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Commonly used as flame retardants, polybrominated diphenyl ethers (PBDEs) are routinely detected in the environment, animals,
and humans. Although these persistent organic pollutants are increasingly recognized as having serious health implications,
particularly for children, this is the first study, to our knowledge, to investigate an intervention for human elimination of
bioaccumulated PBDEs. Objectives. To determine the efficacy of blood, urine, and perspiration as PBDE biomonitoring mediums;
assess excretion of five common PBDE congeners (28, 47, 99, 100, and 153) in urine and perspiration; and explore the potential
of induced sweating for decreasing bioaccumulated PBDEs. Results. PBDE congeners were not found in urine samples; findings
focus on blood and perspiration. 80% of participants tested positive in one or more body fluids for PBDE 28, 100% for PBDE
47, 95% for PBDE 99, and 90% for PBDE 100 and PBDE 153. Induced perspiration facilitated excretion of the five congeners, with
different rates of excretion for different congeners.Conclusion. Blood testing provides only a partial understanding of human PBDE
bioaccumulation; testing of both blood and perspiration provides a better understanding. This study provides important baseline
evidence for regular induced perspiration as a potential means for therapeutic PBDE elimination. Fetotoxic and reproductive effects
of PBDE exposure highlight the importance of further detoxification research.

1. Introduction

Used since the early 1960s as flame retardants, polybromi-
nated diphenyl ethers (PBDEs) were first identified as global
contaminants in 1987 [1]; they were found in human adipose
tissue in 1990; and in 1995 the United States Environmen-
tal Protection Agency classified deca-BDEs, a commercial
mixture of PBDE congeners, as possible human carcinogens.
Since that time, PBDEs have been increasingly recognized as
having serious health implications for humans, particularly
for children [2–6]. Comprised of a family of 209 congeners,
these persistent organic pollutants [7] have been used in
a wide range of everyday consumer products including
polyurethane foam, textiles, plastics, electrical equipment,
computers, and construction materials. Because they are not
fixed in polymer matrices, PBDEs can leak over time into
the surrounding environment and be dispersed [6, 8, 9].

Consequently, these lipophilic [10–13] and bioaccumulating
[10, 14–16] pollutants have been routinely detected in air, soil,
sewage sludge, fish, wildlife, and humans [10, 12, 17–26].

Although researchers have brought attention to the ubiq-
uitous presence of and human health risks from PBDES,
research into the elimination of bioaccumulated PBDEs has
been limited to animal studies and to depuration occurring
during human breastfeeding. This investigation reports the
results of a study examining the concentration of five com-
mon PBDE congeners (28, 47, 99, 100, and 153) in the blood
serum, urine, and perspiration of 20 study participants. The
objectives of the study are to determine the efficacy of these
body fluids as PBDE biomonitoring mediums, to assess the
excretion of the identified congeners in urine and perspi-
ration, and to explore the potential of induced perspiration
as a means of decreasing bioaccumulated PBDEs. Data for
this investigation are derived from the Blood, Urine, and
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Sweat (BUS) study. Other findings from this study have been
published elsewhere [27–30].

1.1. Background. Because of their toxicity, resistance to degra-
dation, and potential for bioaccumulation, regulatory agen-
cies have begun to place limitations on the production
and use of PBDEs. For example, two common commercial
mixtures of PBDEs (PentaBDE and OctaBDE) have been
banned for over 10 years in the European Union [31], and
restrictions on the use of these and other mixtures of PBDEs
are beginning to be implemented on a state-by-state basis
in the United States [32]. Despite legislative progress, PBDE
body burdens remain high in North America [6, 26, 33, 34].
Moreover, human and environmental exposure continues
to be of concern as products containing these persistent
pollutants are released into the environment during use,
recycling, and waste processes [23, 35–40]. Researchers have,
moreover, documented the long range transport of PBDEs
[21–23, 41], with variance in dispersal distance depending
on particle size, meteorological conditions, and the extent of
bromination [25]. Given the increasing volume of research
documenting the deleterious impact of PBDEs on human
health (see, e.g., [3, 6, 42, 43]), it is important to briefly
consider the primary routes of human exposure to PBDE
congeners, mechanisms of harm, and depuration of these
persistent pollutants.

1.1.1. PBDE Exposure. Primary PBDE exposure routes for
humans have been identified as indoor air and dust, diet, and
breast milk and in utero transmission.

Indoor Air and Dust. Many studies identify indoor air and
the concomitant inhalation, ingestion, or dermal absorption
of PBDEs present in household dust as a primary PBDE
exposure pathway for humans [23, 33, 44–49]. Higher levels
of PBDEs in the indoor versus outdoor environment [50–52]
are attributed to the breakdown in materials from consumer
products and migration of PBDEs during product use. While
household dust has been associated with a range of impacts,
including serum concentrations of PBDEs in adults [46],
altered hormone levels in men [48, 53], and elevated human
milk concentrations [54], indoor work and/or recreational
environments may also contribute to PBDE body burdens.
Positive association has been documented between indoor
dust in office environments and serum levels [55]; human
exposure via indoor dust has been documented in occupa-
tional settings where there is extensive presence and/or use
of electronic devices [56–58]; and, when compared to the
general population, collegiate gymnasts experience higher
exposure to PBDEs because of residue from the polyurethane
foam in gym mats [59].

Toddlers and young children are at particular risk for
PBDE accumulation because of exposure to and ingestion of
indoor dust [23, 54, 60–63]. Toddlers are identified as being at
increased risk primarily because of hand-to-mouth activities
[3, 61] and their lower body weights, which compound the
effects of exposure [43]. A striking case study published in
EnvironmentalHealth Perspectives, for example, attributed the
2- to 15-fold higher levels of six major PBDE congeners in

children, when compared to their parents, to household dust
exposure [64].

Diet.There is considerable evidence for PBDE contamination
of food; consequently, diet has also been identified as a
primary source of human exposure [34, 47, 65, 66]. Because
of their lipophilic characteristics and biomagnification in
the food chain [67, 68], PBDEs are predominantly linked
to foods of animal origin [65]. Many studies identify fish as
the principal food-related PBDE source [17, 43, 69–72], with
higher levels of these persistent pollutants being found in fatty
or oily fish [73, 74]. Unsurprisingly, supplements containing
fish oil, particularly oils derived from fish livers, the major
detoxifying organ, have also been recognized as PBDE expo-
sure pathways [65]. In North America, meats other than fish
have also been established as primary food-related avenues
for PBDE exposure [10, 43, 75, 76]. Meat, dairy products, and
eggs, for example, are highlighted as important sources of
PBDE for the average urbanCanadian [54]. AlthoughOhta et
al. [77] found higher PBDE levels in spinach than in various
meats from a region of Japan, contamination of vegetables,
with their low lipid and high water content, is commonly
lower than in animal-based foods [69, 72]. The EFSA Panel
on Contaminants in the Food Chain, for example, notes that
“significantly lower” PBDE concentrations are found in the
breast milk of women eating vegetarian diets than in the
breast milk of those consuming animal-based products. In
addition, analysis of dietary supplements rich in omega-3
fatty acids and of pure vegetable oil found that no PBDEswere
present in the pure vegetable oil [65].

Breast Milk and Fetal Exposure. While indoor air and diet
are the major ongoing sources of PBDE exposure in the
general population, infant consumption of breast milk is
the largest contributor to lifetime PBDE exposure [54]. This
is particularly concerning given increasing levels of PBDEs
in breast milk over the past 20 to 30 years [43]. Levels of
contamination in human breast milk are associated with diet
[65, 78], presence in household dust [54], and geographic
location. Numerous studies, for example, demonstrate higher
concentrations of PBDEs in the breast milk of women living
in the United States and Canada than in breast milk from
women living in other parts of the world [8, 26, 79, 80].
In addition to PBDE exposure via breast milk, there is
substantial evidence for the prenatal exposure of neonates.
Elevated PBDE levels have been found in cord blood samples
[81, 82], as well as in placental tissue [83] and in the liver
tissues of stillborn and live-born infants [75]. Although some
studies suggest that lower-brominated PBDEs represent the
primary congeners of concern for pregnant and nursing
women [64, 79, 84], recent evidence suggests that higher-
brominated PBDEs may undergo metabolic debromination
and then transfer to the neonate or nursing infant as a more
toxic metabolite or lower-brominated PBDE [26, 85].

The exposure of developing neonates and infants to
PBDEs is particularly concerning in light of rapidly accu-
mulating empirical evidence for the adverse and persisting
impact of these pollutants [2, 82, 86–88]. Eskenazi et al., for
example, found that maternal prenatal PBDE concentrations
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“were associated with impaired attention as measured by a
continuous performance task at 5 years” [3]; and Herbstman
et al. found that children with higher cord blood concentra-
tions for PBDEs 47, 99, and 100 “scored lower on tests ofmen-
tal and physical development at ages 12–48 and 72 months”
[81]. Furthermore, in a recent review published in The
Lancet Neurology, serious neurodevelopmental disabilities
such as autism and attention-deficit hyperactivity disorder
are attributed to the impact of industrial chemicals, including
PBDEs, on the developing human brain [89]. Given the
escalating pandemic of these disorders [90, 91], their lifelong
impact of individuals and families, and the associated societal
and economic burden [92], investigation into the therapeutic
elimination of these persistent pollutants is timely.

1.1.2. Mechanisms of Harm. A comprehensive discussion of
the mechanisms of harm from PBDE congeners or their
metabolites is outside the scope and goals of this investiga-
tion. It is valuable, however, to briefly highlight three of the
mechanisms of harm suggested in the research literature: hor-
mone dysregulation, cellular disruption, and neurotoxicity.

Studies indicate that PBDEs are “endocrine active” [93]
with particular impact on thyroid function [65, 93, 94]. In
vitro studies indicate a number of ways in which thyroid
regulation is influenced by exposure to PBDEs or their
metabolites [95, 96]. For example, PBDE metabolites have
been found to bind thyroid hormone transport proteins
and nuclear hormone receptors [93, 97, 98]. Studies also
indicate T3 and/or T4 level alternations in response to
PBDE exposure [99–101]. Although understanding of the
PBDE impact on human thyroid function is still limited, the
association between PBDE exposure and thyroid hormone
disruption is supported by an increasing number of human
studies (e.g., [53, 102–106]).

There is substantial evidence indicating that PBDEs
and/or their metabolites interfere with physiological pro-
cesses at a cellular level. In a systematic review, Costa et
al. [94] identified numerous publications detailing oxidative
stress-related damage from PBDE exposure, including DNA
damage and apoptosis. Studies also suggest that these per-
sistent organic pollutants interfere at a cellular level with
signaling, particularly calcium homeostasis [65, 107–111], and
cause mitochondrial damage [112–114].

In addition, increasing evidence demonstrates that neu-
rotoxicity is a mechanism of harm from PBDEs [115–118].
PBDEs as a risk factor for developmental neurotoxicity have
been clearly identified [43, 81, 87, 98, 107, 119], with impact
on IQ and impaired learning behaviors in childhood being of
particular concern [3, 87, 120].

Other pathophysiologicalmechanisms include epigenetic
dysregulation [121–124], with particular note of emerging
epigenetic links between PBDEs and autism [111, 125–127],
and, very recently, detoxification impairment as a result of
PBDE exposure [128]. PBDEs have also been associated with
plaque formation in the brain [115], a pathological change
linked to dementia [129].

1.1.3. Elimination of PBDEs. Investigation of BPDE elimi-
nation has been largely restricted to in vitro and in vivo

studies of rodents. Overall, studies indicate that rates of
PBDE absorption, distribution, metabolism, and excretion
are influenced by congener, gender, and species [6, 43].
Varying toxicokinetic patterns have been observed in mice
for different PBDE congeners [16, 130], with excretion of
higher brominated PBDEs being greater than that of lower-
brominated PBDEs [130] and half-lives tending to increase
with decreasing PBDE bromination [131]. Higher urinary
excretion of PBDE 47 is reported in male as compared to
female mice [16], and repeated exposure to this congener
has resulted in higher tissue concentrations and decreased
excretion [132]. Species-related variations have been noted
in PBDE urinary excretion between mice and rats [133] and
the excretion rate for PBDE 99 appears to differ between
renal, biliary, and fecal excretion [134]. Different toxicoki-
netic patterns based on developmental stage have also been
identified: higher levels of PBDEs have been found in the
tissue of suckling rat pups when compared to their mothers
[135], and developing rodents demonstrate reduced ability
to excrete PBDEs when compared to adults [16]. To our
knowledge, only one study has explored induced depuration
of PBDEs in animal models. Meijer et al. used dietary
supplementation with nonabsorbable fat to interrupt the
enterohepatic circulation and enhance excretion of PBDE 47.
Findings suggest that this approach may be used to decrease
persistent organic pollutants such as PBDEs in the human
body [136].

In the relative absence of studies exploring PBDE elim-
ination in humans, animal investigations are an important
means for advancing scientific investigation of these con-
taminants. It is important to note that congener elimination
characteristics differ in animals and humans [65]. For exam-
ple, PBDE half-lives in humans are much longer than in ani-
mal models [131, 137–139]. These differences complicate the
extrapolation of data from animalmodels to humans. Human
studies do, however, support a broad understanding that
higher brominated PBDEs are more readily eliminated than
are lower PBDE congeners [139]; that congener concentration
varies across body fluids [140]; and that excretion rates vary
for different congeners [140]. Although to our knowledge
there are no published studies exploring mechanisms for the
therapeutic elimination of PBDEs from the human body,
investigation of depuration using serial samples of breast
milk found that serum levels of PBDEs were not substantially
reduced in samples after six months of breastfeeding [24].

2. Materials and Methods

2.1. Participant Recruitment. Nine males and 11 females with
mean ages 44.5± 14.4 years and 45.6 ± 10.3 years, respectively,
were recruited to participate in the study. Ethical approval
was received from the Health Research Ethics Board of the
University of Alberta. Ten participants were patients with
diagnosed, chronic health conditions and 10 were healthy
adults (Table 1). Participants with ongoing health concerns
were recruited from the last author’s clinical practice by
invitation. Samples of conveniencewere used for both healthy
and sick participants based on availability and willingness to
participate. Each participant provided informed consent and
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Table 1: Participant characteristics.

Participant Sex Age Clinical diagnosis
1 M 61 Diabetes, obesity, hypertension
2 F 40 Rheumatoid arthritis
3 M 38 Addiction disorder
4 F 25 Bipolar disorder
5 F 47 Lymphoma
6 F 43 Fibromyalgia
7 F 48 Depression
8 F 40 Chronic fatigue
9 F 68 Diabetes, fatigue, obesity
10 M 49 Chronic pain, cognitive decline
11 M 53 Healthy
12 M 23 Healthy
13 M 21 Healthy
14 F 47 Healthy
15 M 53 Healthy
16 F 43 Healthy
17 F 51 Healthy
18 M 46 Healthy
19 M 57 Healthy
20 F 50 Healthy

voluntarily gave one 200mL sample of blood, one sample of
first morning urine, and one 100mL sample of sweat.

2.2. Sample Collection. All blood samples were collected
at one DynaLIFE Dx laboratory site in western Canada
with vacutainer blood collection equipment (BD Vacutainer,
Franklin Lakes, NJ 07417, USA) using 21-gauge stainless
steel needles which were screwed into the “BD Vacutainer
One-Use Holder” (REF 364815). The 10mL glass vacutainer
was directly inserted into the holder and into the back
end of the needle. This process and the use of glass blood
collection tubes were used to prevent contamination. Blood
was collected directly into plain 10mL glass vacutainer tubes,
was allowed to clot, and after 30 minutes was centrifuged
for 10 minutes at 2,000 revolutions per minute (RPM). After
the serum was separated, samples were picked up by ALS
Laboratories (about 3 kilometres from the blood collection
site) for storage pending analysis. After being received at the
ALS, serum samples were transferred to 4mL glass vials and
stored in a freezer at −20∘C, pending transfer to the ALS
analytical laboratory.

For urine collection, participants were instructed to
collect a first morning midstream urine sample directly into
a provided 500mL glass jar container with Teflon-lined lid
on the same day that blood samples were collected. Urine
samples were delivered by the participants directly to ALS
Laboratories. Samples were transferred by laboratory staff to
4mL glass vials and stored in a freezer at −20∘C, pending
transfer.

Participants were instructed to collect perspiration from
any site on their body directly into the provided 500mL glass

jar container with Teflon-lined lid. Participants washed with
soap and water and rinsed their skin thoroughly before col-
lecting perspiration. Collection was accomplished by placing
the jar against their prewashed area when actively sweating
or by using a stainless steel spatula against their skin to
transfer perspiration directly into the glass jar. Stainless steel,
a compound primarily composed of iron, chromium, and
nickel, was chosen as it is the same material as the needles
used in standard blood collections and does not off-gas or
leach at room or body temperature. An excess of 100mL of
sweat was provided in all but one case. Each of the glass
bottles used for sampling in this study was provided by ALS
Laboratories and had undergone extensive cleaning and rins-
ing to ensure negligible risk of contamination: laboratory-
grade phosphate-free detergent wash, acid rinse, hot and cold
deionizedwater rinses, oven drying, and capping and packing
in quality-controlled conditions. Sweat was collected within
one week (either before or after) of collecting the blood and
urine samples. Collection of perspiration occurred at any
point during sweating episodes. Ten participants collected
samples inside a dry infrared sauna; 7 collected samples
inside a steam sauna; and 3 collected samples during and
immediately after exercise. The type of exercise and location
were determined by participants. Following collection, per-
spiration samples were delivered by the participants directly
to ALS Laboratories. Samples were transferred by laboratory
staff to 4mL glass vials and stored in a freezer at −20∘C,
pending analysis. No preservatives were used in the jars
provided for sweat and urine collection, nor in the serum
storage vials.

2.3. Analysis. Because of congener toxicokinetic differences,
we investigated elimination of five common PBDE congeners
(28, 47, 99, 100, and 153) in three body fluids: blood, urine,
and perspiration. For each body fluid, an isotope dilution
method was used to determine levels of each congener. In
accordancewith standard practice, the lipid fraction of serum
was analyzed and reported. Urine and perspiration were
tested in their entirety. It is recognized that perspiration
contains both a water component from sweat glands and a
lipid component originating from sebum (sebaceous glands
in hair follicles). Unlike blood testing, testing of perspiration
does not fractionate into components enabling isolated lipid
testing.

Blood Analysis. For blood, PBDE analysis included spiking
the sample with a 13C

12
labelled extraction standard, specific

extraction and clean-up of the sample, and high resolu-
tion gas chromatography/high resolution mass spectrometry
(HRGC-HRMS) measurement after addition of the 13C

12

injection standard. Part of this procedure was also fat content
determination.

The blood was then weighed in an Erlenmeyer flask
and spiked with an extraction standard solution containing
13C
12
-labeled PBDEs 28, 47, 99, 100, and 153. A solution

of 5 g ammonium sulphate in 20mL of distilled water and
50mL of methanol were added to the sample. 40mL of
hexane/diethyl ether (2/1) was added to the sample. After
10 minutes of sonication, the mixture was shaken for 10
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minutes. A hexane layer was transferred into another flask.
The extraction with fresh portion of hexane/diethylether was
repeated. Combined hexane extracts were dried by shaking
with anhydrous Na

2
SO
4
. Dried separated hexane extract was

concentrated using a Kuderna-Danish apparatus to a volume
of about 1mL. Residual solvent was evaporated in an oven at
102 ± 5∘C until a constant weight of the fat was achieved. Fat
content was determined gravimetrically.

For clean-up, the fat was again diluted in 5mL of hexane
and transferred into a separator funnel. This is combined
with the same volume of dimethyl sulfoxide. The mixture
was shaken intensively for about 0.5 minutes. The DMSO
layer was removed and transferred into an Erlenmeyer flask.
The extraction was repeated with fresh DMSO three times.
Combined DMSO portions were diluted with at least the
same volume of distilled water while being cooled with
running water. Reverse extraction procedures with 3 × 5mL
of n-hexanewere then carried out. Combined hexane extracts
were concentrated in a Kuderna-Danish apparatus to a
volume of ca. 1mL.The final extract was spikedwith injection
standard containing 13C

12
-labeled PBDE 138. Finally, 2–4 𝜇L

was injected to HRGC-HRMS.

Sweat and Urine Analysis. For sweat and urine, whole volume
of sample of sweat/urine was spiked with extraction standard
solution containing 13C

12
-labeled PBDEs 28, 47, 99, 100, and

153 and then extracted directly after 10 minutes by shaking
using 5mLhexane.Hexane layer was transferred into another
flask. The extraction with fresh portion of 5mL hexane was
repeated twice. Combined hexane extracts were dried by
shaking with anhydrous Na

2
SO
4
. Dried separated hexane

extract was concentrated using Kuderna-Danish apparatus to
a volume of ca. 1mL. Then, the sample extract was cleaned.

For clean-up, the extract was precleaned by shaking with
5mL of concentrated sulphuric acid at laboratory tempera-
ture. The precleaned extract was transferred on the top of
a multilayer silicagel column and eluted with hexane. The
extract was concentrated with the modified Kuderna-Danish
concentrator up to 0.5–1mL. The final extract was spiked
with injection standard containing 13C

12
-labeled PBDE 138.

Finally, 2–4𝜇L was injected to HRGC-HRMS.

HRGC-HRMS Measurement. Gas chromatography was per-
formed with the following equipment: Trace GC Ultra
equipped with autosampler Thermo Electron Corp. Tri Plus,
column STX-500 (10m × 0.25mm, film 0.15 𝜇m) Restek.
Mass spectrometry was performed with the following equip-
ment: Thermo Electron Corp. DFS operated in MID mode,
reference gas PFTBA, resolution 𝑅

10
≈ 10,000.

3. Results

Twenty participants provided samples of blood, urine, and
perspiration for PBDE testing. Relevant participant charac-
teristics are provided in Table 1. Samples from each medium
were tested for five PBDE congeners: PBDEs 28, 47, 99, 100,
and 153. Eighty percent of participants tested positive in one
or more body fluids for PBDE 28; 100% tested positive for
PBDE 47; 95% tested positive for PBDE 99; and 90% tested

0
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PBDE 28 PBDE 47 PBDE 99 PBDE 100 PBDE 153

BUS (current) study
NHANES (CDC) study

Figure 1: Mean blood levels for PBDE congeners in the BUS and
NHANES studies [141] (results in ng/g). Geometric mean of serum
concentrations (in ng/g of lipid) for the US population from the
National Health and Nutrition Examination Survey.

positive for PBDE 100 and for PBDE 153. None of the tested
PBDE congeners were found in participants’ urine samples
(Table 2). Findings, therefore, focus on results derived from
blood and perspiration testing.

Although average serum levels of all PBDEs other than
PBDE 100 were higher in patients diagnosed with chronic
illness (Table 3), this study does not investigate potential rela-
tionships between clinical illness and PBDEs. The BUS study
as a whole tested for 120 chemical agents and found exposure
to varying degrees in each participant [27]. Accordingly, it is
not possible to attribute contamination from a single agent to
a particular clinical outcome.

BDEs were found in 75 of the 100 blood samples (Table 2).
At least one PBDE congener was found in each of the
participants’ blood, with all five congeners being found in
the blood of 9 participants (Table 4). PBDE 47 was present
in the blood of all participants and at the highest mean
concentration (Table 5). The mean amount of each PBDE
congener found in blood samples from this Canadian study
differed in some respects from the National Health and
Nutrition Examination Survey (NHANES) conducted by the
Centers for Disease Control and Prevention (CDC) [141].
Whereas the current participants had similar blood lipid
levels of PBDEs 28, 47, and 153 when compared to those in
the NHANES study, mean levels of PBDEs 99 and 100 were
higher in the current study (Figure 1). Similar to the CDC
survey where PBDE 47was detected in nearly all participants,
all participants in the current study tested positive for PBDE
47.

Because the BUS study tested for 120 chemical toxicants
[27–30], there was insufficient perspiration available from
three participants (participants 6, 19, and 20) to complete
PBDE testing on their perspiration samples. Results for
perspiration are therefore based on testing samples from
17 participants, with the end result that that there were
85 perspiration tests in total. PBDEs were found in 84 of
the perspiration samples tested (Table 6). Differences in
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Table 2: PBDE congeners detected in body fluids∗.

BDE28 BDE47 BDE99 BDE100 BDE153
Detected in body fluids (𝑛 = 20) 16 20 19 18 18
Detected in blood (𝑛 = 20) 11 20 12 15 17
Detected in perspiration (𝑛 = 17∗) 16 17 17 17 17
Detected in urine (𝑛 = 20) 0 0 0 0 0
∗Three study participants produced insufficient perspiration for successful testing.

Table 3: Health status of participants and mean PBDE levels.

Health status BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
Bl1 𝑃2 Bl 𝑃 Bl 𝑃 Bl 𝑃 Bl 𝑃

Healthy 0.31 0.017 13.26 0.6 1.61 0.55 6.7 0.012 4.06 0.072
Chronically ill 1.43 0.017 30.65 1.17 6.67 1.48 6.37 1.62 8.73 0.16
1Bl: results from blood testing (ng/g of blood lipid).
2
𝑃: results from perspiration testing (ng/g of perspiration).

Table 4: Blood PBDE levels by congener (ng/g of blood lipid).

Participant BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
1 4.8 110 32 25 14
2 0.98 8.4 ND ND 3.2
3 1 18 4.2 4.2 6.1
4 2.1 24 3.2 1 4.2
5 0.48 3.5 0.3 0.3 6.9
6 ND∗ 6.6 ND ND ND
7 0.87 13 2 2.8 1.2
8 ND 30 4.2 4.8 3.3
9 1.9 71 19 23 43
10 2.2 22 4.8 2.6 5.4
11 ND 32 9.4 5.2 8.5
12 0.98 17 2.6 2.6 6.3
13 ND 1.8 ND ND 2.4
14 ND 4.2 ND 54 3.4
15 1.2 8.7 3 1 5.5
16 ND 31 ND 1.9 7.6
17 ND 5.8 ND ND 2.2
18 ND 19 ND 1.9 ND
19 0.92 10 1.1 0.37 ND
20 ND 3.1 ND ND 4.7
∗ND: none detected.

Table 5: Geometric mean and selected percentiles of concentrations in blood (ng/g of blood lipids).

BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
Mean 0.72 19.42 3.34 8.87 5.28
50th percentile 0.77 16.00 1.33 1.90 5.10
75th percentile 1.03 24.61 3.90 5.99 6.44
90th percentile 1.84 34.43 8.54 25.48 8.62
95th percentile 2.19 48.87 13.61 36.09 11.29
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Table 6: Perspiration PBDE levels by congener (ng/g of perspiration).

Participant BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
1 0.05 5.2 8.1 1.6 0.84
2 0.01 0.31 0.18 0.044 0.015
3 0.006 0.3 0.3 0.053 0.029
4 0.023 0.82 0.44 0.1 0.025
5 0.022 0.79 0.47 12 0.032
6 IP∗ IP IP IP IP
7 0.013 0.73 0.64 0.14 0.052
8 ND 0.044 0.046 0.0094 0.0056
9 0.031 2.3 3.1 0.6 0.38
10 0.0011 0.039 0.036 0.046 0.047
11 0.014 1.2 1.4 0.26 0.15
12 0.014 1.1 0.95 0.23 0.078
13 0.0032 0.071 0.066 0.013 0.082
14 0.0034 0.074 0.052 0.013 0.004
15 0.004 0.14 0.11 0.021 0.009
16 0.041 1.8 1.4 0.32 0.13
17 0.004 0.13 0.11 0.025 0.094
18 0.052 0.3 0.28 0.064 0.028
19 IP IP IP IP IP
20 IP IP IP IP IP
∗IP: insufficient perspiration available for testing.

Table 7: Geometric mean and selected percentiles of concentrations in perspiration (ng/g of perspiration).

BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
Mean 0.02 0.90 0.95 0.55 0.12
50th percentile 0.02 0.61 0.63 0.15 0.09
75th percentile 0.04 1.28 1.13 0.47 0.12
90th percentile 0.05 1.98 2.01 0.99 0.23
95th percentile 0.05 2.40 2.99 2.21 0.35

Table 8: Effectiveness of perspiration induction interventions for PBDE excretion.

Type of Intervention Overall mean blood : sweat ratio
BDE 28 BDE 47 BDE 99 BDE 100 BDE 153

Exercise (𝑛 = 3) 137.2 25.5 4.8 16.9 26.9
Infrared sauna (𝑛 = 8) 17.9 32.1 3.25 94.6 71.8
Steam sauna (𝑛 = 6) 69.5 26.3 5.6 2.4 121.2
Insufficient perspiration samples are not included.

excretion rates were evident for the tested congeners. Of
the five tested, PBDEs 99 and 47 were most effectively
excreted into perspiration (Table 7). Excretion rates for each
congener were also observed to differ between perspiration
induction interventions. In this sample, participants who
induced perspiration through exercise excreted the greatest
proportion of PBDE 28; those who used infrared sauna
excreted themost PBDE 100; and thosewho used steam sauna
to induce perspiration excreted the most PBDE 153 (Table 8).

Of the 25 blood tests that tested negative for PBDE
congeners, 16 were positive in the corresponding perspiration

tests (Table 9). We were unable to triangulate eight negative
blood tests due to insufficient perspiration samples from three
participants. A single participant tested negative for PBDE 28
in both blood and perspiration tests.

4. Discussion

Findings have implications in two important areas: biomon-
itoring of PBDEs and human elimination of toxicants. Con-
cern for human bioaccumulation of PBDEs and the impact of
these pollutants on human health, particularly the health of
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Table 9: Comparison: PBDE congeners detected in participants’ blood and sweat.

BDE 28 BDE 47 BDE 99 BDE 100 BDE 153
No PBDEs in blood 9 0 8 5 3
No PBDEs in blood, PBDEs in sweat 6 0 6 3 1
No PBDEs in blood, no PBDEs in sweat 1 0 0 0 0
No PBDEs in blood, insufficient perspiration∗ 2 0 2 2 2
∗Three study participants produced insufficient perspiration for successful testing.

neonates and children, has already resulted in the banning
of these substances in many jurisdictions. Biomonitoring
and estimation of body burden, however, remain a concern,
particularly in North America where levels remain high.

While blood is commonly used for testing PBDE body
burdens [142–144], current findings draw attention to the
importance of testing both blood and perspiration. Many
participants demonstrated evidence of PBDEs in perspira-
tion, with the absence of these same agents in serum testing
(Table 9).This study therefore demonstrates that perspiration
testing may be useful for comprehensive understanding of
PBDE body burdens. Excretion of contaminants in human
perspiration has been documented for other types of pol-
lutants, for example, toxic metals [145] and organochlorine
compounds [146]. Perhaps due to the effort required to pro-
cure perspiration versus blood samples, testing commonly
overlooks this medium. Testing of body fluids, however,
must take into consideration the different characteristics of
contaminants. Hydrophilic substances, such as cadmium and
lead, for example, are found to have higher concentration
in perspiration when compared to blood [27]. PBDEs, on
the other hand, are lipophilic [10–13]. Although in this
study perspiration provided evidence for a greater range
of PBDEs than did blood serum, testing of perspiration
alone, a substance that is largely composed of water, may
underestimate total PBDE body burdens.

In addition to supporting previous studies which indicate
that congener concentrations vary across body fluids and
excretion rates vary for different congeners [140], this study
provides evidence for differing PBDE excretion rates for
those using different perspiration induction intervention.
Sampling did not isolate perspiration gathered from different
body locations (e.g., gathered from the axilla versus the
torso). Moreover, participants used a single and self-selected
perspiration induction method. It is therefore possible that
variations in excretion rates are related to the concentra-
tion of sebaceous glands in different body areas and/or
individual physiological variations. Given the small number
of participants, further investigation is required to support
observations regarding perspiration induction interventions.

The first and critical line of defense when dealing with
PBDEs is undoubtedly to reduce exposure through bet-
ter understanding exposure pathways, strategies to limit
exposure to products containing PBDEs in homes, schools,
and work environments, and legislative action [47, 147].
This study, however, provides baseline evidence for induced
perspiration as one potential approach for the therapeutic
elimination of PBDEs.The clinical usefulness of thismodality
is, furthermore, supported in the medical and toxicological

literature: induced perspiration to diminish the body burden
of toxicants has been identified as a means to prevent [148]
and overcome [149, 150] illness.

Emerging evidence for the fetotoxic and reproductive
effects of PBDE exposure [151] both prenatally and via breast
milk and the serious health consequences of PBDEs for
infants and young children [2, 3, 81, 82, 86–89] highlights
the importance of PBDE elimination in at-risk populations.
While the elimination of these contaminants via perspiration
appears to be modest, recent studies suggest that there are
synergistic effects from the coexposure to PCBs and PBDEs
[110, 152, 153]. Decreasing PBDEs may, therefore, reduce the
synergistic effects of PBDEs with other persistent organic
pollutants. Furthermore, while the absolute amount of each
PBDE congener released into sweat may be limited according
to this data, an average adult may sweat more than one liter
per hour during exercise.Under thermal stress,maximal rates
of sweatingmay be as high as two to four liters/hour [154]; and
sweating rates for “acclimatized” people who regularly use
saunas may be as high as two liters/hour [155]. Accordingly,
regular sessions of induced perspiration should be considered
cumulatively as a potential clinical modality to diminish
body burdens of many xenobiotics, including PBDEs. Given
the impact of women’s PBDE body burdens on their own
health [106] and on the body burdens and health of their
offspring [156] and in light of the recent admonition from
the International Federation of Gynecology andObstetrics to
“make environmental health part of health care” [156], find-
ings from this study have important implications for health
professionals, particularly for those providing preconception
counselling or caring for pregnant and nursing women.

4.1. Limitations. There are limitations associated with study
design: participantswere tested for only five PBDE congeners,
and the small sample size does not allow extrapolation of
findings to a larger population. Methods for perspiration
sample collection may also impose limitations: perspiration
originating from different parts of the body may excrete
different concentrations of PBDEs; excretion rates may be
impacted by participant’s sweating duration; and factors
such as ambient temperature and humidity, diet, hydration,
and/or pharmaceutical and supplement use may influence
excretion of PBDEs in perspiration. It is also not possible to
determine whether the measured perspiration was tainted by
elements originating from sebum as well as directly from skin
tissue. Although it is possible that inadvertent contamination
of samples occurred, precautions were taken to minimize
this risk; for example, quality controls and blanks were
analyzed simultaneously. Finally, it should be noted that the
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study did not assess health outcomes associated with PBDE
elimination.

5. Conclusion

This is the first study, to our knowledge, to assess mecha-
nisms for the elimination of bioaccumulated PBDEs from
the human body. Our objectives were to determine the
efficacy of three body fluids, blood, urine, and perspiration,
as PBDE biomonitoring mediums, to assess the excretion
potential of identified congeners into urine and sweat, and
to explore the potential of induced perspiration as a means
to decrease bioaccumulated PBDEs. None of the five tested
PBDE congeners (28, 47, 99, 100, and 153) were found in
participants’ urine samples, suggesting that urine testing is
not useful for biomonitoring or elimination of these common
congeners. In this paper, we therefore focused on the results
of blood and perspiration testing.

Although blood is commonly used for testing PBDE body
burdens, our findings suggest that, in isolation, this approach
provides only a partial understanding of human PBDE
bioaccumulation. Testing of both blood and perspirationmay
be important for a better understanding of PBDE accrual
in the human body. Moreover, it is evident that induced
perspiration facilitates excretion of the five common PBDE
congeners included in the study, with different rates of excre-
tion for different congeners. We cannot draw conclusions
with respect to the rate at which induced perspiration will
diminish total body PBDE burden as there is currently no
means to accurately assess PBDE load in the spectrum of
human tissues. Nonetheless, given the relative absence of
studies exploring PBDE elimination or clinical detoxification
in humans, as well as the scientific consensus about the
negative impact of PBDEs on human health, this study
provides important baseline evidence suggesting that regular
sessions of induced perspirationmay facilitate the therapeutic
elimination of PBDEs. Serious concerns about the fetotoxic
and reproductive effects of PBDE exposure highlight the
importance of further research in this area.
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[45] A. Sjödin, O. Päpke, E. McGahee et al., “Concentration of
polybrominated diphenyl ethers (PBDEs) in household dust
from various countries,” Chemosphere, vol. 73, no. 1, pp. S131–
S136, 2008.

[46] P. I. Johnson, H. M. Stapleton, A. Sjodin, and J. D. Meeker,
“Relationships between polybrominated diphenyl ether con-
centrations in house dust and serum,” Environmental Science
and Technology, vol. 44, no. 14, pp. 5627–5632, 2010.

[47] B. Johnson-Restrepo and K. Kannan, “An assessment of sources
and pathways of human exposure to polybrominated diphenyl
ethers in theUnited States,”Chemosphere, vol. 76, no. 4, pp. 542–
548, 2009.

[48] J. D. Meeker, P. I. Johnson, D. Camann, and R. Hauser, “Poly-
brominated diphenyl ether (PBDE) concentrations in house
dust are related to hormone levels in men,” Science of the Total
Environment, vol. 407, no. 10, pp. 3425–3429, 2009.

[49] N. Wu, T. Herrmann, O. Paepke et al., “Human exposure
to PBDEs: associations of PBDE body burdens with food



BioMed Research International 11

consumption and house dust concentrations,” Environmental
Science and Technology, vol. 41, no. 5, pp. 1584–1589, 2007.

[50] B. H. Wilford, T. Harner, J. Zhu, M. Shoeib, and K. C. Jones,
“Passive sampling survey of polybrominated diphenyl ether
flame retardants in indoor and outdoor air in Ottawa, Canada:
implications for sources and exposure,” Environmental Science
and Technology, vol. 38, no. 20, pp. 5312–5318, 2004.

[51] M. Shoeib, T. Harner, M. Ikonomou, and K. Kannan, “Indoor
and outdoor air concentrations and phase partitioning of per-
fluoroalkyl sulfonamides and polybrominated diphenyl ethers,”
Environmental Science and Technology, vol. 38, no. 5, pp. 1313–
1320, 2004.

[52] C. M. Butt, M. L. Diamond, J. Truong, M. G. Ikonomou, and
A. F. H. Ter Schure, “Spatial distribution of polybrominated
diphenyl ethers in Southern Ontario as measured in indoor
and outdoor window organic films,” Environmental Science and
Technology, vol. 38, no. 3, pp. 724–731, 2004.

[53] P. I. Johnson, H. M. Stapleton, B. Mukherjee, R. Hauser, and J.
D. Meeker, “Associations between brominated flame retardants
in house dust and hormone levels in men,” Science of the Total
Environment, vol. 445-446, pp. 177–184, 2013.

[54] H. A. Jones-Otazo, J. P. Clarke, M. L. Diamond et al., “Is house
dust the missing exposure pathway for PBDEs? an analysis of
the urban fate and human exposure to PBDEs,” Environmental
Science and Technology, vol. 39, no. 14, pp. 5121–5130, 2005.

[55] D. J. Watkins, M. D. McClean, A. J. Fraser et al., “Exposure to
PBDEs in the office environment: evaluating the relationships
between dust, handwipes, and serum,” Environmental Health
Perspectives, vol. 119, no. 9, pp. 1247–1252, 2011.

[56] A. Besis, A. Katsoyiannis, E. Botsaropoulou, and C. Samara,
“Concentrations of polybrominated diphenyl ethers (PBDEs) in
central air-conditioner filter dust and relevance of non-dietary
exposure in occupational indoor environments in Greece,”
Environmental Pollution, vol. 188, pp. 64–70, 2014.

[57] K. Jakobsson, K. Thuresson, L. Rylander, A. Sjödin, L. Hagmar,
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van den Berg, and R. H. S. Westerink, “PCB-47, PBDE-47, and
6-OH-PBDE-47 differentially modulate human GABAA and
𝛼4𝛽2 nicotinic acetylcholine receptors,” Toxicological Sciences,
vol. 118, no. 2, Article ID kfq284, pp. 635–642, 2010.

[118] T. Li, W. Wang, Y.-W. Pan, L. Xu, and Z. Xia, “A hydroxylated
metabolite of flame-retardant PBDE-47 decreases the survival,
proliferation, and neuronal differentiation of primary cultured
adult neural stem cells and interferes with signaling of ERK5
map kinase and neurotrophin 3,” Toxicological Sciences, vol. 134,
no. 1, pp. 111–124, 2013.

[119] T. Schreiber, K. Gassmann, C. Götz et al., “Polybrominated
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[125] I. Hertz-Picciotto, Å. Bergman, B. Fängström et al., “Polybromi-
nated diphenyl ethers in relation to autism and developmental
delay: A Case-Control Study,” Environmental Health: A Global
Access Science Source, vol. 10, no. 1, article 1, 2011.

[126] A. Messer, “Mini-review: polybrominated diphenyl ether
(PBDE) flame retardants as potential autism risk factors,”
Physiology and Behavior, vol. 100, no. 3, pp. 245–249, 2010.

[127] M.M.Mitchell, R.Woods, L.-H. Chi et al., “Levels of select PCB
and PBDE congeners in human postmortem brain reveal possi-
ble environmental involvement in 15q11-q13 duplication autism
spectrum disorder,” Environmental and Molecular Mutagenesis,
vol. 53, no. 8, pp. 589–598, 2012.

[128] S. C. Nicklisch, S. D. Rees, A. P. McGrath et al., “Global
marine pollutants inhibit P-glycoprotein: environmental levels,
inhibitory effects, and cocrystal structure,” Science Advances,
vol. 2, no. 4, 2016.

[129] G. S. Bloom, “Amyloid-𝛽 and tau: the trigger and bullet in
Alzheimer disease pathogenesis,” JAMA Neurology, vol. 71, no.
4, pp. 505–508, 2014.

[130] U. Gill, I. Chu, J. J. Ryan, and M. Feeley, “Polybrominated
diphenyl ethers: human tissue levels and toxicology,” in Reviews
of Environmental Contamination and Toxicology, D. G.W.Ware,
Ed., Reviews of Environmental Contamination and Toxicology,
pp. 55–97, Springer, New York, NY, USA, 2004.

[131] M. I. Bakker, R. De Winter-Sorkina, A. De Mul et al., “Dietary
intake and risk evaluation of polybrominated diphenyl ethers in
the Netherlands,” Molecular Nutrition and Food Research, vol.
52, no. 2, pp. 204–216, 2008.

[132] D. F. Staskal, J. J. Diliberto, and L. S. Birnbaum, “Impact of
repeated exposure on the toxicokinetics of BDE 47 in mice,”
Toxicological Sciences, vol. 89, no. 2, pp. 380–385, 2006.



14 BioMed Research International
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[143] A. Schecter, O. Päpke, C. T. Kuang, J. Joseph, T. R. Harris,
and J. Dahlgren, “Polybrominated diphenyl ether flame retar-
dants in the U.S. population: current levels, temporal trends,
and comparison with dioxins, dibenzofurans, and polychlori-
nated biphenyls,” Journal of Occupational and Environmental
Medicine, vol. 47, no. 3, pp. 199–211, 2005.

[144] S.-J. Lee, M. G. Ikonomou, H. Park, S.-Y. Baek, and Y.-S.
Chang, “Polybrominated diphenyl ethers in blood fromKorean
incinerator workers and general population,” Chemosphere, vol.
67, no. 3, pp. 489–497, 2007.

[145] D. Hohnadel, F. Sunderman, M. W. Nechay, M. D. McNeely,
and T. R. Williams, “Excretion of nickel, copper, zinc and lead
in sweat of healthy subjects during sauna bathing,” Clinical
Chemistry, vol. 19, no. 6, pp. 1288–1292, 1973.

[146] D. W. Schnare and P. C. Robinson, “Reduction of the human
body burdens of hexachlorobenzene and polychlorinated

biphenyls.,” IARC scientific publications, no. 77, pp. 597–603,
1986.

[147] P. Brown and A. Cordner, “Lessons learned from flame retar-
dant use and regulation could enhance future control of
potentially hazardous chemicals,” Health Affairs, vol. 30, no. 5,
pp. 906–914, 2011.

[148] T. Laukkanen, S. Kunutsor, J. Kauhanen, and J. A. Laukkanen,
“Sauna bathing is inversely associated with dementia and
Alzheimer’s disease in middle-aged Finnish men,” Age and
Ageing, vol. 46, no. 2, pp. 245–249, 2017.

[149] G. H. Ross and M. C. Sternquist, “Methamphetamine exposure
and chronic illness in police officers: significant improvement
with sauna-based detoxification therapy,” Toxicology and Indus-
trial Health, vol. 28, no. 8, pp. 758–768, 2012.

[150] M. L. Hannuksela and S. Ellahham, “Benefits and risks of sauna
bathing,” American Journal of Medicine, vol. 110, no. 2, pp. 118–
126, 2001.

[151] CDC—NBP—Biomonitoring Summaries—PBDEs, CDC, 2013,
https://www.cdc.gov/biomonitoring/PBDEs_BiomonitoringSum-
mary.html.

[152] P. Eriksson, C. Fischer, and A. Fredriksson, “Polybrominated
diphenyl ethers, a group of brominated flame retardants, can
interact with polychlorinated biphenyls in enhancing develop-
mental neurobehavioral defects,” Toxicological Sciences, vol. 94,
no. 2, pp. 302–309, 2006.

[153] C. Pellacani, S. Tagliaferri, A. Caglieri et al., “Synergistic interac-
tions between PBDEs and PCBs in human neuroblastoma cells,”
Environmental Toxicology, vol. 29, no. 4, pp. 418–427, 2014.

[154] R.Greger andU.Windhorst,ComprehensiveHumanPhysiology:
From Cellular Mechanisms to Integration, Springer Science &
Business Media, 2013.

[155] A. Eisalo and O. J. Luurila, “The Finnish sauna and cardiovas-
cular diseases,” Annals of Clinical Research, vol. 20, no. 4, pp.
267–270, 1988.

[156] G. C. Di Renzo, J. A. Conry, J. Blake et al., “International Fed-
eration of Gynecology and Obstetrics opinion on reproductive
health impacts of exposure to toxic environmental chemicals,”
International Journal of Gynecology & Obstetrics, vol. 131, no. 3,
pp. 219–225, 2015.

http://www.cdc.gov/biomonitoring/pdf/FourthReport_UpdatedTables_Feb2015.pdf
http://www.cdc.gov/biomonitoring/pdf/FourthReport_UpdatedTables_Feb2015.pdf
https://www.cdc.gov/biomonitoring/PBDEs_BiomonitoringSummary.html
https://www.cdc.gov/biomonitoring/PBDEs_BiomonitoringSummary.html

