with BDE-209 representing the highest proportion
(Harrad et al., 2006; Harrad et al., 2008a; Harrad et al., 2008b; Sjödin et al., 2008;
Harrad et al., 2010b). Regional differences in concentrations of PBDEs have also been
observed. North America has elevated concentrations of penta-BDE (Birnbaum and
Staskal, 2004) and Great Britain of deca-BDE (Sjödin et al., 2008) due to the higher
usage of these preparations compared with the rest of the world. Three studies, with
sample sizes ranging from five to 10, have previously reported concentrations of
PBDEs in Australian residential dust, and have found that concentrations are in the
main lower than North America but higher than parts of Europe (Sjödin et al., 2008;
Toms et al., 2009a; Toms et al., 2009b).
The aim of this paper was to determine the concentrations of PBDEs in samples of
residential dust from the homes of pregnant women in Western Australia.
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3.3 Methods
Thirty residential dust samples collected as part of the Australian Maternal Exposure to
Toxic Substances (AMETS) Study, a cross sectional study of maternal exposure to
persistent toxic substances, were analysed for PBDE content.
3.3.1

Ethics

Ethics approval for this project was obtained from the Edith Cowan University Human
Research Ethics Committee, the Western Australia Country Health Service, St. John of
God Health Care (Subiaco and Bunbury), King Edward Memorial Hospital and
Joondalup Health Campus. In addition executive approval was obtained from Osborne
Park Hospital and Swan Kalamunda Health Service. Written informed consent was
provided by all participants.
3.3.2

Sample selection and study areas

Of the available 167 dust samples collected as part of the AMETS study, 30 samples
with 20 g of dust available for analyses were selected. This resulted in samples from
both rural and urban areas. The samples were collected from residential homes in towns
across Western Australia as follows: Albany (2), Bunbury (2), Busselton (1), Collie (1),
Dunsborough (1), Esperance (4), Geraldton (2), Kalgoorlie (2), Margaret River (3) as
well as Perth (12) which is an urban centre and the capital city of Western Australia, see
Figure 3.1. In 2011, the population of Western Australia was 2.35 million with 78 %
residing in Perth and the remainder sparsely spread out across the state (Australian
Bureau of Statistics, 2012).
Samples were collected between June 2009 and April 2011.
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3.3.3

Data collection

Each of the AMETS participants was asked to provide a residential dust sample from
their home vacuum cleaner by filling a zip-locked plastic bag provided to them in their
study pack and posting this back to the research team in a reply paid envelope.

Figure 3.1 Location of AMETS study sites in Western Australia

Participants completed a questionnaire that focused on demographic and lifestyle
information and also included questions relating to activities that may increase exposure
to PBDEs. These included the number and age of televisions and computers in the
home, whether participants had recently purchased furniture, how much time they spent
indoors, and housing characteristics including age and type of home.
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3.3.4

Sample preparation and analysis

The dust samples were delivered in individual plastic bags. Large and unwanted
particles were removed by hand and the samples were then air dried in the laboratory
for at least 48 h. The dried samples were sieved at 600 µm and shaken in a closed
sifting pan. The dust was split into subsamples using an open chute riffle splitter. Each
dust sample was mixed several times in the splitter device before 0.5 - 1.0 g dust was
accurately weighed (to 0.01 g) into a clean beaker for analysis, this was done to reduce
the sub sample variability by ensuring homogeneity of the sample. To minimise cross
contamination between samples, the sieves were cleaned with a brush and fresh paper
tissue, after each step sieving and when necessary rinsed with acetone. The splitter
device was cleaned between each sample using a high pressure air hose. Samples were
sent to laboratories at the National Measurement Institute (New South Wales) a
National Association of Testing Authorities accredited facility, for analysis. The dust
samples were accurately weighed and homogenised with an inert drying agent prior to
spiking with fourteen 13C isotopically labelled PBDEs (BDE-28, BDE-47, BDE-77,
BDE-99, BDE-100, BDE-126, BDE-153, BDE-154, BDE-169, BDE-183, BDE-197,
BDE-205, BDE-207 and BDE-209) into each sample to act as surrogate standards.
All samples were subsequently extracted using Accelerated Solvent Extraction, using
toluene as a solvent at 1500 psi and 150 C. Method based on USEPA Method 3545a
(US EPA, 2007b).
After extraction, concentration and splitting, the samples underwent a clean-up process
including back-extraction with acid, gel permeation chromatography (GPC) to remove
sulphur contamination, followed by silica gel and alumina clean-up using the FMS
Power-Prep. Four other 13C isotopically-labelled PBDE internal standards (BDE-79,
BDE-139, BDE-180 and BDE-206) were then added to sample extracts immediately
before analysis, to allow the quantification of surrogate standard recovery.
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Qualitative/quantitative analysis for PBDEs was performed with a high-resolution gas
chromatograph/high-resolution mass spectrometer (Thermo Finnegan MAT95XL,
Germany). Three characteristic ions were selectively monitored for each PBDE
congener group. Relative response factors were established using calibration standards
(Wellington Laboratories, Ontario, Canada) containing native PBDEs, and 13C
isotopically-labelled surrogates and recovery standards. Analyte identification was
confirmed when target ions were detected with the correct abundance ratio (±20 %)
based on the calibration standards, and within established relative retention time
windows (±3 s) based on the labelled surrogates in the sample extract. The
concentrations of native PBDEs in the sample were calculated using the relative
response factors from the calibration standards, the abundances of the target analyte and
the appropriate labelled surrogate in the sample extract, and the mass of sample
extracted. This approach adjusts for laboratory recoveries for each sample. Surrogate
recoveries ranged from 5% to 99 %, with the majority of samples being having average
recoveries greater than 40 %. Analytical results were corrected for surrogate recoveries.
Laboratory blanks were analysed with each sample batch. Several congeners were not
detected in the laboratory blanks, while some of the more commonly detected congeners
(BDE-47, BDE-99, BDE-100, BDE-153, BDE-154) were detected below 0.5 ng g-1.
The heavier congeners (BDE-203, BDE-206, BDE-207, BDE-208) were below 5 ng g-1,
with BDE-209 being detected at the highest level of 100 ng g-1 in one batch. The Limit
of Reporting (LOR) is based on the background noise of the HRMS instrument for each
compound in the sample and any PBDE levels in the laboratory batch blank analysed
along with the samples. PBDEs were only reported if detected at more than three times
the batch blank level for each congener, no blank subtraction was performed. Method
based on USEPA Method 1614 (US EPA, 2007a).
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Congeners targeted included BDE-17, BDE-28, BDE-30, BDE-47, BDE-49, BDE-66,
BDE-71, BDE-77, BDE-85, BDE-99, BDE-100, BDE-119, BDE-126, BDE-139, BDE140, BDE-153, HxBDE-154, BDE-171, BDE-180, BDE-183, BDE-184, BDE-191,
BDE-196, BDE-197, BDE-201, BDE-203, BDE-204, BDE-205, BDE-206, BDE-207,
BDE-208 and BDE-209.
3.3.5

Statistical analysis

Descriptive analyses were undertaken using STATA (version 12.1; StataCorp, College
Station TX).
The Limit of Reporting (LOR) for each congener was set at the largest LOR value.
Positive results below this value were considered as <LOR. Samples below the LOR
were assigned the value of half the LOR for analysis.
7 PBDEs was calculated using sum of BDEs -47, BDE-99, BDE-100, BDE-153, BDE154, BDE-183 and BDE-209 as these are present in the highest concentrations and have
been reported by several other authors thus enabling comparison of results. 32PBDEs
refers to the sum of all 32 congeners targeted, as listed in Section 3.3.4.
Due to the non-normal distribution of PBDE concentrations in dust, data were logged
using the natural log prior to generating the boxplots and the non-parametric Wilcoxon
rank sum test was used to investigate differences in means between groups.

3.4 Results and discussion
Residential dust samples from 30 participants were analysed for concentrations of
PBDEs. Table 3.1 provides an overview of homes from which dust samples were
analysed. Participants lived in free standing houses (93 %) that were mostly 10 to 50
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years old (48 %). On average there were 1.8 televisions and 1.7 computers per
household (Table 3.1).
Our data are representative of housing characteristics in Australia with 86 % of
residents in Western Australia living in free standing homes (76.8 % for Australia as a
whole) (Australian Bureau of Statistics, 2011) and 57 % of Australian dwellings being
over 20 years old (Australian Bureau of Statistics, 1999).
PBDE concentrations by congener are shown in Table 3.2. Highest median
concentrations were reported for BDE-209, BDE-99 and BDE-47 respectively. BDE-30
and BDE-204 were not detected in any of the dust samples analysed.
The 7PBDE concentrations ranged from 60.4 to 82400 ng g-1 with a median of 571 ng
g-1. This median lies between that reported previously in Australian studies of
7PBDEs. Toms et al. (2009a) reported median 239 ng g-1 and range 69.7 to 675.8 ng g1

based upon five researcher collected samples and Sjödin et al. (2008) in a study of 10

samples from home vacuum cleaner bags reported higher median concentrations of
1200 ng g-1 and a range of 500 to 13000 ng g-1 of dust. An earlier study (Toms et al.,
2009b) reported a median of 215 ng g-1 (range not reported) from 10 researcher
collected dust samples. Toms et al. (2009b) did not include concentrations of BDE-154
in the PBDE but as BDE-154 is not found in high concentrations, this is comparable to
our findings.
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Table 3.1 Description of homes from which dust samples were analysed, AMETS
(n=30)
Characteristic
Number of TVs, mean (SD)

1.8 (0.82)

Number of Computers, mean (SD)

1.7 (0.95)

Purchased new furniture in past 12 months

50.0 %

Type of residence
House

93.3 %

Duplex/townhouse/villa

3.3 %

Flat/unit/apartment

3.3 %

Age of home (n=29)
< 2 years

6.9 %

2-10 years

24.1 %

10- 50 years

48.3 %

>50 years

20.7 %

Rural area of residence

60.0 %

Hours spent indoors per day, mean (SD)

16.5 (3.79)
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Table 3.2 PBDE concentrations in residential dust from homes (n=30) (ng g-1)
Detection
Congener

SD

Median

Range

ng g-1

ng g-1

ng g-1

ng g-1

Frequency
(%)

a

Mean

BDE-17

77

0.61

1.08

0.23

<LORa-5.07

BDE-28

93

1.55

2.25

0.69

<LORa-10.00

BDE-30

0

<LORa

<LORa

<LORa

<LORa

BDE-47

100

66.4

88.3

36.8

2.55-391.00

BDE-49

100

2.51

2.92

1.33

0.10-10.6

BDE-66

100

3.20

4.90

1.56

0.08-23.9

BDE-71

100

0.69

2.07

0.11

0.01-11.3

BDE-77

17

0.13

0.41

0.04

<LORa-2.29

BDE-85

100

3.56

3.89

2.20

0.11-13.8

BDE-99

100

83.5

98.2

56.8

2.93-372

BDE-100

100

15.4

18.7

9.05

0.52-71.2

BDE-119

100

0.29

0.87

0.08

0.01-4.80

BDE-126

10

0.15

0.21

0.10

<LORa-1.23

BDE-139

100

1.37

1.41

0.94

0.05-5.31

BDE-140

100

0.59

1.14

0.24

0.02-6.07

BDE-153

100

11.2

13.4

6.41

<LORa-59.9

BDE-154

100

7.99

8.90

5.12

<LORa-31.7

BDE-171

80

0.83

2.06

0.20

0.03-9.47

Limit of Reporting (LOR) is based on the background noise of the HRMS instrument for each

compound in the sample and any PBDE levels in the laboratory batch blank analysed along with the
samples. PBDEs were only reported if detected at more than three times the batch blank level for each
congener.
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Table 3.2 PBDE concentrations in residential dust from homes (n=30) (ng g-1),
continued
Detection

SD

Median

Range

ng g-1

ng g-1

ng g-1

ng g-1

Frequency

.

(%)

a

Mean

BDE-180

100

1.91

7.29

0.29

0.04-40.3

BDE-183

100

8.84

11.4

4.61

0.53-44.0

BDE-184

83

0.28

0.66

0.15

<LORa-3.66

BDE-191

63

0.70

2.64

0.10

<LORa-14.5

BDE-196

87

37.3

143

4.63

<LORa-784

BDE-197

100

6.43

11.8

2.03

0.38-51.2

BDE-201

57

4.46

13.8

0.67

<LORa-66.9

BDE-203

77

27.9

81.0

5.21

<LORa-410

BDE-204

0

<LORa

<LORa

<LORa

<LORa

BDE-205

50

0.50

1.74

0.07

<LORa-9.58

BDE-206

73

520

2260

16.8

<LORa-12300

BDE-207

57

186

648.3

26.2

<LORa-3390

BDE-208

37

67.5

202.2

4.50

<LORa-934

BDE-209

83

5680

18100

415

<LORa-82200

Limit of Reporting (LOR) is based on the background noise of the HRMS instrument for each

compound in the sample and any PBDE levels in the laboratory batch blank analysed along with the
samples. PBDEs were only reported if detected at more than three times the batch blank level for each
congener.
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Figure 3.2 Comparison of percent of selected PBDE congener for each sample

Two urban samples in the current study had 32PBDE concentrations that were much
higher than other samples. When these two samples were removed from the analysis
range was 59.3 to 6330 ng g-1 with a median of 526 ng g-1.
The congener profile for dust was dominated by BDE-209 with a median of 415 ng g-1
and range <LOR to 82200 ng g-1, followed by BDE-99 56.8 ng g-1 (2.93 to 372 ng g-1)
and BDE-47 36.8 ng g-1 (2.55 to 391 ng g-1) as seen in Figure 3.2 and Table 3.2. BDE207 and BDE-206 were found in the next highest concentrations, with medians of 26.2
and 16.8 ng g-1 as seen in Table 3.2.
As can be seen in Figure 3.2, BDE-209 makes up the highest proportion of PBDEs in
residential dust, averaging 66 % (range 11 to 93 %) of 32 PBDEs. This is consistent
with previously reported literature from a number of studies where BDE-209 accounted
for 32% to 97 % of the total PBDE concentrations (Frederiksen et al., 2009). BDE-209
is found mainly in the housings of television sets and computers (Stapleton et al., 2005).
No difference in mean concentrations of BDE-209 in dust from homes that had two or
less televisions and those that had three or more was found (p value= 0.48) in this study,
noting the sample size was small and lack of variation in the number of televisions and
computers in participants’ homes (range 1 to 4 for both). Stapleton et al. (2005) also
found no association between concentrations of PBDEs in dust and the number of
televisions and computers. Allen et al. (2008b) however, measured BDE-209
concentrations in televisions using X-ray Fluorescence and found this was a significant
predictor of concentrations in house dust (p value = 0.025).
Penta-BDE, which comprises BDE-47, BDE-99 and BDE-100, is found in the next
highest concentrations, with the combination of these three congeners making up
between 0.1% and 72 % of 32PBDEs. This mixture is used in foams and textiles often
used in furniture (Birnbaum and Staskal, 2004). When the combined congeners were
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analysed we found no significant difference in mean penta-BDE concentrations for
participants who had purchased or had not purchased new furniture in the previous 12
months, p value=0.58. This was consistent with Wilford et al. (2005) who did not find
any association between concentrations of PBDEs in house dust and the purchase of
new upholstered furniture. However, penta-BDE is not the only flame retardant used in
furniture foam and this could be responsible for the lack of association. Compounds
such as tris (1,3-dichloro-2-propyl) phosphate (TDCPP), chlorinated organophosphate
flame retardants (OPFRs), Firemaster 550 and triphenyl phosphate (TPP) have also
been detected in polyurethane foam from baby products (Stapleton et al., 2011) and
furniture, as well as in house dust (Stapleton et al., 2009) but were not measured in the
present study.
The sum of the remaining 25 congeners accounted for 6% to 24 % of total PBDE
concentrations.
In this study the ratio of BDE-47 to BDE-99 had a median of 1.3 and a range 0.4 to 1.4
ng g-1. Stapleton et al. (2005) compared the ratio of BDE-47 to BDE-99 in 17
residential dust samples (median not reported, range 0.5 to 2.0) to the ratio in the
commercial mixture of penta-BDE 0.6. Stapleton et al. (2005) suggest that a ratio close
to 0.6 indicates that dust was collected close to the product that was leaching the pentaBDE. However, researchers analysed researcher collected dust, whereas in the current
study participants provided contents of home vacuum bags, hence location to source
could not be determined.
Stapleton and Dodder (2008) reported that the ratio of BDE-197 to BDE-201 was also a
sign of debromination of BDE-209. Commercial mixtures have a range of ratios
between 28 and 35; however when dust is exposed to sunlight the ratio approaches a
steady state of approximately 1. In this study we found a ratio of 4.0 (range 0.8 to 14.8)
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which indicates that debromination is occurring in homes. In two rounds of testing
Allen et al. (2008a) reported ratios of 9.9 (range 2.0 to 36.0) for samples collected
during winter and 5.4 (0.6 to 25.6) during autumn.
Figure 3.3 shows median and inter-quartile range (5th and 95th percentile) of the most
common PBDE congeners by rural and urban areas. The difference was not significant
when we compared means of BDE-47, BDE-99 and BDE-100 in rural and urban areas
(p value  0.05 for all) however the difference was significant for BDE-209 (p value=
0.01).
Mean 32PBDEs concentrations were higher in urban areas compared with rural areas (p
value= 0.03). When we removed the two urban samples that had concentrations of
PBDEs much higher than the rest of the samples, there was still a difference between
urban and rural areas, but this was no longer statistically significant (p value= 0.12).
BDE-209 accounted for 82% and 93 % of total PBDE concentrations in these samples.
Other studies have reported lower concentrations of PBDEs in dust samples from rural
areas. Li et al. (2008) and Sudaryanto et al. (2008) reported lower concentrations in
breast milk samples, and Vizcaino et al. (2011) reported lower concentrations in cord
blood from rural areas compared with urban environments. Jiang et al. (2010) and
Moon et al. (2007) also reported lower concentrations in soil and atmosphere samples
from rural areas compared with urban samples.
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Table 3.3 Median and range (ng g-1) of 7BDE (BDE-47, -99, -100, -153, -154, -183,
-209) concentrations from international studies
Study

Country

n

Median

Range

This Study

Australia

30

571

60.4-82,400

Sjödin et al., 2008

Australia

10

1,200

500–13,000

Toms et al., 2009a

Australia

5

239

69.70-675.80

Harrad et al., 2008b

Canada

10

925

727.60-3420

Sjödin et al., 2008

Germany

10

74.0

17–550

Knoth et al., 2003

Germany

40

443.9

15.79-19,123.20

Gevao et al., 2006

Kuwait

17

88.6

0.96-378.79

Sjödin et al., 2008

United Kingdom

10

10,000

950–54,000

Harrad et al., 2008b

United Kingdom

28

2,878.25

335.94-520,105

Sjödin et al., 2008

United States

10

4,200

520–29,000

Batterman et al., 2009

United States

12

19,539.75

4,262-204,844

Harrad et al., 2008b

United States

20

3,463

908-16,523

This study has several limitations. Research by Allen et al. (2008a) suggests that dust
samples collected by participants may not provide the most accurate measure of PBDE
concentrations in dust. Due to geographical and financial constraints it was not possible
to collect dust samples using a standardised method for all participants. In a validation
study Allen et al. (2008a) found higher concentrations of PBDEs in dust collected by
researchers using a standardised method compared with dust collected by participants
from home vacuum cleaners, therefore it is possible that the results presented here
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underestimate residential dust PBDE concentration in Western Australia. Participants
were asked to provide residential dust samples in a zip-locked plastic bag which was a
convenient method as samples were sent by post due to geographical and financial
constraints. It is recognised that using foil or amber glass would be a more appropriate
method in the future as plastics are known to sorb PBDEs and BDE-209 is reported to
degrade with exposure to UV-light (Covaci et al., 2007), therefore affecting
concentrations.
During the sample preparation a 600 µm sieve was used which may have had an effect
on particle size distribution and therefore analysis of concentrations. Smaller fractions
may result in higher concentrations of PBDEs being detected and hence where larger
sieves have been used, the concentrations reported may be lower. In previously
published Australian studies (Toms et al., 2009a; Toms et al., 2009b) a 2 mm sieve was
used and concentrations of PBDEs were lower than in the present study where a sample
of smaller particles were analysed. The use of the 600 μm sieve may therefore have
underestimated the concentrations of PBDEs measured as studies reporting higher
median concentrations used finer sieves (<500 to <125 μm) (Allen et al., 2008a;
Johnson et al., 2010; Meeker et al., 2009; Quirós-Alcalá et al., 2011; Rudel et al., 2003;
Vorkamp et al., 2011; Wilford et al., 2005).

3.5 Conclusions
This paper demonstrates that PBDEs were present in residential dust in Western
Australia and concentrations were higher than in previous Australian studies. The study
also confirms the significance of BDE-209 as the dominant congener suggesting that
indoor sources such as electrical appliances, fixtures and fittings in the home are a
common source of PBDE concentrations. These data suggest that concentrations are
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higher in urban areas and this should be a point of further investigation. Dust has
previously been reported as an important PBDE exposure pathway and the wide range
in concentrations in Western Australian dust lends itself to further investigation. As the
sampling has been done in the homes of pregnant women, a follow up study should
focus on the biological levels of PBDEs in pregnant women combined with pregnancy
outcome data.
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3.7 Addendum
Table 3.4 Correlation between PBDE congeners detected in >80% of residential dust samples
BDE28

BDE47

BDE
-49

BDE
-66

BDE
-71

BDE
-85

BDE
-99

BDE
-100

BDE
-119

BDE
-139

BDE-28

1.00

BDE-47

0.59*

1.00

BDE-49

0.88*

0.87*

1.00

BDE-66

0.95*

0.48*

0.84*

1.00

BDE-71

0.82*

0.10

0.54*

0.90*

1.00

BDE-85

0.72*

0.86*

0.91*

0.70*

0.39*

1.00

BDE-99

0.57*

0.94*

0.86*

0.49*

0.12

0.94*

1.00

BDE100

0.56*

0.96*

0.86*

0.48*

0.09

0.92*

0.99*

BDE-119

0.80*

0.08

0.52*

0.89*

0.99*

0.38*

0.10

0.07

1.00

BDE-139

0.59*

0.75*

0.81*

0.60*

0.31

0.96*

0.90*

0.88*

0.29

1.00

BDE-140

0.82*

0.16

0.58*

0.91*

0.97*

0.49*

0.22

0.19

0.96*

0.45*

BDE-153

0.91*

0.58*

0.86*

0.94*

0.81*

0.82*

0.64*

0.61*

0.79*

0.77*

BDE-154

0.73*

0.86*

0.91*

0.69*

0.39*

0.98*

0.94*

0.93*

0.37*

0.95*

BDE-171

0.67*

0.01

0.40*

0.75*

0.87*

0.28

0.04

0.02

0.82*

0.27

BDE-180

0.73*

-0.04

0.40*

0.82*

0.98*

0.24

-0.04

-0.07

0.98*

0.16

BDE-183

0.55*

0.07

0.36

0.60*

0.66*

0.26

0.09

0.08

0.66*

0.30

BDE-184

0.80*

0.10

0.51*

0.87*

0.98*

0.36*

0.10

0.07

0.98*

0.28

BDE-196

0.73*

-0.03

0.41*

0.82*

0.98*

0.26

-0.03

-0.05

0.98*

0.18

BDE-197

0.62*

0.03

0.38*

0.70*

0.80*

0.27

0.05

0.04

0.75*

0.29

BDE-209

0.64*

-0.03

0.37*

0.74*

0.87*

0.26

0.01

-0.01

0.82*

0.27

1.00

Table 3.4 Correlation between PBDE congeners detected in >80% of residential dust samples cont.
BDE
-140

BDE
-153

BDE
-154

BDE
-171

BDE
-180

BDE
-183

BDE
-184

BDE
-196

BDE-197

BDE
-209

BDE-28
BDE-47
BDE-49
BDE-66
BDE-71
BDE-85
BDE-99
BDE100
BDE-119
BDE-139
BDE-140

1.00

BDE-153

0.87*

1.00

BDE-154

0.50*

0.84*

1.00

BDE-171

0.92*

0.71*

0.33

1.00

BDE-180

0.94*

0.72*

0.24

0.84*

1.00

BDE-183

0.74*

0.64*

0.33

0.87*

0.66*

1.00

BDE-184

0.97*

0.80*

0.38*

0.89*

0.98*

0.71*

1.00

BDE-196

0.95*

0.73*

0.26

0.88*

1.00*

0.68*

0.99*

1.00

BDE-197

0.87*

0.69*

0.33

0.98*

0.78*

0.94*

0.83*

0.82*

1.00

BDE-209

0.92*

0.69*

0.31

0.99*

0.84*

0.81*

0.88*

0.88*

0.96*

1.00
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4.1

Absstract

Polybromiinated dipheenyl ethers (PBDEs) arre an emerg
ging group oof compoun
nds of
potential health
h
conceern as possiible endocriine disruptors and havinng neurotox
xic health
effects. Humans
H
are exposed thrrough consu
umption of contaminate
c
ed foods, in
nhalation or
ingestion of
o contamin
nated dust aand occupatiional exposure. Previoous research
h indicates
that indooor exposure, particularlyy dust, is an
n important source of exxposure to PBDEs.
The aim of
o this paperr was to reviiew the pub
blished literaature on PB
BDE concen
ntrations in
dust compparing conceentrations aacross homee, office and
d vehicle miicroenvironm
ments,
country annd method of
o sample coollection an
nd analysis.
A total of 42 journal articles
a
werre identified
d and concen
ntrations off BDE-47, BDE-99,
B
BDE-100 and BDE-2
209 in dust ssummarized
d. Concentrrations of PB
BDEs in du
ust in
different microenviro
m
onments werre highly vaariable. BD
DE-209 was the most ab
bundant
PBDE in dust
d ranging
g from 1 to 190000 ng g-1, followeed by BDE--47 (range 2.45
2 to
2730 ng g-1) and BDE
E-99 (rangee 2.8 to 4600
0 ng g-1). BDE
B
100 hadd the lowest median
concentrattions in dust (range 0.554 to 1200 ng
n g-1). Veh
hicles had thhe highest
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concentrations of BDE-209 (range 3100 to 190000 ng g-1) compared with homes and
offices. Median concentrations for BDE-47, BDE-99 and BDE-100 were highest in
samples from the United States, but the United Kingdom had the highest concentrations
of BDE-209 in dust. Researcher collected samples had significantly higher
concentrations of PBDEs than participant collected samples. The size of the sieve used
during sample preparation may be important as higher median PBDE concentrations
were reported in studies that used finer sieves. Gas chromatography–mass spectrometry
(GC/MS) was the common detection method used. However, differences in sample
preparation, treatment and analysis may have contribute to the variability of results. A
standardized collection, preparation and treatment methodology should be implemented
to enable comparisons between the results of studies in different microenvironments and
regions to determine the significance of dust as a source of PBDE exposure.
Keywords
PBDE, polybrominated diphenyl ethers, flame retardant, dust, microenvironment.

4.2 Introduction
Brominated flame retardants (BFRs) are emerging pollutants of potential health
concern, as they have been reported to be endocrine disruptors and have been associated
with neurotoxic health effects in those exposed (Chao et al., 2007; Costa and Giordano,
2007; Fonnum and Mariussen, 2009; Main et al., 2007; Meeker et al., 2009). Flame
retardants are included in textiles, plastics, foams, electronic equipment and building
materials to prevent fires (Alaee and Wenning, 2002). Over the past 20 years bromine
compounds have increasingly been used as flame retardants, as lower quantities are
required to prevent the combustion process (Alaee and Wenning, 2002; Birnbaum and
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Staskal, 2004). Production, demand and consumption of BFRs have increased rapidly
over the past 20 years, with Asia experiencing the largest increases (Birnbaum and
Staskal, 2004). In 1975 eight per cent of bromine worldwide was used in the production
of BFRs, in 2000 this increased to 38% (Birnbaum and Staskal, 2004).
BFRs are known to be persistent, lipophilic and bio-accumulate through the food web
spreading easily to soil, water and air (Alaee and Wenning, 2002; Birnbaum and
Staskal, 2004; de Wit, 2002). Humans are mainly exposed to BFRs through
consumption of contaminated foods and ingestion of contaminated dust. Occupational
exposure in related industries has been shown to be important, whereas inhalation of
contaminated air is less important for exposure to BFRs (Frederiksen et al., 2009;
Sjödin et al., 2003).
There are 209 congeners and mixtures of these make up the three types of PBDEs;
penta-BDE, octa-BDE and deca-BDE (Allen et al., 2008; Birnbaum and Staskal, 2004).
Penta-BDE (mixture consisting mainly of BDE-47 and BDE-99) is most commonly
used in polyurethane foam and circuit boards, octa- BDE (mixture mainly BDE-153,
BDE-183, BDE-197 and BDE-209) is most commonly used in the housings of electrical
and electronic equipment, plastics, polystyrene, polybutylene terephthalate, polyamides
and textiles. Deca-BDE (predominantly BDE-209) is used in polymers, polystyrene,
drapery, upholstery and carpets (Allen et al., 2008). In 2009 penta- and octa-BDEs
were listed in Annex A of the Stockholm Convention for persistent organic pollutants,
which encourages the elimination of use of the substances (Stockholm Convention,
2009). Voluntary phase out of deca-BDE in the United States was announced by the
United States Environmental Protection Authority (US EPA) and supported by the two
major United States producers in 2009 (US EPA, 2010) to take effect in 2013. The US
EPA are working on encouraging minor importers of deca-BDE to - cease importation
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(US EPA, 2013). The European Union banned the use of deca-BDE in electronic
equipment from July 2008.
PBDEs are additive BFRs, meaning they are blended with the polymer, whereas
reactive BFRs are chemically bonded. Because of this PBDEs can spread to
contaminate the environment during production, leakage from products containing the
PBDEs or during the breakdown of the product (Alaee and Wenning, 2002; Centre for
Disease Control and Prevention, 2008; Eriksson et al., 2001). As yet not all sources of
PBDEs and pathways of exposure have been identified (Sjödin et al., 2008b; Toms et
al., 2009a). Research indicates that indoor exposure (air and dust) may be more
important than diet (Sjödin et al., 2008b) as concentrations in food do not account for
much of the body burden in human serum, breast milk or adipose tissue samples
(McDonald, 2005). However, uncertainties exist around the the relative importance of
diet and indoor exposure and these differences could be dependent upon geographical
location.
Dust ingestion has been identified as a significant source of exposure to PBDEs. This
exposure is dependent on a number of factors; including time spent in particular
microenvironments and ingestion rates (Lagalante et al., 2009). There is limited
knowledge of dust ingestion rates and this is further complicated depending on the
setting exposure is occurring (Allen et al., 2008, Lagalante et al., 2009, Sjödin et al.,
2008b, Stapleton et al., 2008). The age of the individual is an important consideration
and the US EPA estimates the rates of dust ingestion to be 30mg/day for children under
12 months, 60mg/day for children 12months to 21 years and 30mg/day for adults (US
EPA, 2011). Reviews by Frederiksen et al. (2009) and Harrad et al. (2010) found that
dust was an important source of exposure for infants as they ingest greater amounts than
adults. BDE-209 was found to be the most important congener associated with
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exposure through dust due to its presence in electronic products and textiles. Hand to
mouth contact in children is also an important consideration (Stapleton et al., 2008). A
number of other factors that can affect exposure to PBDEs in dust, including: personal
habits, occupation, room to room concentrations of dust, usage of electronic equipment
and consumer products, usage of other consumer products, seasonal variation of dust
levels, ventilation in the home and incidental exposure to dust (Allen et al., 2008;
Johnson-Restrepo and Kannan, 2009).
In many exposure studies, methods of sample collection and analysis significantly
influenced the measured concentrations, leading to inconsistencies in interpretation and
the ability to make comparisons with other studies- and hence the significance of the
source of exposure.
The aim of this paper was to review the published literature on PBDE concentrations in
dust comparing concentrations across home, office and vehicle microenvironments,
country and method of sample collection, treatment and analysis. Data from individual
studies were requested from authors thus building upon the work of Frederiksen et al.
(2009), Harrad et al. (2010) and Besis and Samara (2012). The focus of this study was
on exposure to the most common PBDEs in dust, that is BDE-47, BDE-99, BDE-100
and BDE-209.

4.3 Materials and methods
Nine journal articles were identified from the review of PBDEs in dust by Frederiksen
et al. (2009), a further five from a review by Harrad et al. (2010) and three from Besis
and Samara’s review (2012). A search using the Web of Science and Biosis Preview
databases was conducted to identify peer reviewed articles not included in these reviews
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or published since. Search terms included: brominated flame retardan*, flame
retardan*, PBDE*, polybrominated diphenyl ether* and dust.
Fifteen authors were contacted to provide concentrations BDE-47, BDE-99, BDE-100
and BDE- 209 in individual dust samples and ten supplied these data. From these data,
box plots of median concentrations and range of BDE-47, BDE-99, BDE-100 and BDE209 in dust collected by vacuum cleaners only were generated using STATA (version
12.1; StataCorp, College Station TX). These concentrations were stratified by the
microenvironment that the samples were collected from, including home, office and
vehicle. Where data was published in more than one publication, the latest publication
was used. For vehicles, only dust collected from cabins was included and data collected
from trunks was excluded.
Where samples included a value of zero or were below the Limit of Detection (LOD) or
Limit of Quantification (LOQ), half the LOD/LOQ was used (Harrad and Abdallah,
2011; Wu et al., 2007). Where the LOD was not available, samples were omitted from
analysis (Knoth et al., 2002; Knoth et al., 2003). Studies that did not report the median
concentration of PBDEs in dust and for which individual concentrations were not
available were excluded from this review.
The most recent review by Besis and Samara (2012) summarised literature on the
occurrence and human exposure of PBDEs in the indoor and outdoor environments,
categorizing studies by similar microenvironments and by country. The present review
builds upon this previous work by classifying studies by dust collection method
(researcher (R), participants (P)) and investigating the relationship between
concentrations and method of collection.
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In the reviewed literature, the researcher collected samples were collected by members
of study teams using standard protocol and vacuum cleaners. Home vacuum bag
samples were collected by participants from their own vacuum cleaners.
A number of studies measuring PBDE concentrations were excluded from this review.
Six studies were excluded because a vacuum cleaner was not used to collect samples
(Ali et al., 2012; Huang et al., 2010; Tan et al., 2007; Tue et al., 2010) or suspended
dust was measured (Ni et al., 2011; Ni et al., 2012). Results from another study were
excluded because during sample collection researchers vacuumed sofas and electrical
appliances as well as the floor (Yu et al., 2012). Similarly researcher-collected samples
were excluded from Björklund et al. (2012) because surfaces above the floor were
vacuumed. Concentrations of PBDEs measured in dust from vehicles by Kalachova et
al. (2012) were excluded from this review because authors used a cotton duster to
collect dust samples and concentrations in workplace dust collected by Kang et al.
(2011) were also excluded because authors included a range of microenvironments and
not only offices (i.e. schools, hospitals, shopping malls). Concentrations reported by
Muenhor and Harrad (2012) were not included in this analysis as the authors’ measured
within home variations in concentrations of PBDEs in residential dust.
STATA software (version 12.1; StataCorp, College Station TX) was used to conduct ttests to assess the significance of differences in concentrations of PBDEs in dust
collected by researchers and dust collected from home vacuum cleaner bags. Because
the data were skewed, concentrations were log transformed.
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4.4

Results

A total of 42 journal articles were identified and are summarised in Table 4.1. From
these papers, 65 sets of data were reported, 52 of these were data from homes, five from
offices and eight from vehicles.

4.4.1

BDE-47

In Table 4.1 median concentrations of BDE-47 ranged from below the limit of detection
(Rudel et al., 2003) and 2730 ng g -1 (Zota et al., 2008) across all environments.
Concentrations of BDE-47 by microenvironment, for studies where individual data were
available, are displayed in Figure 4.1. There is a high degree of variability in the
concentrations with median concentrations falling between 10 and 1000 ng g-1 in dust
from homes and offices and between 100 and 5000 ng g-1 from vehicles. A wider range
of concentrations were observed for vehicles (Figure 4.1).
4.4.2 BDE-99
BDE-99 in dust concentrations ranged from 2.8 ng g-1 (Takigami et al., 2009) to 4600
ng g-1(Batterman et al., 2009) across all microenvironments. In Figure 4.2 median
concentrations of BDE-99 ranged between 10 and 1000 ng g-1. Office median
concentrations mainly ranged between 10 and 100 ng g-1 and vehicle median
concentrations ranged between 100 and 5000 ng g-1 (Table 4.1, Figure 4.2).
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Table 4.1 Study details and median concentrations of BDE 47, 99, 100 and 209 (ng
g-1) in dust as reported by authors, classified by collection method (R= researcher
collected, P= participant collected)
BDE Median Concentration
Study

n

Method

(ng g1)

Country
47

99

100

209
310
140

1170

2.3
0.3
436.
3
204.
0

536.4
4600
25
6

76.9
1200
5.5
4

1811
190
520
715

8.9

1.1

313

Homes
Ali et al., 2013
Ali et al., 2013

15
15

R
R

KWT
PAK

9.5
1.3

12
1.7

Allen et al., 2008a, b

20

R

USA

2460

Allen et al., 2008a, c

20

R

USA

Allen et al., 2008a
Batterman et al., 2009
Björklund et al., 2012
Cunha et al. 2010d
D'Hollander et al.,
2010
Frederiksen et al.,
2010
Fromme et al., 2009
Gevao et al., 2006

20
12
19
10

P
R
P
R

USA
USA
SWE
POR

1865
837.
0
337.
6
2000
38
20

43

R

BEL

50
34
17

P
P
P

DNK
DEU
KWT

Harrad et al., 2006d
Harrad et al., 2008a
Harrad et al., 2008b e
Harrad et al., 2008bf
Harrad et al., 2008be
Harrad et al., 2008b
Imm et al., 2009a
Johnson et al., 2013;
Johnson et al., 2010
Johnson-Restrepo and
Kannan, 2009
Kalachova et al., 2012i
Kang et al., 2011

8
30
28
10
20
20
38

P
R
R
R
R
R
P

50

Karlsson et al., 2007d
Knoth et al., 2002
Knoth et al., 2003
Lee et al., 2013
Meeker et al., 2009
Quirós-Alcalá et al.,
2011[1]
Quirós-Alcalá et al.,
2011[2]
Rudel et al., 2003

Individual
data
available


4502

1703


16.11
12.5
3.37

2.87
2.49
0.68

407.12
312
82.9

GBR
GBR
GBR
CAN
USA
NZL
USA

8.1
19.8
6
9.08
2.70
18.7
3
10
13
140
410
24
520

37.24
20
23
330
820
51
614

6.18
3.4
4.2
65
160
8.9
120

NAh
8100
2800
560
1300
NAh
1398

P

USA

390

427

99.9

1482

12
25
23

P
R
R

USA
CZE
CHN

95
17.1
75.4

16.1
2.1
84.9

903
724.1
975

5
25
40
46
24

R
P
P
P
P

SWE
DEU
DEU
KOR
USA

40.1
25.4
102
25.9
0
14.5
17.1
NA
500

57.60
15.9
23.9
NA
838

7.94
2.9
4.2
NA
180

158.00
300
265
1200
NAh
NAh

29

R

USA

3100

5480

1060



















NAh
25
49

R
R

USA

2780
<DL

USA

g

4450

1050
<DL

304

g

NAh
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Table 4.1 Study details and median concentrations of BDE 47, 99, 100 and 209 (ng
g-1) in dust as reported by authors, classified by collection method (R= researcher
collected, P= participant collected), cont.
BDE Median Concentration
Study

n

Method

(ng g1)

Country
47

99

100

209

32
10
612
350
100
10
28
880
676

8
2.1
103
67
18
<6
4
150
119

NAh
184
665
1300
730
63
10000
2000
1350

56.75
2.80

9.05
0.54

415.00
390.00

25.00
87

5.00
18

151.00
291

Regueiro et al., 2006
Regueiro et al., 2007
Schecter et al., 2005
Shoeib et al., 2012
Sjödin et al., 2008a
Sjödin et al., 2008a
Sjödin et al., 2008a
Sjödin et al., 2008a
Stapleton et al., 2005

4
6
9
116
10
10
10
10
17

P
P
P
P
P
P
P
P
R

ESP
ESP
USA
CAN
AUS
DEU
GBR
USA
USA

Stasinska et al., 2013
Takigami et al., 2009d

20
2

P
P

AUS
JPN

Toms et al., 2009ad
Toms et al., 2009b
Vorkamp et al.,
2011[1]
Vorkamp et al.,
2011[2]
Wilford et al., 2004
Wu et al., 2007
Zota et al., 2008
Thuresson et al., 2012
home
Thuresson et al., 2012
apartments

5
10

R
R

AUS
AUS

28
12
364
280
60
<14
22
430
644
36.8
5
2.45
18.0
0
56

42

P

DNK

16.9

13.6

2.46

332

47
68
11
49

P
P
R
R

DNK
CAN
USA
USA

NA
300
669
2730

NA
430
1014
3750

NA
73
174
684

432
630
250
NAh

10

R

SWE

42

52

-

320

34

R

SWE

37

66

-

1100















Offices
Batterman et al., 2010
D'Hollander et al.,
2010
Harrad et al., 2008a

10

R

USA

978

1760

399

1

10
18

R
R

BEL
GBR

Toms et al., 2009ad
Thuresson et al., 2012

3
10

R
R

AUS
SWE

21.1
23
64.0
0
52

45.4
65
110.0
0
92

6.8
3.2
19.0
0
-

443
6200
1210.0
0
780
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Individual
data
available







Table 4.1 Study details and median concentrations of BDE 47, 99, 100 and 209 (ng
g-1) in dust as reported by authors, classified by collection method (R= researcher
collected, P= participant collected), cont.
BDE Median Concentration
Study

Vehicles
Ali et al., 2013
Ali et al., 2013
Batterman et al., 2009
Cunha et al. 2010d
Harrad et al., 2008a
Harrad and Abdallah,
2011
Lagalante et al., 2009
Thuresson et al. 2012

n

Method

(ng g1)

Country
47

99

100

209

15
15
12
9

R
R
R
R

KWT
PAK
USA
POR

5.8
1.2
1800
88

8.5
1.7
2600
126

1.5
0.3
790
23

20

R

GBR

54

100

17

665
625
3100
1119
100,00
0

14
60
4

R
R
R

GBR
USA
SWE

100
880
7.4

130
1130
11

17
211
-

190000
48100
1300

Individual
data
available








a

Median data not provided, geometric mean reported
Samples from bedroom
c
Samples from main living area
d
Median not reported by author therefore calculated from raw data supplied by author
e
28 samples analyzed for BDE 47, 99 100; 16 analyzed for 209
f
10 samples analyzed for BDE-47, 99,100; 7 samples analyzed for BDE-209
g
<DL: below detection limit
h
NA: data not available
i
Concentrations of PBDEs µg kg-1
b
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4.4.3

BDE- 100

In Table 4.1, BDE-100 median concentrations ranged from below the limit of detection
(Rudel et al., 2003) and 1200 ng g-1 (Batterman et al., 2009) for all environments.
Figure 4.3 shows that median concentrations of BDE-100 were in the main, lower than
BDE-47 and BDE-99, with median concentrations in the home and office mainly
ranging between 1 and 100 ng g-1, and vehicle median concentrations were higher
ranging between 10 and 1000 ng g-1.
4.4.4

BDE-209

BDE-209 had the highest median concentrations in all environments compared with
BDE-47, BDE-99 and BDE-100, (Table 4.1). Median concentrations ranged between 1
ng g-1 (Batterman et al., 2010) and 100000 ng g-1 (Harrad et al., 2008a). Figure 4.4
shows median concentrations in homes ranged between 100 and 5000 ng g-1. There was
more variability in concentrations observed in offices and vehicles compared with
homes.
4.4.5

Country

Table 4.1 shows that studies from the United States had the highest concentrations of
most PBDEs in dust, except for BDE-209 where higher concentrations were reported in
samples collected in the United Kingdom. Median concentrations of BDE-209 in
United Kingdom ranged from 6200 to 100000 ng g-1 (Harrad et al., 2008a), whereas in
United States the medians ranged from 1 ng g-1 (Batterman et al., 2010) to 48100 ng g-1
(Lagalante et al., 2009). Lower concentrations of BDE-209 were reported in the
German study (Sjödin et al., 2008b). This is consistent across all three
microenvironments. Lower concentrations were also reported in samples from Japan
and Kuwait (Ali et al., 2013; Gevao et al., 2006; Takigami et al., 2009).
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Figure 4.1 Median and range of concentrations of BDE-47 in dust in homes, offices and vehicles (ng g-1), published literature 20022012
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Figure 4.2 Median and range of concentrations of BDE-99 in dust in homes, offices and vehicles (ng g-1), published literature 20022012

Figure 4.3 Median and range of concentrations of BDE-100 in dust in homes, offices and vehicles (ng g-1), published literature 20022012
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Figure 4.4 Median and range of concentrations of BDE-209 in dust in homes, offices and vehicles (ng g-1), published literature 20022012

4.4.6

Collection and treatment method

Of the 42 studies, 19 collected dust samples by the research team (Table 4.2), they typically
used standard vacuum cleaners and collection procedures (Eureka Mighty Mite, Nilfisk
King) to collect samples, see Table 4.2. Twenty one asked participants to provide samples
from their home vacuum cleaners and two studies used both methods of collection.
For studies where individual data were available, in the main researcher collected samples
had higher mean PBDE concentrations than samples collected by participants from their
vacuum cleaners across all microenvironments. These differences, between researcher and
participant collected samples, were statistically significant for BDE-99 (p value <0.01) and
approaching significance for BDE-100 (p value=0.05), and BDE-47 (p value=0.08).
However, when the difference in concentrations for homes only was compared, the results
remained significant only for BDE-99 (p value=0.03) and became significant for BDE-100
(p value=0.02). Higher concentrations of BDE-209 in research collected dust were
statistically significant for vehicles (p value=0.02); however this was based on a small
sample size (n=6). Sampling periods across studies were inconsistent with sampling
ranging from one month (Harrad et al., 2008b) to 18 months (Batterman et al., 2009).
The particle size of dust analysed varied from study to study. In the main, all dust collected
was sieved; however there were differences with the size of the mesh used by research
groups, ranging from 25μm-500μm and 1-2mm sieves, see Table 4.2. This review shows
that studies reporting higher median PBDEs concentrations used finer sieves (<500 to <125
μm) (Allen et al., 2008a; Johnson et al., 2010; Meeker et al., 2009; Quirós-Alcalá et al.,
2011; Rudel et al., 2003; Vorkamp et al., 2011; Wilford et al., 2005).
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Table 4.2 Collection, Treatment and Analytical Methods used as reported by authors, published literature 2002-2012
Study

Collect
-ion a

Collection Method

Sieve size
(where
available)

Sample preparation and extraction

Detection Method

Ali et al., 2013
Kuwait

R

Philips (FC8149)

250 μm

Ultrasonic and vortexed extraction using Hex:Ace (3:1,
v/v)

GC/MS ECNI

P
R

500 μm mesh

Ultrasonic and vortexed extraction using Hex:Ace (3:1,
v/v)

GC/MS ECNI

R

Home Vacuum Bag
Vacuum Cleaner not
specified
Eureka Mighty Mite

Sieved <500μm

P
R

Home Vacuum Bag
Oreck XL

NAb

Extracted using hexane/dichloromethane

GC/MS using selected ion monitoring,

R

Oreck XL

NAb

Soxhlet-extracted using hexane/dichloromethane

P

Home Vacuum Bag

500 μm

R

Ufesa

150mesh

Ultrasonic extraction using Dichloromethane and nhexane
PLE: hexane dichloromethane (1:1)

GC/MS (Agilent 6890/5973, Palo Alto,
CA), negative chemical ionization mode
GC-MS

R

Sieved <500μm

Soxlet extracted with hexane/acetone (3:1)

GC-ECNI/MS

P

Nilfisk Spring Plus
1600W
Home Vacuum Bag

Sieved <75μm

GC/MS ECNI

P

Home Vacuum Bag

Sieved <2mm

Sample 1: Extracted pressurized liquid extraction using
dichloromethane: hexane (1:1)
Sample 2: Extracted using Soxhlet using hexane: acetone
(4:1)
Soxhlet-extracted

GC/MS

P

Home Vacuum Bag

Sieved <2mm

Soxhlet-extracted dichloromethane: hexane (1:1)

GC/MS

P

Home Vacuum Bag

NAb

Accelerated Hexane Extraction System

GC/MS

R

Nilfisk Spring Plus
1600W

Sieved 500μm

homogenized: 25-500μm particle size fraction
Solvent extracted

GC/MS analysis in EI and ECNI mode

Ali et al., 2013
Pakistan
Allen et al.,
2008
Batterman et al.,
2009
Batterman et al.,
2010
Björklund et al.,
2012
Cunha et al.
2010
D'Hollander et
al., 2010
Vorkamp et al.,
2011 and
Frederiksen et
al., 2010
Fromme et al.,
2009
Gevao et al.,
2006
Harrad et al.,
2006
Harrad et al.,
2008a

GC/ECNI-MS

GC/MS

Table 4.2 Collection, Treatment and Analytical Methods used as reported by authors, published literature 2002-2012 cont.
Study

Collect
-ion a

Collection Method

Sieve size
(where
available)

Sample preparation and extraction

Detection Method

Harrad et al.,
2008b

R

Nilfisk Spring Plus
1600W

NAb

Extracted using hexane with accelerated solvent
extraction system

GC/MS

Harrad and
Abdallah, 2011
Imm et al., 2009

R

Sieved 500 μm

Extracted using pressurized liquid extraction

LC-APPI-MS/MS

P

Black & Decker
DustBuster 780W
Home Vacuum Bag

Sieved 1mm

pressurized fluid extraction with dichloromethane

GC/MS

Johnson et al.,
2010
JohnsonRestrepo and
Kannan, 2009
Kalachova et
al., 2012
Kang et al.,
2011
Karlsson et al.,
2007
Knoth et al.,
2002
Knoth et al.,
2003
Lagalante et al.,
2009

P

Home Vacuum Bag

Sieved <150μm

Pressurized fluid extraction using dichloromethane

GC/MS

P

Home Vacuum Bag

Sieved 2mm

Homogenized with anhydrous sodium sulfate
Soxhlet extracted using dichloromethane and hexane

GC/MS

R

Selmer Solaris 500 HT

NAb

GC/MS

R

<100μm

R

Black and Decker Dust
Buster
Cellulose coffee filter

P

Home Vacuum Bag

NAb

Pressurized liquid extraction using hexane:
dichloromethane (1:1)
Soxhlet apparatus using acetone/dichloromethane/nhexane
Big particles removed with tweezers
Soxhlet extraction toluene
Soxhlet extracted with toluene

R

In house 2 stage
filtration system
constructed, 5Hp
wet/dry vacuum, 2
stainless steel mesh
stages to trap particles
20-250μm

NAb

Extracted using PLE on a Dionex ASE-200

LC/NI-APPI/MS/MS

NAb

GC/MS EI
GC/MS NCI
GC-EI-LRMS
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Table 4.2 Collection, Treatment and Analytical Methods used as reported by authors, published literature 2002-2012 cont.
Study

Collect
-ion a

Collection Method

Sieve size
(where
available)

Sample preparation and extraction

Detection Method

Lee et al., 2013

P

Home Vacuum Bag

NAb

Soxhlet extraction using dichloromethane: hexane

HRGC/HRMS

Quirós-Alcalá et
al., 2011
Meeker et al.,
2009
Regueiro et al.,
2006
Regueiro et al.,
2007
Rudel et al.,
2003
Schecter et al.,
2005
Shoeib et al.,
2012

R

Sieved <150μm

Ultrasonication using hexane:acetrone (1:1)

GC/MS

P

High Volume Small
Surface Sampler
Home Vacuum Bag

Sieved 150μm

Soxhlet extracted with 6% diethyl ether in hexane

GC/MS

P

Home Vacuum Bag

60μm

GC-MS

P

Home Vacuum Bag

60μm

R

Eureka Mighty Mite

Sieved <150μm

Microwave assisted extraction using hexane and sodium
hydroxide
Microwave assisted extraction using hexane and sodium
hydroxide
Soxhlet extraction using diethyl ether in hexane

GC/MS

P

Home Vacuum Bag

Sieved <2mm

Ultrasonic extraction procedure using toluene

HRGC/HRMS

P

Home Vacuum Bag

Sieved <150μm

Extracted using ~0.1g sieved homogenous dust weighed
in a 20mL glass test tube and sonicated using
dichloromethane

GC/MS

P

Home Vacuum Bag

Sieved 2mm

Pressurized liquid extraction using hexane

GC/IDHRMS

R

Euro Pro Model 900W

1mm sieve in
vacuum cleaner

Pressurized fluid extraction using dichloromethane

GC/MS

P

Home Vacuum Bag

600 μm

HRGC/HRMS

P

Home Vacuum Bag

NAb

Accelerated Solvent
Extraction, using toluene as a solvent
Soxhlet extracted with toluene

R

Alto AERO 840

Filter inserted into
nozzle

Ultrasonic extraction using Dichloromethane and nhexane

Sjödin et al.,
2008a
Stapleton et al.,
2005
Stasinska et al.
2013
Takigami et al.,
2009
Thuresson et al.,
2012
de Wit et al.,
2012

GC-MS

GC/HRMS
GC-MS

Table 4.2 Collection, Treatment and Analytical Methods used as reported by authors, published literature 2002-2012 cont.
Study

Collect
-ion a

Collection Method

Sieve size
(where
available)

Toms et al.,
2009a
Toms et al.,
2009b
Wilford et al.,
2005
Wu et al., 2007

R

Nilfisk King 520

Sieved 2mm

R

Nilfisk King 520

Sieved 2mm

P

Home Vacuum Bag

Sieved 150μm

Soxhlet extraction in dichloromethane

GC/MS

R

Eureka Mighty Mite
Vacuum Cleaner
Eureka Mighty Mite

Sieved to <125um

Solvent exchange to hexane

NAb

Soxhlet extraction using diethyl ether in hexane

GC/MS in full scan electron ionization
mode (Varian Saturn 4-D)
GC/MS

Zota et al.,
2008
a
b

R

Collection: (R) Researcher, (P) Participant
No further information available

Sample preparation and extraction

Detection Method

HRGC/HRMS
Analytical Method 1614 (US EPA, 2007)
HRGC/HRMS
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The extraction method used by researchers varied from study to study as seen in Table
4.2. The most commonly reported methods were Soxhlet extraction and pressurized
liquid extraction, with hexane and dichloromethane as the most common solvents used.
Studies included in this paper consistently used gas chromatography–mass spectrometry
(GC/MS) as the method of detection; however, variability was observed in column size
and resolution.
4.5

Discussion

PBDEs were detected in all dust samples collected in the studies included in this review.
BDE-209 was the most dominant congener detected in dust samples across all three
microenvironments investigated (Table 4.1).
In the main, lower concentrations of PBDEs were found in dust from homes when
compared with vehicles (Table 4.1). However, this may be an artefact of the data
because fewer studies have investigated concentrations in dust from offices and
vehicles.
Toms et al. (2006), in a sample of five homes and three offices, found the highest
concentrations of PBDEs in dust from offices and recently built homes with new carpet
and air conditioning. However, the sample size limited conclusions about factors
influencing concentrations in dust. In a later study of 10 homes, the lowest
concentrations were found in dust from older homes without air conditioning compared
with dust from newer homes (Toms et al., 2009a). There is no conclusive evidence to
indicate that building characteristics affect PBDE concentrations in dust (Stapleton et
al., 2005; Tan et al., 2007; Toms et al., 2009a; Wilford et al., 2005) suggesting that the
products within the microenvironments may be more important.
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Toms et al. (2009a) found that BDE-47 and BDE-99 were more abundant in dust from
five home environments than from offices, but BDE-209 was more abundant in dust
from offices than homes. BDE-47 and BDE-99 are the main components of penta-BDE
which is predominantly applied to polyurethane foam, so higher concentrations in dust
from homes are not surprising given homes would have more soft furnishings than
offices. Similarly, BDE-209 is the main component of deca-BDE which is primarily
used in plastic, such as housings of electronic equipment, which would be more
abundant in an office microenvironment.
In a study from the United States significant differences in concentrations of PBDEs in
dust from different rooms within a home were reported (Allen et al., 2008). Median
PBDE concentrations in dust from the living area were up to 97% higher than from the
bedroom (Table 4.1). This may be due to a higher number of appliances and furniture
in the living area that leach PBDEs. De Wit (2012) found that the number of electronic
items and furniture (containing foam) were positively correlated with PBDE
concentrations in house dust. In a sample of 30 residential dust sample from Australia
no difference in mean concentrations of BDE-209 was found for homes that had two or
less televisions or computers compared with those who had three or more (Stasinska et
al., 2013). Different concentrations in dust from each of the three environments may
also reflect different cleaning practices.
Seven studies have investigated vehicles as a potential source of exposure to PBDE (Ali
et al., 2013; Batterman et al., 2009; Cunha et al., 2010; Harrad and Abdallah, 2011;
Harrad et al., 2008a; Lagalante et al., 2009; Thuresson et al., 2012). PBDEs are
included in plastics and foam used in the internal structure of vehicles (Lagalante et al.,
2009). When compared with concentrations in dust from homes and offices, Harrad et
al. (2008a) found significantly higher concentrations in dust from vehicles.
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Concentrations were significantly higher in dust collected from the cabin compared with
the trunk (p<0.05) (Harrad and Abdallah, 2011). When comparing areas within the
cabin, Harrad and Abdallah (2011) found that concentrations of BDE-209 were higher
in dust collected from the driver and front passenger area compared with the rest of the
cabin. The US EPA (2009) reports that the average adult spends a mean time of 87.4
minutes in a car per day, which makes vehicles a potentially important source of PBDE
exposure.
In the main, concentrations of PBDEs in dust are higher in dust collected from the
United States compared with other parts of the world (Table 4.1). However,
concentrations of BDE-209 in dust are higher from samples collected in the United
Kingdom. These findings are consistent with findings from previous review articles
(Besis and Samara, 2012; Frederiksen et al., 2009; Harrad et al., 2010).
Concentrations of BDE-47 and BDE-99 in dust from the United States may be elevated
due to the historically higher usage of penta-BDE preparations compared with the rest
of the world and the subsequent increased volume of the compound migrating out of
products (Birnbaum and Staskal, 2004).
The studies from the United Kingdom indicated the highest reported concentrations of
BDE-209 in dust (Harrad et al., 2008a, Harrad et al., 2008b, Sjödin et al., 2008a). The
United Kingdom has stringent fire regulations (United Kingdom Furniture and
Furnishing (Fire) (Safety) Regulations 1988 (Department for Business Innovation and
Skills, 1993)) where 95% upholstery is required to be protected by flame retardants
(European Chemicals Bureau, 2002). Germany and Sweden on the other hand have the
lowest concentrations of PBDE in dust (Karlsson et al., 2007; Sjödin et al., 2008a;
Sjödin et al., 2008b) and it has been suggested that this may be due to the regulatory
phasing out of PBDEs from 1986 (Alcock and Busby, 2006).
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Four studies have measured PBDE concentrations in dust in Australia, three in homes
and one in vehicles. Median concentrations of PBDEs in dust were lower than in dust
from the United States, but higher than from mainland Europe. However, three
Australian studies had very small sample sizes (n10), and one reported concentrations
in a sample of 30 (Stasinska et al., 2013).
Comparisons of dust concentrations between countries are as yet limited because
research has been conducted only in a limited number of countries, often with small
sample sizes. Furthermore, in the countries that data have been collected to date there is
a lack of representative sampling.
Concentrations of all PBDE congeners were higher in researcher collected dust samples
(Figure 4.1-Figure 4.4). While differences between researcher collected and vacuum
cleaner bag results might best be assessed with paired samples, the concentrations of
PBDEs in researcher collected and vacuum cleaner bag dust included in this review
were not from the same studies. However, a validation study carried out by Allen et al.
(2008) found that concentrations in researcher collected dust samples from the main
living area were between two and three times higher than from participant collected
home vacuum cleaner bags for penta- and octa-BDEs, respectively. Our results were
consistent with this finding.
This review found that concentrations of PBDEs in dust were higher in vehicles and
offices than homes. However, all vehicle and most office dust samples were collected
by researchers so it is not clear whether these concentrations are actually higher or are
higher as a result of the collection method. There is a lack of consistency with
participant collected samples, participants may vacuum anywhere (home, garage, and
vehicle) and the length of time dust has been sitting in the vacuum cleaner was also
unknown. Muenhor and Harrad (2012) investigated within-room and within-building
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variability of PBDE concentrations in residential dust from two homes in the United
Kingdom and concluded that timing and location of sample collection are important
predictors of PBDE concentrations in dust. In addition different vacuum cleaners have
different extraction efficiencies also potentially affecting the results. These factors
increase inherent variability of results and could lead to inconsistencies in estimates of
significance attributed to source.
In addition sampling procedures, sample treatment and analytical methods also differ.
Particle size distribution of PBDEs in dust is an important consideration for exposure
assessment (Lisiewicz et al., 2000). A finer sieve may result in smaller fractions and
therefore higher concentrations of PBDEs detected (Wei et al., 2009). Hence, a
standardised sieve size would improve comparability of PBDE concentrations in dust
across studies.

4.6

Conclusion

There is a large amount of variability in the concentrations of PBDEs in dust and part of
this variability is due to the differences in sample collection method, particle size,
extraction and analytical methods used by researchers. It is therefore difficult to make
comparisons between studies and draw conclusions about the relative contribution of
concentrations of PBDEs in dust from differing locations. However, dust is an
important source of exposure to PBDEs and the data to date suggest that humans are
exposed to the highest concentrations in vehicles, followed by offices and homes. Our
review indicates that concentrations of PBDEs are higher in researcher collected
samples than those collected by participants and this difference is statistically
significant. Interpretation of concentrations of PBDEs in dust and other media would
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be improved by using a standard collection method and a recommended sieve mesh
size.
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dietary factors and concentrations of PBDEs in this study. Maternal PBDE
concentrations were not associated with infant birth weight. Further investigation of
sources, exposures and effects of PBDEs in a larger study is required.
Keywords: Polybrominated diphenyl ethers, PBDEs, plasma, Australia, pregnant
women, birth weight

5.2 Introduction
Flame retardants are applied to consumer goods including plastics, foams, textiles and
electronic equipment to reduce their flammability (Alaee and Wenning, 2002; de Wit,
2002; Eriksson et al., 2001; Toms et al., 2007). Polybrominated diphenyl ethers
(PBDEs) are one of the most common classes of brominated flame retardant that have
been used since the 1970s. They include three formulations: penta-BDE, mainly used in
polyurethane foam, octa-BDE, primarily used in plastic casings of electronic
equipment; and deca-BDE, used in textiles and polystyrene (Stapleton et al. 2005).
The use and production of PBDEs has either been banned or voluntarily phased out in
many parts of the world due to potential health concerns. In 2009 penta-BDEs and
octa-BDEs were included in Annex A of the Stockholm Convention for persistent
organic pollutants. (Stockholm Convention, 2009), for which Australia is a signatory.
The National Industrial Chemicals Notification and Assessment Scheme (NICNAS), the
Australian Government regulator of industrial chemicals, has banned the importation
and manufacture of penta-BDEs and octa-BDEs (NICNAS 2007). While PBDEs are
not produced in Australia, furniture and electrical equipment containing PBDEs are
imported. Currently there is no process for monitoring the importation of PBDEs in
products, thus the population may continue to be exposed to consumer products
containing these chemicals.
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PBDEs are known to be persistent, lipophilic and to bioaccumulate through the food
chain (Birnbaum and Staskal, 2004). They migrate to soil, water and air during
production of PBDEs, leakage from products containing PBDEs or during degradation
of products (Alaee and Wenning, 2002; Centre for Disease Control and Prevention,
2008; de Wit, 2002; Eriksson et al., 2001). Humans may be exposed to PBDEs by
eating contaminated foods, inhaling or ingesting contaminated dust or air and through
occupational exposure in related industries (Frederiksen et al., 2009; Sjödin et al.,
2003). Because PBDEs are not manufactured in Australia (NICNAS, 2007), dust and
diet are anticipated the main sources of exposure.
PBDEs have been detected in human blood, adipose tissue and breast milk. Median
concentrations of PBDEs in blood tend to be higher in samples from North America
than Europe (Frederiksen et al., 2009), but limited data are available on concentrations
in the Australian population.
Harden et al. (2004) reported a concentration range of 6.7 to 18 ng g-1 lipid for the sum
of 13 PBDE congeners in ten pooled serum samples collected between 2002 and 2003
from 997 Australian adults. Later, Toms et al. (2009) determined the concentrations of
PBDEs in 85 pooled serum samples from 8,132 Australian residents stratified by
gender, age and location. PBDEs were detected in all 85 samples and PBDEs ranged
from 6.4 to 80 ng g-1 lipid. Concentrations were higher in males than females, but this
difference only approached statistical significance for BDE-153 (p value=0.05). Toms
et al. (2012) followed up their 2008 study and compared pooled serum concentrations
from 2002/3, 2004/5, 2006/7 and 2008/9 and found no significant change in PBDE
concentrations over this five year period.
Concentrations of PBDEs (BDE-47, -99, -153, -154, -183) in serum of 23 New
Zealanders ranged from 2.72 to 20.1 ng g-1 lipid (Harrad and Porter, 2007). These
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concentrations are lower than concentrations reported from North American studies but
comparable to those from Australian (Toms et al., 2009), European and Asian studies
(Frederiksen et al., 2009).
Differences in concentrations of PBDEs between age groups have also been observed,
with samples from participants under 16 years of age having higher concentrations of
PBDEs in serum compared with samples from those over 16 years of age (Toms et al.,
2008). A Swedish study also observed higher concentrations of BDE-209 in children
aged seven compared with their mothers (Fängström et al., 2005).
Exposure to brominated flame retardants is an emerging area of health concern and
several epidemiological studies have reported neurobehavioural effects (Chao et al.,
2011; Eskenazi et al., 2013; Fitzgerald et al., 2012; Gascon et al., 2012; Gascon et al.,
2011; Herbstman et al., 2010; Hertz-Picciotto et al., 2011; Hoffman et al., 2012;
Kiciński et al., 2012; Roze et al., 2009). Others have reported the potential for PBDEs
to act as endocrine disruptors, resulting in particular in effects on thyroid hormones
(Chevrier et al., 2010a; Hagmar et al., 2001; Kiciński et al., 2012; Lin et al., 2011;
Roze et al., 2009; Stapleton et al., 2011a; Turyk et al., 2008; Wang et al., 2010; Yuan et
al., 2008; Zota et al., 2011) and sex hormones (Main et al., 2007; Meeker et al., 2009;
Turyk et al., 2008). These findings are important because the normal functioning of the
endocrine system, in particular during the prenatal period, is important for brain
development, reproduction and sexual differentiation (World Health Organisation,
2012).
Chevrier et al. (2010b) found that increased serum concentrations of PBDEs during
pregnancy were associated with decreased concentrations of thyroid stimulating
hormone and increased concentrations of thyroxin, which can affect neurodevelopment
of the foetus. However these associations were not statistically significant. On the
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other hand, Stapleton et al. (2011) found a significant positive association between
serum concentrations of BDE-47, BDE-99 and BDE-100 and thyroxin in a cohort of
pregnant women; increased concentrations of thyroxin are consistent with decreased
levels of thyroid stimulating hormone.
Pregnant women are considered a vulnerable group as exposure during the prenatal
period may have detrimental effects on the foetus such as causing lower birth weight
(Chao et al., 2007; Foster et al., 2011; Harley et al., 2011; Stillerman et al., 2008; Wu et
al., 2010). Furthermore, children exposed prenatally to higher maternal concentrations
of PBDEs (breast milk or blood) scored lower on tests measuring mental and physical
development (Chao et al., 2011; Eskenazi et al., 2013; Gascon et al., 2012; Gascon et
al., 2011; Herbstman et al., 2010; Hoffman et al., 2012; Roze et al., 2009).
The aim of the present study was to determine the concentrations of PBDEs in plasma
and the factors that may influence these concentrations among pregnant women
participating in the Australian Maternal Exposure to Toxic Substances (AMETS) study
in Western Australia. The relationship between PBDE concentrations and birth
outcomes was also investigated.

5.3 Materials and methods
5.3.1

Study population

Pregnant women, aged 18 years or older, who were non-smokers, not occupationally
exposed to persistent toxic substances and living in Western Australia (n=173) were
recruited between 2008 and 2011 to the Australian Maternal Exposure to Toxic
Substances (AMETS) study. Recruitment targeted pregnant women in both rural and
metropolitan areas across Western Australia. Initially eligibility was restricted to
women who were having their first child and who lived in the South West of Western
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Australia. However, due to the difficulty recruiting first time mothers in this area the
study was extended to include all pregnant women in Western Australia.
5.3.2

Recruitment

Several strategies were used to recruit women to the AMETS study. Members of the
research team travelled to the various study locations and met with stakeholders
(General Practitioners, midwives, practice nurses) who were given promotional
materials, such as posters and information sheets to provide to prospective recruits.
Interested participants were asked to contact the researchers directly by a free-call
telephone number. Regional representatives were employed to assist recruitment within
their areas. Regional representatives had a greater understanding of their community
and encouraged recruitment according to best practices for that particular region.
Posters and information sheets were also made available in waiting rooms of medical
centres, shopping centres, baby shops, at farmers’ markets and local events. Study
information was distributed to local community groups, organisations and newspapers.
Advertisements were placed in local newspapers.
In the urban centre Perth, research staff attended antenatal clinics at Joondalup Health
Campus, St John of God Hospital Subiaco, King Edward Memorial Hospital for
Women and Swan Districts Hospital to recruit participants.
Midwives at the various hospitals and research staff presented the study information
during antenatal classes and included information sheets in booking-packs. This
method of recruitment together with attending the antenatal clinic proved to be effective
in increasing participant numbers.
5.3.3

Data collection

Participants completed a questionnaire on demographic and lifestyle information as well
as questions relating to activities that may increase exposure to PBDEs. Data collected
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included maternal age, height and weight, maternal and paternal occupational history,
socioeconomic variables, housing variables, maternal medical conditions and history
and smoking history. Questions relating to potential PBDE exposure included number
and age of televisions and computers in the home and age and type of the home. Diet
was assessed using a food frequency component in the questionnaire. Participants
specified whether or not they consumed particular types of food prior to pregnancy and
frequency of consumption during pregnancy (number of portions consumed daily,
weekly or monthly).
At 38 weeks gestation, each participant provided two 6 mL samples of blood into
sodium heparin vials, using the vacutainer technique. These vials were centrifuged and
plasma was isolated and frozen at -20◦ C prior to analysis. Samples were shipped on dry
ice to the Nha Trang Pasteur Institute in Vietnam for analysis. One hundred and sixty
five women provided plasma samples required for PBDE analysis.
Participants completed a follow up questionnaire after the birth of the baby. Questions
related to birth outcomes included birth weight and length, head circumference,
gestational age, Apgar scores and any birth defects. Participants also answered
questions relating to maternal height, pre-pregnancy weight and weight gain during
pregnancy.
5.3.4

Sample analysis

The plasma samples were extracted and purified as described previously by Hovander et
al. (2000). In brief, after the addition of an internal standard (BDE-77) the plasma
samples were extracted using liquid–liquid extraction with isopropanol, hydrochloric
acid and hexane/ methyl t-butyl ether (1:1 vol/vol). The organic phase was washed with
a potassium chloride water solution.
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PBDEs were separated from the lipids by a silica/sulfuric acid (silica/ sulfuric acid: 2/1
(w/w)) column. The PBDEs were eluted with 13 mL hexane. The collected fraction
was evaporated to 0.5 mL using Centrivap Concentrator. The sample was evaporated to
200 μL before being transferred to a GC-vial with an insert capillary where it was
reduced further to 20 μL, and octachloronaphthalene was added as a recovery standard.
Gas chromatography was performed using a Shimadzu gas chromatograph 2010 fitted
with a Shimadzu AOC 20S auto sampler (Injector: AOC 20 I) connected to a Shimadzu
MS QP2010 plus spectrometer. A 30-m SLB-5 MS column (0.25 mmi.d. and 0.25 μm
film thickness; Supelco) was used for all analyses. The instrument was operated in the
selected ion monitoring (SIM) mode, employing negative chemical ionisation (NCI) as
the source.
BDE-77 was used as an internal standard for all PBDEs (BDE-47, -99, -100, -153, and 154). The different compounds were identified from their SIM masses and retention
times. For each analyte, the ratio of two masses was monitored. Peaks with differences
in isotopic ratio greater than 20 % compared to the quantification standard were rejected
and not quantified. For every 20 samples, a blank was analysed to assess laboratoryderived (i.e. inadvertent) sample contamination.
Participants in the present study were pregnant women and therefore were not asked to
fast prior to providing blood samples. Samples were not adjusted for lipid content
because serum concentrations of lipids are affected postprandially, there was also a
limited sample volume available and previous studies have identified bias resulting
from lipid adjustment (Schisterman et al., 2005). Therefore concentrations of PBDEs
were provided in pg µL-1.
Quality assurance and control (QA/QC) measures
The samples from the Arctic Monitoring and Assessment Program (AMAP) Ring Test
that were stored in the laboratory were analysed to verify the procedure immediately
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prior to analysis. A common pool of plasma was analysed routinely alongside of
sample batches.
Blanks were monitored continuously and with each batch of 20 samples.
The limit of detection (LOD) was calculated based on the mean of the blanks + 3 times
standard deviation of each congener. This assignment was based on the concentration of
the standards which consisted of two significant decimal figures.
5.3.5

Statistical analysis

Data analysis was undertaken using STATA software (version 12.1; StataCorp, College
Station TX).
All values below LOD were set to a value of half LOD for each congener. Blood
concentrations were provided in pg µL-1 and these were converted to pg g-1 wet weight
(ww) for comparison with the literature. 5 PBDEs was calculated as the sum of BDE47, BDE -99, BDE -100, BDE -153 and BDE -154 concentrations. This investigation
focused on concentrations of BDE-47, BDE-100 and BDE-153 (and the sum of these)
as these were detected in over 60 % of samples.
Due to the non-normal distribution of PBDE concentrations in plasma, data were
transformed to natural logarithms prior to analysis. The ratio of BDE-99 to BDE-47 in
plasma was determined and compared to the ratio reported in dust. BDE-99 and BDE47 are the main components of penta-BDE and comparing these ratios across matrices
can help us understand their exposure patterns. Univariate associations between
lnPBDE concentrations in plasma and participants’ diet (never ate versus ate) and
household characteristics were investigated by calculating the geometric mean and
confidence interval for each PBDE congener by each characteristic. T-tests and linear
regression were used to assess significance of predictors of exposure. Maternal,
household and dietary predictors significant at the univariate level were included in a
multiple linear regression model.
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Transformed data were used to examine the correlation between PBDE congeners in
plasma and also with concentrations found in dust in a previous study (Stasinska et al.,
2013) using Pearson correlation coefficients.
The relationship between infant birth weight and PBDE concentrations in maternal
plasma was investigated using multiple linear regression. Known predictors of infant
birth weight, namely: maternal age, parity, gestational age, gender of infant, maternal
body mass index prior to pregnancy, maternal weight gain during pregnancy as well as
concentrations of PBDEs were included in the model.
5.3.6

Ethics

Ethics approval for this project was obtained from the Edith Cowan University Human
Research Ethics Committee, the Western Australian Country Health Service, St John of
God Health Care (Subiaco and Bunbury), King Edward Memorial Hospital and
Joondalup Health Campus. In addition executive approval was obtained from Osborne
Park Hospital and Swan Kalamunda Health Service. Written informed consent was
provided by all participants.

5.4 Results
Of the 173 women recruited, 164 completed the questionnaire and provided a blood
sample for analysis. The mean age of the 164 respondents was 32 years and 52% lived
in rural areas with just over 50% having their first pregnancy (Table 5.1). Most
participants lived in homes that were over 10 years old and tended to be of a higher
socio-economic status, defined as having an income >$80,000AUD. Just over half the
respondents had one or fewer televisions and computers in their home.
One hundred and sixty four plasma samples were analysed for concentrations of BDE47, BDE-100, BDE-99, BDE-154 and BDE-153. The concentrations of 5PBDE
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ranged from 13.2 to 1390 pg g-1 ww with a median of 53.9 pg g-1 ww. The medians and
ranges of BDE-47, BDE-99, BDE-100, BDE-153, BDE-154 are presented in Table 5.2
and were compared with concentrations in blood not adjusted for lipid content reported
in the international literature (Frederiksen et al., 2010; Guvenius et al., 2003;
Kawashiro et al., 2008; Meijer et al., 2008).
Table 5.1 Description of AMETS participants and their homes (n=164)

Age, mean (SD) (years)

32.1 (4.1)

First pregnancy (%)

56.1

History of breastfeeding (%)

43.9

Income (%)
<$80,000

30.4

>$80,000

69.6

Rural area of residence (%)

51.5

Type of residence (%)
House

89.6

Duplex/townhouse/villa

4.9

Flat/unit/apartment

4.9

Other

0.6

Age of home (%)
< 2 years

8.7

2-10 years

30.4

10- 50 years

46.6

>50 years

14.3

Number of Televisions (%)
1 or less

52.7

2 or more

47.3

Number of Computers (%)
1 or less

51.5

2 or more

48.5

Hours spent indoors per day, mean (SD) (hours)

17.2 ( 3.6)
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Table 5.2 Descriptive statistics of PBDE5 (BDE 47, 99, 100, 153, 154) concentrations on fresh weight basis (pg g-1 ww) in
maternal plasma from AMETS participants (n=164) compared with other studies
Present Study
n=164

Guvenius et al.
2003 n=15
pg g-1 ww

BDE-47

BDE-99

BDE-100

BDE-153

BDE-154

PBDE

Median
Mean
Range
Frequency>LODa
LODa
Median
Mean
Range

21.4
38.9
<4.95- 1030
98%
4.95
4.76
7.65
<4.03-132

Frequency> LODa
LODa
Median
Mean
Range
Frequency> LODa
LODa
Median
Mean
Range

58%
4.03
5.27
7.87
<1.44-166
88%
1.44
12.2
18.04
<2.94-353

Frequency> LODa

99%

LODa

2.94

Median
Mean
Range
Frequency> LODa
LODa
Median
Mean
Range

1.86
7.63
<3.73-130
45%
3.73
54.9e
80.2 e
13.2-1390 e

ng g-1lipid
0.83
0.3-5.1
0.19
<0.01-1.43

0.17
<0.01-0.52
0.56
0.27-1.03

23.6

2.07

6.53-57.9

0.71-8.39

a

d

b

e

Limit of Detection
Not Detected
c
Limit of Quantification

Not Detected
5PBDE
f
27PBDE

Kawashiro et al. 2008 n=16
pg g-1 ww

ng g-1lipid

1.8
7.3
0.31-55
100%

Meijer et al. 2008
n=69
pg g-1 ww

ng g-1lipid

5.4

0.8

0.3-35
100%

0.04-6.1

0.27
1.2
<LOQ c -9.5

1.6

0.2

NQ c -9.7

NDb-2.1

63%

96%

0.77
1.3
0.16-6.3
100%

1.3

0.2

0.1-6.7
100%

0.03-1.4

pg g-1 ww

ng g-1lipid

3.49
7.68
<0.109–73.1
80%

0.381
0.859
<0.011-7.883

<0.935
5.34
<0.557–183

<0.105
0.552
0.05318.554

37%

2.9
2.9
1.1-4.8

12

1.6

2.4-120

0.3-20

100%

100%

0
0.084
<LOQ c -0.56
19%

3.2

0.5

0.8-16
100%

0.1-3.5

18 f
25 f
11-95 f

Frederiksen et al. 2010
n=51

<0.935
2.66
<0.538–54.4
27%

<0.104
0.290
<0.053-6.218

9.80
16.8
<0.134–315

1.126
1.916
<0.01335.962

98%

3.0 f
4.6 f
1.8-17 f
g

6PBDE

<0.158
0.660
0.093–19.8
45%

<0.018
0.068
<0.089-2.010

16.7 g
33.7 g
5.27-454 g

1.765 g
3.743g
0.640-51.946
g

BDE-47 was the dominant congener in the present study with the concentrations making up
on average 42.2% of 5PBDE (range 8.8 to 77.0 %). This was followed by BDE-153
concentrations which comprised on average 27.8 % (range 3.4 to 67.4 %) of the total
concentrations.
The ratio of BDE-99 to BDE-47 can be indicative of exposure patterns to penta-BDEs. In
the present study the median ratio in plasma was 0.21, with a range of 0.04 to 2.20.
Plasma concentrations of BDE-47 and BDE-100 were highly correlated (r = 0.81 p value
<0.01). There were moderate correlations between BDE-47 and BDE-153 as well as BDE100 and BDE-153 with r = 0.45 and 0.50, respectively (p value <0.01).
Plasma concentrations from 29 participants were compared with concentrations detected in
matched residential dust samples from a previous study (Stasinska et al., 2013). Figure 5.1
shows BDE-47, BDE-153 and 3BDE concentrations in plasma were moderately, but not
significantly, correlated with concentrations in residential dust (r ranged from 0.14 to 0.26,
p > 0.05). However, BDE-100 was borderline significant (r= 0.36, p value= 0.05). BDE100 concentrations in plasma were also moderately correlated with concentrations of some
congeners in residential dust, namely BDE-47 (r=0.38), BDE -66 (r=0.42), BDE -85
(r=0.39), BDE -99 (r=0.38), and BDE -119 (r=0.39) (p value <0.05 for all).
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Figure 5.1 Scatter plot for PBDE concentrations in residential dust (ng g-1) and maternal plasma (pg g-1) for BDE-47, BDE-100,
BDE-153 and 3BDE3 with Pearson correlation coefficient r and p value (n=29)

Mean concentrations of PBDEs were higher in women for whom the pregnancy was their
first (GM 3PBDE 22.92 pg g-1ww, 95%CI 18.94, 27.74) compared with women having a
subsequent pregnancy (GM 20.39 pg g-1ww, 95%CI 15.93, 26.09); however this was not
statistically significant (Table 5.3). Maternal concentrations of PBDEs had a tendency to
decrease with increased parity and this difference was statistically significant for BDE-153
(p value <0.05) and approaching significance for 3PBDEs (p value=0.07). While no
statistically significant relationships were found between maternal factors and PBDE
concentrations (Table 5.3), older women tended to have higher mean concentrations than
younger women (GM 3PBDE (95%CI) 37.30 pg g-1ww (29.38, 47.37) for 20-29 year olds;
44.84 pg g-1ww (39.05, 51.49) 30-39 years old; and 61.97 pg g-1ww (24.27, 158.23) for 4049 year olds). There were also no associations between concentrations of PBDEs and
housing characteristics, or the number of televisions and computers in participants’ homes.
Mean plasma PBDE concentrations were higher in women who listed ‘other’ as their type
of residence; this category included flat, unit or apartment dwellings. This difference was
not statistically significant.
Exploratory data analysis of participants’ dietary factors indicated that mean PBDE
concentrations were slightly higher for participants who consumed beef, pork, oily fish
(Atlantic salmon, Australian salmon, groper/cod, mulloway, mackerel swordfish, trout and
tuna). However, these differences were small and not statistically significant. The largest
difference in mean PBDEs was seen for those who consumed butter compared with those
who did not; however, was not statistically significant (Table 5.3). Multivariate analyses
showed no significant associations between maternal, household and dietary predictors
significant at the univariate level and maternal PBDE concentrations.
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Consistent with what is known about factors affecting birth weight gestational age,
maternal weight gain during pregnancy and parity were associated with infant birth weight
in this sample (Table 5.4). Maternal concentrations of PBDEs did not appear to influence
infant birth weight in this sample.

5.5

Discussion

Concentrations of PBDEs
These data indicate that pregnant women are potentially exposed to PBDEs and
concentrations of PBDEs were higher in this group of pregnant women compared with
previous studies reporting non-lipid adjusted maternal concentrations in Europe and Japan
(Frederiksen et al., 2010; Guvenius et al., 2003; Kawashiro et al., 2008; Meijer et al., 2008)
(Table 5.2).
Lower sum PBDE concentrations were reported in a sample of 15 Swedish women prior to
delivery (median 23.6 pg g-1) (Guvenius et al., 2003), a Danish sample of 51 women
(median 23.6 pg g-1) (Frederiksen et al., 2010) and among 16 Japanese women (median 18
pg g-1) (Kawashiro et al., 2008). Concentrations of individual PBDE congeners were
generally higher in AMETS participants compared with women in Europe, but lower than
those found in North America (Frederiksen et al., 2009).
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Table 5.3 Geometric Mean and 95% Confidence Interval for BDE-47, BDE-100, BDE-153 and BDE3 concentrations (pg g-1ww) in
maternal plasma stratified by maternal, household and environmental, and dietary factors
Factors
MATERNAL FACTORS
Maternal Age
20-29
30-39
40-49
First pregnancy
No
Yes
Number of children
0
1
2+
History of breastfeeding
No
Yes
Income
<$80,000
>$80,000

n (%)

BDE-47
GM (95% CI)

BDE-100
GM (95% CI)

BDE-153
GM (95% CI)

3BDE
GM (95% CI)

36 (22)
122 (74)
6 (4)

18.58 (13.54, 25.51)
22.42 (18.75, 26.81)
31.05 (16.05, 60.06)

4.19 (3.13, 5.61)
4.53 (3.79, 5.41)
8.13 (2.69, 24.62)

11.97 (9.92, 14.45)
13.62 (12.18, 15.24)
19.28 (6.08, 61.17)

37.3 (29.38, 47.37)
44.84 (39.05, 51.49)
61.97 (24.27, 158.23)

72 (44)
92 (56)

20.39 (15.93, 26.09)
22.92 (18.94, 27.74)

4.56 (3.67, 5.66)
4.54 (3.68, 5.62)

12.06 (10.47, 13.89)
14.58 (12.65, 16.79)

40.77 (33.64, 49.41)
45.91 (39.39, 53.5)

92 (56)
42 (26)
30 (18)

22.92 (18.94, 27.74)
24.9 (17.5, 35.43)
15.41 (11.37, 20.9)

4.54 (3.68, 5.62)
5.41 (3.96, 7.38)
3.59 (2.75, 4.67)

14.58 (12.65, 16.79)
13.03 (10.56, 16.08)
10.82 (9.19, 12.74)

45.91 (39.39, 53.5)
48.59 (36.7, 64.34)
31.89 (25.67, 39.63)

92 (56)
73 (44)

22.92 (18.94, 27.74)
20.52 (16.08, 26.17)

4.54 (3.68, 5.62)
4.58 (3.7, 5.67)

14.58 (12.65, 16.79)
12.11 (10.54, 13.93)

45.91 (39.39, 53.5)
40.95 (33.87, 49.5)

49 (30)
112 (70)

21.57 (16.96, 27.44)
22.15 (18.22, 26.94)

4.76 (3.81, 5.95)
4.54 (3.73, 5.54)

12.13 (10.48, 14.04)
14.31 (12.6, 16.26)

41.37 (34.42, 49.71)
45.36 (38.86, 52.95)

21.37 (0.02, 0.03)
22.32 (0.02, 0.03)

4.488 (0.004, 0.006)
4.635 (0.004, 0.006)

12.814 (0.012, 0.015)
14.118 (0.012, 0.017)

42.356 (0.037, 0.051)
45.051 (0.039, 0.055)

21.3 (18.09, 25.08)
22.34 (12.86, 38.81)
30.44 (17.34, 53.45)

4.41 (3.75, 5.2)
4.78 (2.5, 9.12)
7.14 (5.14, 9.92)

13.47 (12.05, 15.06)
14.94 (11.09, 20.12)
11.35 (9.49, 13.58)

42.97 (37.69, 49)
45.88 (32.86, 64.07)
52.27 (35.77, 76.37)

22.79 (14.81, 35.07)
19.66 (14.56, 26.54)
22.31 (17.97, 27.7)
24.04 (15.32, 37.72)

5.23 (3.58, 7.65)
4.49 (3.33, 6.05)
4.54 (3.67, 5.62)
4.22 (2.56, 6.93)

15.44 (11.71, 20.35)
13.32 (10.8, 16.42)
12.85 (11.04, 14.97)
14.22 (11.3, 17.89)

48.18 (36.13, 64.23)
40.89 (31.69, 52.76)
43.59 (36.89, 51.52)
46.48 (32.88, 65.7)

HOUSING & ENVIRONMENTAL FACTORS
Area of residence
Rural
85 (52)
Perth
80 (48)
Type of residence
House
147 (90)
Duplex/townhouse/villa
8 (5)
Other
9 (6)
Age of residence
< 2 years
14 (9)
2-10 years
49 (30)
10- 50 years
75 (47)
>50 years
23 (14)
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Table 5.3 Geometric Mean and 95% Confidence Interval for BDE-47, BDE-100, BDE-153 and BDE3 concentrations (pg g-1ww) in
maternal plasma stratified by maternal, household and environmental, and dietary factors cont.
Factors
Number of Televisions
1 or less
2 or more
Number of Computers
1 or less
2 or more
DIETARY FACTORS
Beef
No
Yes
Pork
No
Yes
Lamb
No
Yes
Chicken
No
Yes
Oily fish
No
Yes
Butter
No
Yes

n (%)

BDE-47
GM (95% CI)

BDE-100
GM (95% CI)

BDE-153
GM (95% CI)

3BDE
GM (95% CI)

87 (53)
78 (47)

22.95 (18.35, 28.7)
20.64 (16.88, 25.23)

4.7 (3.8, 5.83)
4.4 (3.56, 5.45)

12.93 (11.2, 14.92)
14.01 (12.16, 16.15)

44.51 (37.2, 53.26)
42.69 (36.52, 49.91)

85 (52)
20 (48)

42.75 (35.63, 51.28)
44.61 (38.23, 52.06)

42.75 (35.63, 51.28)
44.61 (38.23, 52.06)

42.75 (35.63, 51.28)
44.61 (38.23, 52.06)

42.75 (35.63, 51.28)
44.61 (38.23, 52.06)

15 (10)
142 (90)

23.74 (14.28, 39.46)
21.72 (18.45, 25.57)

3.98 (2.44, 6.47)
4.66 (3.96, 5.48)

10.62 (7.94, 14.21)
13.63 (12.2, 15.23)

41.19 (27.41, 61.92)
43.85 (38.49, 49.96)

40 (25)
117 (75)

21.56 (15.88, 29.27)
22.02 (18.39, 26.38)

3.90 (2.75, 5.53)
4.85 (4.1, 5.74)

11.89 (9.15, 15.45)
13.83 (12.43, 15.4)

40.59 (31.08, 53.02)
44.66 (38.86, 51.34)

27 (17)
136 (83)

18.77 (12.46, 28.27)
22.53 (19.12, 26.55)

3.69 (2.34, 5.82)
4.81 (4.11, 5.62)

12.58 (8.60, 18.41)
13.56 (12.31, 14.95)

39.4 (27.38, 56.7)
44.59 (39.31, 50.59)

12 (7)
150 (93)

21.04 (12.30, 35.98)
22 (18.73, 25.83)

3.43 (2.00, 5.86)
4.72 (4.03, 5.53)

11.75 (8.59, 16.07)
13.64 (12.26, 15.18)

38.5 (25.23, 58.75)
44.34 (39.05, 50.35)

73 (44)
92 (56)

21.81 (17.34, 27.44)
21.84 (17.85, 26.72)

4.57 (3.64, 5.74)
4.55 (3.71, 5.57)

12.86 (11.07, 14.94)
13.9 (12.12, 15.94)

42.5 (35.33, 51.13)
44.57 (38.07, 52.17)

11 (7)
150 (93)

13.65 (7.84, 23.74)
22.74 (19.38, 26.68)

2.83 (1.77, 4.52)
4.78 (4.08, 5.61)

12.57 (9.14, 17.29)
13.59 (12.21, 15.13)

31.89 (21.74, 46.77)
45.03 (39.64, 51.16)

Table 5.4 Multivariate linear regression models for the relationship between infant birthweight and concentrations of PBDEs,
adjusted for known predictors of birth weight (n=150)

Maternal concentrations of BDE-47

Model 1: BDE-47

Model 2: BDE-100

Model 3: BDE-153

Model 4: 3PBDE

Coefficient (95%CI)

Coefficient (95%CI)

Coefficient (95%CI)

Coefficient (95%CI)

-0.07 (-0.84, 0.71)

Maternal concentrations of BDE -100

-1.98 (-6.13, 2.18)

Maternal concentrations of BDE - 153

-1.46 (-3.80, 0.89)
-0.18 (-0.78, 0.42)

Maternal concentrations of BDE3
Maternal Age in Years

7.87 (-10.01, 25.75)

8.48 (-9.39, 26.35)

9.68 (-8.35, 27.72)

8.21 (-9.69, 26.12)

199.10 (33.82, 364.38)*

201.97 (38.05, 365.88)*

190.20 (26.51, 353.89)*

201.40 (36.89, 365.90)*

Number of Children
First pregnancy
1
2 or more

164.16 (-25.02, 353.36)

154.26 (-35.23, 343.75)

144.03 (-46.74, 334.79)

158.36 (-31.55, 348.28)

Gestational Age

157.73 (96.35, 219.11)*

153.62 (92.14, 215.10)*

154.07 (93.15, 214.99)*

155.58 (94.06, 217.11)*

-83.45 (-219.94, 53.03)

-82.12 (-218.08, 53.84)

-75.82 (-211.95, 60.32)

-83.33 (-219.55, 52.88)

9.48 (-5.22, 24.19)

10.22 (-4.51, 24.94)

10.02 (-4.61, 24.65)

9.77 (-4.93, 24.48)

12.97 (0.77, 25.17)*

12.37 (0.14, 24.60)*

12.11 (-0.11, 24.32)

12.73 (0.52, 24.94)*

Adjusted R2= 0.22

Adjusted R2= 0.23

Adjusted R2= 0.23

Adjusted R2= 0.22

Gender
Male
Female
Maternal BMI prior to pregnancy
Maternal weight gain

*p<0.05
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BDE-47 dominated plasma concentrations in AMETS participants followed by BDE-153,
which is consistent with previously reported results from pooled Australian serum samples
(Toms et al., 2008) and individual concentrations in samples from New Zealand (Harrad
and Porter, 2007), Sweden (Guvenius et al., 2003) and the United States (Sjödin et al.,
2008b; Stapleton et al., 2011a). However, Frederiksen et al. (2010), Meijer et al. (2008)
and Kawashiro et al. (2008) reported BDE-153 was the dominant congener in samples from
Denmark, The Netherlands and Japan, respectively. This suggests that penta-BDE may be
the main source in the countries where BDE-47 was dominant, whereas in countries where
BDE-153 another source may be responsible, for example octa-BDE (Bradman et al.,
2012). Furthermore, given that BDE-153 has a longer half-life in humans than BDE-47
(Geyer et al., 2004), over time it would be expected that the BDE-153:BDE-47 ratio would
increase given the phase out of penta-BDE.
In the present study concentrations of BDE-47, BDE-100 and BDE-99 were strongly
correlated with one another (range 0.69 to 0.80). These findings are consistent with
Stapleton et al. (2011a) who reported similar correlations (r= 0.58 to 0.80) between these
congeners in blood from a sample of pregnant women from North Carolina. Correlations
of BDE-153 with BDE-47, BDE-100 and BDE-99 in the present study ranged from 0.38 to
0.50, and Stapleton (2011a) reported a similar range of 0.39 to 0.52. Harley et al. (2010)
also reported strong correlations (r=0.77 to 0.95) between BDE-47, -99, -100 and -153 in
serum of low income pregnant Mexican migrant women from California. These strong
correlations indicate that it is difficult to distinguish whether one congener is having greater
effect on outcomes than another (Harley et al., 2010).
The median ratio of BDE-99 to BDE-47 in the present study was 0.21. This was similar to
the ratios reported by Bradman et al. (2007b) and Castorina et al. (2011) (0.23 and 0.28,
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respectively) in samples from pregnant women participating in the CHAMACOS study in
California. The ratio of these congeners is higher in residential dust (Quirós-Alcalá et al.,
2011; Sjödin et al., 2008a; Stapleton et al., 2005; Stasinska et al., 2013) as well as in the
commercial mixture of pent-BDE (Stapleton et al., 2005). Castorina et al. (2011) have
interpreted this lower ratio in blood to be indicative of BDE-99’s shorter half-life in
biological samples and the potential bioavailability of the congener. A related explanation
suggested by Qui et al. (2009), who measured hydroxylated metabolites of PBDEs in
maternal blood, was that BDE-99 was more likely to be metabolized than BDE-47.
Predictors of human exposure to PBDEs
There were no significant associations with maternal factors or housing characteristics and
maternal concentrations of PBDEs in this sample of AMETS participants. The lack of
association observed is consistent with result from other studies of pregnant women
(Bradman et al., 2007a; Gómara et al., 2007; Guvenius et al., 2003; Mazdai et al., 2003)
and the general population (Lim et al., 2008). While no significant relationship with
maternal age was seen, the pattern of increasing concentrations with increasing age was
observed.
Mean plasma PBDE concentrations were higher in women who lived in flats, units or
apartments but this difference was not significant and was likely to be due to chance given
that 90% of participants lived in free standing homes. The lack of association between
concentrations of PBDEs and the number of televisions and computers is not surprising as
other flame retardants, not measured in this study, have previously been detected in household products and dust (Stapleton et al., 2009; Stapleton et al., 2011b). Furthermore, Allen
et al. (2008) indicate that using raw counts of electronics to determine PBDE exposure in
the home is likely to be subject to measurement error. The authors did not find an
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association with PBDE concentration in dust and the raw number of electronics in the
home, but detected a moderate association when PBDEs were measured in the electronics
using an XRF- analyser.
A strong correlation between concentrations of PBDEs in dust and blood could be
indicative of dust being a source of human exposure to the compound. In an earlier study
concentrations of PBDEs in dust were analysed for a subset (n=29) of the AMETS
participants and in the present study we investigated the relationship between
concentrations in dust and maternal plasma. Maternal plasma PBDE concentrations were
moderately correlated with the concentrations in participants’ residential dust. Significant
correlations between BDE-100 in plasma and a number of congeners in dust were observed
(r= 0.32 to 0.42). Frederiksen et al. (2010) observed positive correlations in 51 matched
samples of maternal plasma and residential dust from Denmark, correlations were stronger
(r= 0.55 to 0.74) than in the present study.
Lower maternal concentrations of BDE-153 were associated with increased parity among
the AMETS participants in contrast to Castorina et al. (2011) who found statistically
significantly higher concentrations of this congener among women with two or more
children in the CHAMACOS Cohort (n=416). Other studies have reported higher
concentrations of PBDEs in maternal serum of multiparous women compared with
nulliparous, however the associations were not statistically significant (Herbstman et al.,
2007; Horton et al., 2013). The women in these other studies were predominantly
multiparous and from different ethnic minority groups and had a low income. In contrast
over 50% of AMETS participants were having their first pregnancy and had a high income;
hence the results may not be comparable. Participants in the CHAMACOS Cohort were, in
the main, migrants and their length of stay in the US was significantly associated with
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maternal PBDE concentrations. In turn, length of stay may also be associated with parity
and age.
The exploratory analysis of dietary factors indicates that consumption of lipid rich foods
may increases concentrations of PBDEs, but the differences in mean concentrations for the
binary measure of dietary exposure (never ate versus ate) were not statistically significant.
However, the food frequency questionnaire used in the present study was a crude method to
assess dietary exposure. A recent review indicated that the highest concentrations of
PBDEs were found in lipid rich foods such as seafood, fats and oils and some dairy
products (Domingo, 2012). Furthermore, the consumption of processed meats (ate versus
never ate) has been associated with BDE-47 and BDE-100 concentrations in sample of 316
pregnant women from North America (Horton et al., 2013).
Relationship between maternal concentrations and birth weight
Maternal concentrations of PBDEs did not appear to affect infant birth weight in this
sample. These results are consistent with Foster et al. (2011) who did not report an
association between maternal PBDE concentrations at mid pregnancy or delivery and birth
weight in a sample of 97 Canadian women and their infants. However, Harley et al. (2011)
reported a reduction of 115g for every 10- fold increase in log10 adjusted maternal
concentration of BDE-47 (95% CI: -235, -2) and 122g for BDE-100 (95% CI: -235, -9).
Exposure to persistent organic pollutants has been reported to have detrimental effects on
birth outcomes of infants (Stillerman et al., 2008). However, the mechanism by which
PBDEs affect birth outcomes however, is still poorly understood.

211

Limitations and Strengths
The present study had several limitations. The women in this study were a small sample of
pregnant women in Western Australia over 2008 to 2011. The participants in this study
were wealthier and more educated compared with the general Australian population.
However, housing characteristics were representative of Australian dwellings with 90 %
living in free standing homes compared with 78 % for Australia as a whole (Australian
Bureau of Statistics, 2011).
This study was further limited by the lack of lipid adjustment of plasma samples. The
participants were pregnant women and therefore it was not appropriate to ask them to fast
before providing a blood sample. As concentrations of lipids in blood are affected by meals
and the lipid adjustment method is prone to bias (Schisterman et al., 2005) the
concentrations in this study are provided in pg g-1 wet weight and therefore comparison to
other data is limited. A more accurate measure of exposure could strengthen associations
between predictors of exposure and concentrations of PBDEs.
One of the strengths of this study is the analysis of individual level concentrations of blood
PBDEs and the investigation of a range of predictor variables.

5.6

Conclusion

In conclusion, this study of pregnant women in Western Australia is the first study to report
concentrations of PBDEs in individual blood samples of Australians. It shows that PBDE
concentrations were higher than in samples from parts of Europe and Japan, and therefore
could be higher than elsewhere. While statistical significance was not reached, a positive
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trend was observed between maternal age and PBDE concentrations as well as lower BDE153 concentrations and increased parity. These findings should be investigated further in a
larger study.
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6.1 Main findings
6.1.1

Environmental Samples

PBDEs were detected in all residential dust samples from a sub-set of 30 AMETS
participants (Chapter 3). Australia does not manufacture PBDEs; therefore the presence
of these compounds in the environment indicates that the population is potentially
exposed from goods imported into Australia.
This was the first study to investigate the concentrations of PBDEs in residential dust
from the homes of pregnant women from Western Australia. The concentrations of the
sum of the most common PBDEs (7 of BDEs -47, -99, -100, -153, -154, -183 and 209) ranged from 60.4 to 82,400 ng g-1 with a median of 571 ng g-1. BDE-209 was the
most abundant, making up, on average, two thirds of total PBDEs in dust.
The results are consistent with previously reported data from Queensland (Sjödin et al.,
2008; Toms et al., 2009a; Toms et al., 2009b). Concentrations in Western Australia are
lower than in North American samples but higher than mainland Europe. North
America has consistently reported higher concentrations of PBDEs mainly due to their
historically higher use of penta-BDE compared with elsewhere in the world. BDE-209
concentrations in dust from the United Kingdom are similar to those reported in North
America due to the stringent flammability regulations applied to furniture (Harrad et al.,
2008a; Harrad et al., 2008b). While the indoor environment is considered to be the
main contributor of PBDE exposure in North America (Lorber, 2008) and dietary
exposure is considered to be dominant in Europe (Domingo, 2012; Fromme et al.,
2009), uncertainties still remain in terms of identifying the primary source. While Besis
and Samara (2012) suggest that in Australia exposure via diet is more important than
dust, data are currently limited and this warrants further investigation.
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The literature indicates that concentrations of PBDEs are higher in urban areas. The
results from this thesis supported this finding. Dust from urban areas of Western
Australia had significantly higher concentrations of BDE-209 and 32PBDEs than dust
from rural areas but this difference attenuated when two samples with very high
concentrations were removed. Due to the small sample size (n=30), care must be taken
when interpreting these results as concentrations from AMETS participants may not be
representative of concentrations in either urban or rural Australia generally. A larger
random sample size would allow more precision in the results.
Sources of PBDE exposure were also investigated. A questionnaire was used to
determine whether participants had purchased new furniture or how many televisions
and computers participants had in their homes, as PBDEs have previously been
measured in couch foam and electronic equipment. However, no association was
demonstrated between household items and PBDE concentrations. This was consistent
with other studies that also explored exposure and concentrations of PBDEs in dust in
this way (Allen et al., 2008; Stapleton et al., 2005; Wilford et al., 2005). However,
measurement error could be responsible for the lack of association when using raw
counts of furniture and electronics. Allen et al. (2008) also measured PBDE
concentration in these items using an XRF- analyser and found a moderate association
with dust PBDE concentrations. While it is known that PBDEs enter the environment
by leaching from the products that contain them as well as by debromination, the
mechanism for how this occurs is still poorly understood.
6.1.2

Biological samples

PBDEs were detected in all 164 maternal plasma samples collected from AMETS
participants (Chapter 5) and concentrations were higher than those previously reported
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in European and Asian studies. This is consistent with the assessment of the
environmental samples.
Many previous studies reporting maternal concentrations of PBDEs focused on ethnic
minority groups with lower educational attainment and low income (Buttke et al., 2012;
Castorina et al., 2011; Herbstman et al., 2008; Horton et al., 2013; Stapleton et al.,
2011; Zota et al., 2011). Other studies were limited by a small sample size (Frederiksen
et al., 2010; Jakobsson et al., 2012; Kim et al., 2012). Therefore, the work completed
as part of this thesis contributes to the existing knowledge by reporting concentrations
of PBDEs in a relatively large sample (n=164) of well educated (> 60% university
qualification) pregnant women who were born in Australia (~70%). While the AMETS
participants may not be representative of the wider Australian population, it is the
largest study reporting concentrations of PBDEs for Australian individuals to date.
The greatest limitation of this study was the lack of blood lipid measurements available
for analyses. Blood lipids were not measured by the laboratory that processed the
AMETS samples and therefore PBDE concentrations could not be adjusted for the lipid
level. As PBDEs are lipophilic they may be affected by lipid content and thus our
results could have underestimated the total PBDE concentrations. Adjusting for lipids
would have also allowed comparison of concentrations from Western Australia to a
larger number of international studies giving a clearer picture of exactly how AMETS
results compare internationally.
Maternal, housing and dietary factors were examined to assess predictors of exposure.
There were no significant associations with maternal factors or housing characteristics
and maternal concentrations of PBDEs in this sample of AMETS participants. While
statistical significance was not reached, a pattern was observed between increasing
maternal age and increasing PBDE concentrations and lower BDE-153 concentrations
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were associated with increased parity. The exploratory analysis of dietary factors did
not yield significant associations but indicates that consumption of lipid rich foods may
increase concentrations of PBDEs. These results are consistent with previously
published findings that explored predictors of exposure using similar methods
(Bradman et al., 2007; Gómara et al., 2007; Guvenius et al., 2003; Horton et al., 2013;
Mazdai et al., 2003). The lack of association for individual factors indicates that a
combination of these sources is likely to affect exposure.
The lack of association observed between maternal concentrations of PBDEs and infant
birth weight confirms the findings of two previous studies (Foster et al., 2011; Mazdai
et al., 2003). However, Harley et al. (2011) reported that higher concentrations of
BDE-47, BDE-99 and BDE-100 in maternal serum were associated with decreased
birthweight in a sub-sample of mother-infant pairs from the CHAMACOS cohort
(n=286). The lack of association in the AMETS sample, and others, could be due to
sample size limitations, there was insufficient statistical power to draw conclusions
about infant health and other outcomes. A longitudinal birth cohort study, following
offspring to teenage years would be beneficial to measure long term exposure and long
term outcomes, including childhood development, which appears to be associated with
prenatal exposure to PBDEs.

6.2

Public health implications

PBDEs are used in a range of domestic products such as electronic equipment, furniture
foams and textiles, which are abundant in microenvironments where humans spend
most of their time. They are present in items that are replaced infrequently and they
persist in the environment, thus humans continue to be exposed. Furthermore, products
containing PBDEs are transported globally and have the potential for long range
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pollution, making this issue an international health problem. This is particularly
important and relevant to health care policy due to the evidence that while limited,
suggests exposure may result in detrimental health and developmental effects.
PBDEs have been detected in matched maternal and foetal samples, indicating that
PBDEs cross the placenta. Studies have detected higher concentrations of PBDEs in the
blood of children than in their mothers, demonstrating that this younger population are
at risk during vulnerable developmental windows. This may have detrimental long term
health and social outcomes as the brain goes through rapid growth during this time.
The role of environmental chemicals in health is poorly understood and PBDEs are no
exception. The literature reviewed in Chapter 2 indicates that PBDE exposure may lead
to a range of outcomes, including endocrine disruption, reproductive effects,
neurodevelopmental delays and poorer birth outcomes. Additionally, the effect of
PBDEs on one system may have health consequences on other systems, as in the case of
thyroid hormones where normal functioning of these, and other hormones, is important
for brain development, reproduction and sexual differentiation. The paucity of literature
on the diverse range of effects to date has meant that few conclusions that can be drawn.
Much of the uncertainty is due to the inconsistencies in study design and/or
methodology across studies. Furthermore a range of exposures and outcomes have been
investigated in a range of population groups, hence results are not always comparable.
Humans are exposed to a variety of environmental compounds in a range of
microenvironments. Combined, these compounds may affect health outcomes.
Furthermore, interactions between different types of compounds (as in the case with
PCBs and PBDEs) or congeners of the same compound (for example PBDE congeners)
may impact on health outcomes differently. PBDEs are persistent in the environment
and in humans with varying half-lives. Lower brominated congeners are more
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persistent in the environment and in humans and hence their effects may be more toxic.
However, the half-life of BDE-153 in humans is estimated to be longer than that of
BDE-47 (Geyer et al., 2004). As new compounds are introduced, the effects and
interactions become more complex. Therefore, more knowledge is required around the
mechanisms of action of PBDEs in order to understand the risks to human health.
There have been several initiatives to reduce exposure to PBDEs. The production of
penta and octa formulations ceased in North America in 2004, and earlier in parts of
Europe, due to environment and health concerns and in 2007 both were added to Annex
A of the Stockholm Convention of Persistent Organic Pollutants, which requires
elimination of production and use of these chemicals. The deca formulation is currently
being voluntarily phased out in some parts of the world.
Australia appears to be lagging behind other parts of the world, for example North
America and parts of Europe, in implementing policies to reduce exposure. While
Australia is a signatory to the Stockholm Convention, it reserves the right to sign off on
any changes and has not ratified the Convention since the inclusion of PBDEs in 2007.
Australia’s government regulator, the National Industrial Chemicals Notification and
Assessment Scheme (NICNAS), has taken a precautionary action following an interim
public health risk assessment in 2007. They state that manufacture and importation of
octa- and penta-BDEs is banned; however, this appears to be a voluntary restriction as
there has been no policy change (NICNAS, 2007a; NICNAS, 2007b). This is
concerning because products containing PBDEs and other compounds continue to be
imported into Australia and are not regulated.
Since the late 1990s Sweden has had strict regulations around flame retardant use and
manufacture and research in Sweden now indicates that concentrations in breast milk
have either stabilised or are decreasing (Fängström et al., 2008). Conversely
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longitudinal data in Australia indicate that concentrations in breast milk were not
significantly different between 1993 and 2009 (Toms et al., 2012), indicating that
concentrations are not decreasing and the population continues to be exposed.
This gap between science and policy is not surprising given the level of uncertainty in
the literature and the limited data available on concentrations in the Australian
environment and populations. A safe level of exposure to PBDE has not been
determined, making communication with the public around ways to decrease exposure
challenging. However, given the current evidence available, the precautionary principle
becomes important in order to reduce exposure to PBDEs and hence, their impact on
health.

6.3

Future direction

Given the concentrations in plasma and dust were higher in the AMETS sample
compared with some international studies, further work with a larger sample size is
needed to investigate potential exposure sources, reasons for differences by
geographical regions and outcomes of exposure.
Future work in this area should focus on building knowledge around the exposure to
PBDEs and the subsequent outcomes. There is still much uncertainty around the
compounds’ mechanisms of action, toxicity and the interactions between congeners, as
well as with other environmental contaminants. Cumulative exposure to PBDEs (and
other compounds) is not yet well understood.
Standardising the methodology or conducting simultaneous, longitudinal studies of birth
cohorts with consistent exposure measures, sample collection and storage and analytical
techniques would provide insight into the health effects of PBDE exposure. This may
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help reduce the variability in results and give a clearer indication as to where differences
exist (i.e. between countries or populations). This would help us understand the main
sources and pathways of exposure to PBDEs, as well as inform strategies to reduce
exposure.
Currently, the biggest need in PBDE research is the generation of more definitive
results of the impact of PBDEs to human health in order to enable appropriate risk
assessment and changes to policy, both in government and in the
manufacturing/production sector. The Australian government needs to follow the lead
of other developed nations and enforce regulatory action to decrease exposure to PBDEs
from goods imported into Australia. The first step is ratifying the addition of penta- and
octa-BDEs to Annex A of the Stockholm Convention, followed by a commitment to the
phase-out of deca-BDE. Furthermore, internationally, responsibility should be
redirected to manufacturers to produce safer products. One of the concerns with flame
retardant chemicals is that PBDEs are being replaced with substances that have not been
tested to determine any possible impact on health.

6.4

Conclusion

This thesis has provided baseline data on concentrations of PBDEs in residential
environments and in plasma of pregnant women living in Western Australia. This is the
first study of PBDEs in the Western Australian population to use comprehensive
biological and environmental measures of PBDE concentrations and contributes to the
limited Australian data currently available in the literature. This study has shown that
PBDEs are present in the environment and that the population is potentially exposed
from goods imported into Australia. The concentrations of PBDEs detected in this
sample of pregnant women were higher than those previously reported in European and
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Asian studies. There is growing evidence that exposure to PBDEs may result in adverse
health effects and hence the precautionary principle becomes important. Due to the
persistence of PBDEs in the environment and in humans, further work is now required
to understand the impact on human health.
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