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• Study participants recorded time activi-
ty patterns in diaries.

• Estimation of participant exposure to 18
flame retardant chemicals in different
microenvironments

• Comparison of mean exposure esti-
mates through elevated surface dust
(ESD) and floor dust (FD).

• Exposure to most flame retardant
chemicals was statistically significantly
higher in ESD than FD.
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Human exposure to flame retardants occurs inmicroenvironments due to their ubiquitous presence in consumer
products and building materials. Recent research suggests higher levels of exposure through elevated surface
dust (ESD) compared to floor dust (FD). However, it is unclear whether this pattern is consistent in different
microenvironments beyond the home. We hypothesized that time spent in various microenvironments will
significantly modify the pattern of human exposure to flame retardant chemicals in ESD and FD. We tested
this hypothesis by collecting time activity diaries from 43 participants; and by estimating human exposure to
10 polybrominated diphenyl ether and 8 non-polybrominated diphenyl ether flame retardant chemicals, based
on chemical concentrations measured in different microenvironments visited by the participants. The results
of paired t-tests show that, with some notable exceptions, estimates of human exposure to most chemicals
through ESD are statistically significantly higher for ∑PBDE (p = 0.00) and ∑non-PBDEs (p = 0.00) than
through FD. This study reinforces the need to integrate temporal, locational, and elevation dimensions in
assessing human exposure to potentially toxic flame retardant chemicals.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Assessments of human exposure to toxic chemicals consider the
concentration of chemicals that individuals encounter in each specific
location where they spend time over a given period. There has been
particular interest in estimating human exposure to flame retardant
(FR) chemicals due to possible health implications (Kim et al., 2014).
In the U.S., indoor dust is considered the primary source of FR exposure
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(Johnson-Restrepo andKannan, 2009; Lorber, 2008).ManyU.S. FR stud-
ies have concentrated on sampling the home (Dodson et al., 2012;
Johnson et al., 2010; Quiros-Alcala et al., 2011;Ward et al., 2014). How-
ever, FR chemical concentrations have been shown to vary across sam-
pled locations (Allgood et al., 2017; Brommer andHarrad, 2015; Cequier
et al., 2014; La Guardia and Hale, 2015; Mizouchi et al., 2015). Thus,
accounting for where a person spends time is important for refining
the precision of estimates of human exposure to FR chemicals.

Additionally, there is evidence that many FR chemical concentra-
tions differ between elevated surface dust (ESD) and floor dust (FD)
(Allgood et al., 2017; Al-Omran and Harrod, 2016; Björklund et al.,
2012; Cequier et al., 2014; Xu et al., 2016). Yet many U.S. studies do
not account for this difference (Dodson et al., 2012; Quiros-Alcala et
al., 2011;Watkins et al., 2011). Studieswhich consider sample elevation
mainly focus on the home, ignoring exposure from other locations
(Al-Omran and Harrod, 2016; Björklund et al., 2012; Cequier et al.,
2014; Xu et al., 2016). It is unknown whether the pattern of higher FR
exposure through ESD comparedwith FD persists when chemical expo-
sure in microenvironments other than the home are considered.

The knowledge gap is wider in cases that estimate human exposure
to FR chemicals based on uncorroborated assumptions about time spent
in locations. Previous studies assume exposures over 24-h at home or
school (Ali et al., 2012; Quiros-Alcala et al., 2011; Wikoff et al., 2015).
Other studies rely on a pre-existing Flemish time survey, and adopted
a ‘typical’ time pattern assuming proportion of time spent per day is
72% at home, 23.8% at the office, 4.2% in transport (Ali et al., 2011;
Harrad et al., 2008a, 2008b; Roosens et al., 2010). Accounting for actual
time spent in microenvironments over 24 hmay lead to different expo-
sure estimates. Additionally, estimates of human exposure may differ
between ESD and FD with comparable FR concentrations when a tem-
poral dimension is considered.

Time activity diaries account for time spent in different spaces, and
have been informative for investigations regarding human exposure to
black carbon (Dons et al., 2011), pesticides (Tulve et al., 2008), and ul-
trafine particles (Buonanno et al., 2014). However, to our knowledge,
no studies have estimated FR chemical exposure based on time activity
diaries for people in various microenvironments with known chemical
concentrations.

In this study of spatiotemporal exposure, we collected time activity
diaries from a sample population present in academic microenviron-
ments with known concentrations of FR chemicals. We investigated
ten congeners of polybrominated diphenyl ethers (PBDEs) – BDE-28,
BDE-47, BDE-85, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183, BDE-
206, BDE-209; and eleven congeners of non-polybrominated diphenyl
ethers (non-PBDEs) – 2-ethyl-hexyl 2, 3, 4, 5-tetrabromobenzoate
(EH-TBB), Bis(2-ehtylhexyl)tetra-bromophthalate (BEH-TEBP), 1, 2-
bis (2, 4, 6-tribromophenoxy) ethane (BTBPE), decabromodiphenyl
ethane (DBDPE), α-, β-, & γ-hexabromocyclododecane (∑HBCD), tris
(2-chloroethyl) phosphate (TCEP), tris (1-chloro-2-propyl) phosphate
(TCIPP), tris (1,3-di-chloro-2-propyl) phosphate (TDCIPP), and
tetrabromobisphenol-A (TBBPA). With these data, we tested the
hypothesis that adding a refined temporal dimension will modify esti-
mates of human exposure to FR chemicals across microenvironments
with ESD and FD.
2. Methods

2.1. Time activity diaries

The research protocol for human participantswas approved by UC Ir-
vine Institutional ReviewBoard. FromMarch 2014 toMarch 2015,we re-
cruited 43 participants to complete time activity diaries. Participants
were included if they were at least 18 years of age, and lived within
the academic environment. Each participant was asked to complete a
time activity diary for a 24-hour time period during a weekday and a
correspondingquestionnaire. Participants that returned the time activity
diary and questionnaire received a $5 gift card.

The procedure for recording time activity followed previously pub-
lishedmethod by Olds et al. (2009). We included 14 predefined catego-
ries to assess the type of microenvironment in which individuals spent
each increment of recorded time, such as home (apartment, dormitory
house), travel (car/taxi), travel (foot/bicycle), travel (bus), classroom
(with computer), classroom(without computer), office (with computer),
office (without computer), wet laboratory, retail store, restaurant, gym-
nasium, other outdoor space, and other indoor space. For time estima-
tion, all time spent in travel (car/taxi & bus), classroom, office, and
laboratory were consolidated into independent categories; and the cate-
gory of “other” was created from a composite of retail store, restaurant,
travel (foot/bicycle), other outdoor space, and other indoor space. We
used previously reported concentrations (see Table S1) of each FR chem-
ical measure in each microenvironment, except for the “other” category
for which the median value of all sampled locations was used (Allgood
et al., 2017). Each study participant responded to questions about
demographic characteristics.

2.2. Dust sampling

Specific procedures for dust sample collection are chronicled in
Allgood et al. (2017). Briefly, indoor ESD and FD samples were collected
from microenvironments on the UC Irvine campus from June 2013–
September 2013 using a Eureka Mighty-Mite vacuum cleaner with a
crevice tool attached (Allen et al., 2008). The crevice tool was dragged
across two sampling areas in each microenvironment for about
15 min each. The two sampling areas included elevated surfaces
(surfaces approximately 2 ft above the floor or higher such as sofas
and desks) and the floor.

2.3. Chemical analyses

Specific procedures for the dust sample preparation, extraction,
chemical analyses methods, and quality control/quality assurance (QC/
QA) are chronicled in Allgood et al. (2017). Briefly, accelerated solvent
extraction (ASE) was applied to ~100 mg of each ESD and FD sample
that had been sieved (300 μm). Then each extract was purified with
size exclusion chromatography (SEC). Next, each post-SEC extract was
reduced in volume and added to the top of an extraction column.
Three fractions were then created with fraction two containing bromi-
nated FRs (PBDEs: BDE-28, BDE-47, BDE-66, BDE-85, BDE-99, BDE-
100, BDE-153, BDE-154, BDE-183, BDE-206, BDE-209; HBCDs: αHBCD,
βHBCD, γHBCD reported as ∑HBCD, and brominated non-PBDEs: EH-
TBB, BEH-TEBP, BTBPE, DBDPE) and fraction three containing TCEP,
TCIPP, TDCIPP and TBBPA. The analytes were separated by ultra-perfor-
mance liquid chromatography (UPLC), ionized by atmospheric pressure
photoionization (APPI), and product ions were detected by triple quad-
rupole mass spectrometer (MS/MS). The analytical methods were
validated using a QC and QA approach that used laboratory blanks, du-
plicate, surrogate and matrix spike recovery analysis. Additionally,
Schreder and La Guardia (2014) describe in further detail the imple-
mented dust sample preparation, chemicals used, extraction methods,
UPLC-APPI-MS/MS, and QC/QA methods.

2.4. Flame retardant exposure estimation

We used scenario evaluation which is an indirect approach to esti-
mate cumulative external exposure to FR chemicals (USEPA, 1992). Par-
ticipants from UC Irvine were assumed to be exposed to previously
measured FR chemicals measured in ESD and FD in UC Irvine microen-
vironments (Allgood et al., 2017). External exposurewas estimated sep-
arately from FD and ESD by multiplying the indoor dust chemical
concentrationwith time spent in each location and adding the exposure
encountered in each location where time was spent over 24 h (Klepeis,



Table 1
Mean time period spent (minutes) per microenvironment for study participants.

N Mean time spent in minutes

Home Transit Class Office Lab Gym Other

All 43(100%) 870 53 160 83 11 12 260
Sex

Male 19(44%) 850 59 140 94 16 12 270
Female 24(56%) 880 48 170 74 6.3 12 250

Age
18–25 34(79%) 880 56 150 67 11 13 260
N25 9(21%) 830 40 170 140 10 6.7 250

Race
Asian 18(42%) 890 63 120 66 10 2.5 280
Black 5(12%) 800 18 220 75 0.0 0.0 320
Hispanic 8(19%) 870 58 130 110 11 7.5 250
White 10(23%) 840 48 200 110 0.0 41 205
Other 2(5%) 960 53 190 0.0 90 0.0 150

Table 2
Comparison of external exposure estimates to flame retardant chemicals derived from el-
evated surface dust (ESD) and floor dust (FD) and based on 24 h spent across
microenvironments.

Flame
retardant
chemicals

ESD FD n Mean
difference

95% CI for
mean
difference

pa

Mean SD Mean SD

PBDEs
BDE-28 1.0 0.67 0.052 0.04 43 0.98 (0.78, 1.2) 0.00⁎

BDE-47 190 61 61 11 43 120 (1100, 140) 0.00⁎

BDE-85 12 4.1 5.9 1.9 43 5.7 (4.8, 6.5) 0.00⁎

BDE-99 210 52 97 12 43 110 (100, 1300) 0.00⁎

BDE-100 48 15 22 4.3 43 27 (23, 30) 0.00⁎

BDE-153 22 5.2 12 2.7 43 10 (9, 12) 0.00⁎

BDE-154 18 3.9 8.8 1.1 43 9.1 (8.0, 10) 0.00⁎

BDE-183 1.4 0.20 1.1 0.15 43 0.27 (0.19, 0.35) 0.00⁎

BDE-206 8.9 0.94 11 1.7 43 −2.3 (−2.5, −2.1) 0.00⁎

BDE-209 450 50 540 79 43 −88 (−98, −77) 0.00⁎

∑PBDE 960 160 750 97 43 200 (160, 240) 0.00⁎

Non-PBDEs
EH-TBB 81 36 68 32 43 14 (3.7, 24) 0.00⁎

BEH-TEPH 190 85 41 9.4 43 150 (130, 170) 0.00⁎

BTBPE 0.02 0.06 0.22 0.05 43 −0.20 (−0.22,
−0.18)

0.00⁎

DBDPE 17 7.4 18 2.4 43 −1.4 (−4.1, 1.2) 0.29
∑HBCD 13 0.60 16 1.0 43 −2.8 (−3.0, −2.6) 0.00⁎

TCEP 220 57 120 57 43 36 (32, 40) 0.00⁎

TCIPP 78 18 41 8.7 43 100 (88, 120) 0.00⁎

TDCIPP 950 970 370 27 43 580 (280, 880) 0.00⁎

TBBPA 15 1.4 20 2.9 43 −5.6 (−6.5, −4.6) 0.00⁎

∑non-PBDEs 1600 950 700 87 43 870 (580, 1200) 0.00⁎

a Paired t-test.
⁎ p b 0.01.
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1999; USEPA, 1992; Ott, 1990). Two external exposure estimates
derived from Eq. (1a) FD and Eq. (1b) ESD were calculated for each FR
chemical using the following two equations:

ci¼cFD�CR ð1aÞ

ci¼cESD�CR ð1bÞ

For FDderived external exposure estimates, the particular FR concen-
tration in eachmicroenvironment (ci) is the product of the concentration
in the FD (cFD) and the amount of dust that each participant comes into
contact with per day (CR); and for ESD derived external exposure
estimates, the particular FR concentration in each microenvironment
(ci) is the product of the concentration in the ESD (cESD) and the amount
of dust that each participant comes into contact with per day (CR)
(USEPA, 2016). We used the central tendency estimate for adults of
30mg/day or 0.0208mg/min as the amount of dust that each participant
came into contact (USEPA, 2011).

Human exposure for each FR chemical was estimated using the
following equation:

E ¼
XI

i¼1

ci ti ð2Þ

In Eq. (2), E = each participant's total integrated exposure estimate
for each FR chemical, ci = the dust concentration of the particular FR in
each microenvironment from Eqs. (1a) or (1b), ti = the amount of time
the participant spent in the microenvironment based on time activity
diaries, and I=the total number ofmicroenvironments (Klepeis, 1999).

2.5. Statistical analyses

We used SPSS (Version 24.0) for statistical analysis. Sums of the ex-
posure estimates for all the PBDEs (∑PBDEs) and non-PBDEs (∑non-
PBDEs) were calculated based on ESD and FD chemical concentrations.
Summary statisticswere calculated for (a) the time spent in eachmicro-
environment, (b) estimated FR exposure from ESD for each chemical,
and (c) estimated flame retardant exposure from the FD for each
chemical. We performed a paired t-test to determine whether the
mean difference between each of pair of exposure estimates from ESD
and FD was zero. The results were considered statistically significant
when the p-value was 0.05 or less.

3. Results and discussion

3.1. Study participants and time activity patterns

Forty-three study participants completed time activity diaries for a
24-hour time period. Participants were 56% female and 79% between
the ages of 18 and 25 years. Regarding ethnicity, 42% were Asian, 23%
were Caucasian, 19% were Hispanic, 12% were African-American, and
5% were other or mixed. Table 1 shows the mean values of time spent
by each study participant in each microenvironment.

Study participants spent an average of 870 min per day at home,
which is higher than at any other location. This is slightly lower than re-
ported by other investigators, for example, Odeh and Hussein (2016)
found that, on average, adult students in Jordan spent about 900 min
at home (63%). Importantly, our finding of time spent at home is
70 min less than the 940 min reported by the U.S. National Human Ac-
tivity Pattern Survey (NHAPS) as the average time spent by Americans
indoors at home (Leech et al., 2002); 80 min less than the 950 min
reported by the Canadian Human Activity Pattern Survey (CHAPS)
that Canadians spend at home (Leech et al., 2002); and the average
940 min that Germans spend at home (Brasche and Bischof, 2005). Fol-
lowing time spent at home, other locations and classrooms also claim
participant times at an average of 260 min and 160 min, respectively.
The least average time period was spent in transit, laboratories, and
gymnasiums at 53 min, 11 min, and 12 min, respectively. Time activity
patterns are expected to vary according to age-group, geographic
location, seasons, and cultural factors. In general, the pattern of time
activities recorded in this study do not show extreme deviation from
the norm given the demographic and occupational attributes of the
population studied.

3.2. ESD compared to FD flame retardant human exposure estimates as-
suming 24 hours spent across microenvironments

Data on the mean 24-hour exposure to 10 PBDE and 8 non-PBDE FR
chemicals for our sampled population are shown in Table 2. The infor-
mation includes estimates based on chemical concentrations in ESD
and FD, and the mean difference between the exposure estimates
from the two sampling sites. A positive difference indicates a higher
mean exposure estimate for ESD relative to FD; and a negative differ-
ence indicates a higher mean exposure estimate for FD relative to ESD.
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Table S2 compares our studymedian exposure estimates to median ex-
posure estimates gleaned from prior studies based solely on home dust
sampling. Accounting for 24 h spent across microenvironments results
in higher mean human exposure estimates when using ESD samples
compared to FD samples for most, but not all, FR chemicals.

3.2.1. ESD compared to FD flame retardant human exposure estimates for
PBDEs

The∑PBDEs mean exposure estimates were observed as higher for
estimates from ESD compared to those from FD as shown in Fig. 1. The
∑PBDEsmean difference in estimated exposure between the two sam-
pling sites was about 20% higher or ~210 ng/day greater for exposure
estimates from ESD relative to FD, and the difference was statistically
significant (p = 0.00). This trend persisted for all but BDE-206
and BDE-209; these were ~2.3 ng/day (p = 0.00) and ~88 ng/day
(p = 0.00) lower, respectively, from ESD-based exposure estimates
than FD-based exposure estimates. Our BDE-209 results diverged
from Al-Omran and Harrod (2016) and Björklund et al. (2012) who
demonstrated higher ESD-based exposure than FD-based exposure
when only home-based exposure is considered (see Table S2); perhaps
our sampled home had older BDE-209 containing products that were
closer to the floor such as textiles (Kajiwara and Takigami, 2013) than
those in the other two studies. Fig. S1a shows that for ESD-based
exposure estimates, the home contributes about half and the other mi-
croenvironments contribute the other half of total estimated exposure
to ∑PBDEs; though for FD-based ∑PBDE exposure estimates, the
home is the major contributor as shown in Fig. S1b.

The highest mean PBDE difference between ESD and FD derived ex-
posures estimates was from BDE-47 and the second highest was from
BDE-99, representing 120 ng/day (p = 0.00) and 110 ng/day (p =
0.00), respectively. BDE-47 and BDE-99 exposure estimates may be
highest in ESD based estimates compared to FD based estimates due
to a lower molecular weight than higher brominated BDE congeners;
they may partition into the air more so than heavier BDEs and later set-
tle into ESDmore so than FD, because they land there first (Rauert et al.,
2015). These results are slightly different from those reported by
Björklund et al. (2012) where BDE-47 and BDE-99 were the third and
fifth highest in difference, between Swedish house ESD and FDexposure
estimates. Al-Omaran and Harrad (2016) found BDE-99 and BDE-47
were the PBDE congeners with the second and third highest difference,
respectively, for ESD relative to FD exposure estimates from their
sampled Iraqi houses. The differences between studiesmay be reflective
Fig. 1. Range of total human exposure estimates (ng/day). We accounted for time spent
across microenvironments, and the estimates were derived from elevated surface dust
(ESD) and floor dust (FD) for ∑PBDEs and ∑non-PBDEs, respectively.
of the diversity of FR use between theU.S., Sweden, and Iraq and the dis-
tribution of FR chemicals in ESD and FD in the home compared to the
distribution in variousmicroenvironments, a unique feature of the pres-
ent study. These results provide a cautionary note regarding potential
underestimation of exposure in studies where only FD samples are
used to estimate all measured PBDE FR chemicals, particularly for indi-
viduals spending time near elevated surfaces and outside of the home.
Our results support the conclusion that formost PBDE congeners, higher
levels of exposure may occur through ESD than from FD, particularly
when spatiotemporal dimensions of exposure are included in the
assessment.

3.2.2. ESD compared to FD flame retardant human exposure estimates for
non-PBDEs

The ∑non-PBDEs mean exposure estimates were observed as
higher for estimates from ESD compared to those from FD as shown in
Fig. 1. The∑non-PBDE mean ESD human exposure estimate was over
2 times higher or ~900 ng/day higher than the FD human exposure es-
timate (p = 0.00). The greater difference between non-PBDEs relative
to PBDEs may reflect the effect of PBDE phase-out policies (Besis and
Samara, 2012; Birnbaum and Staskal, 2004; Great Lakes Chemical
Corp., 2005; State of California, 2003) and the present study's account-
ing for time spent in the home and additional microenvironments
where non-PBDEs are typically higher in ESD than FD (Allgood et al.,
2017). Fig. S1c-d illustrates the contribution of microenvironments to
total ∑non-PBDE exposure estimates.

However, in Table 2, we note similar highmean BDE-47 and BDE-99
exposure estimates to exposure estimates for their replacement
chemicals EH-TBB and BEH-TEPH (Covaci et al., 2011). This may be
due to the academic environment sampled containing both older
PBDE-containing products and newer products containing EH-TBB and
BEH-TEPH as their replacements. Policy-driven trends in exposure to
FRs were also reported by Xu et al. (2016) and Al-Omran and Harrod
(2016) who sampled only the home, which may be more likely to con-
tain newer products with non-PBDEs.Whereas Cequier et al. (2014) re-
ported thatmost non-PBDEswere higher in ESD than FD, thedifferences
were not statistically significant, and the authors assumed erroneously
as we have shown in the present study, that all 24 h of daily exposure
occurred in the home.

In the cases of BTBPE, DBDPE,∑HBCD, and TBBPA, our results buck
the trend of higher exposures through ESD than through FD,with differ-
ences of ~0.20 ng/day (p = 0.00), ~1.4 ng/day (p = 0.29), ~2.8 ng/day
(p=0.00), and ~5.6 ng/day (p=0.00) lower through ESD than through
FD, respectively. While the differences between exposure derived from
ESD compared to FD are statistically significant for BTBPE,∑HBCD, and
TBBPA, the practical difference is a negligible matter of picograms per
day. These low exposure levels may be background concentrations
rather than from products in the sampled environments. TBBPA is an
exception and may be present, particularly if it is used as a reactive FR
(Covaci et al., 2011) and thus not as likely to leach out into the environ-
ment as when used as an additive FR. Other investigators suggest that
this distinction is not persistent (Al-Omran and Harrad, 2016; Cequier
et al., 2014).

Among the five other non-PBDE chemicals, the highest observed
non-PBDE difference between estimated human exposure from ESD
and FD was for TDCIPP (580 ng/day; p = 0.00), and the second highest
was for BEH-TEPH (150 ng/day; p = 0.00). These findings suggest that
the difference between human exposure estimates from ESD and FD
persists for most non-PBDEs when spatiotemporal dimensions of
chemical exposures are considered.

4. Conclusion and future research

This research supports the hypothesis that accounting for time spent
across microenvironments significantly influences estimates of human
exposure to various forms of FRs. The results should be cautiously
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interpreted because we extrapolated chemical concentration data ac-
quired from specific spatial locations to categories of microenvironments
in which our study participants spent time. However, the validity of our
results is supported by previous studies that reported higher FR concen-
trations in home ESD when compared to FD (Al-Omran & Harrod, 2016;
Björklund et al., 2012; Xu et al., 2016). Importantly, our conclusion con-
trasts with the 12-sample home-focused Cequier et al. (2014) conclusion
that PBDE and non-PBDE FR chemicals in ESD and FD do not require dif-
ferentiation. Future studies may include personal exposure samplers
and automated time activity pattern recorders (e.g. those using
Geographic Information System coordinates) to refine the collection of
data on exposure history. Ultimately, policies to replace toxic chemicals
in consumer products that shed FRs will be more effective in reducing
or eliminating exposures. Such policies will be better informed with
studies such as the present one that provides evidence for opportunity
for exposure and hazard characterization in risk assessment.

Acknowledgements

This research was supported in part by the University of California
multi-campus research and education in green materials (UC-44157).
J.M.A. acknowledges funding from the UC Irvine Program in Public
Health Summer Research Stipend (2013–2016). K.S.V. and K.J. acknowl-
edge funding from UC Irvine's Undergraduate Research Opportunities
Program (UROP) Grant/Fellowship (#86116s1).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.07.157.

References

Ali, N., Harrad, S., Goosey, E., Neels, H., Covaci, A., 2011. “Novel” brominated flame retar-
dants in Belgian and UK indoor dust: implications for human exposure. Chemosphere
83 (10), 1360–1365.

Ali, N., Dirtu, A.C., Van den Eede, N., Goosey, E., Harrad, S., Neels, H., Mannetje, A., Coakley,
J., Douwes, J., Covaci, A., 2012. Occurrence of alternative flame retardants in indoor
dust from New Zealand: indoor sources and human exposure assessment.
Chemosphere 88 (11), 1276–1282.

Allen, J.G., McClean, M.D., Stapleton, H.M., Webster, T.F., 2008. Critical factors in assessing
exposure to PBDEs via house dust. Environ. Int. 34, 1085–1091.

Allgood, J.M., Jimah, T., McClaskey, C.M., La Guardia, M.J., Hammel, S.C., Zeineddine, M.M.,
Tang, I.W., Runnerstrom, M.G., Ogunseitan, O.A., 2017. Potential human exposure to
halogenated flame-retardants in elevated surface dust and floor dust in an academic
environment. Environ. Res. 153, 55–62.

Al-Omran, L.S., Harrod, S., 2016. Polybrominated diphenyl ethers and “novel” brominated
flame retardants in floor and elevated surface house dust from Iraq: implications for
human exposure assessment. Emerg. Contam. http://dx.doi.org/10.1016/j.emcon.
2015.10.001.

Besis, A., Samara, C., 2012. Polybrominated diphenyl ethers (PBDEs) in the indoor and
outdoor environments–a review on occurrence and human exposure. Environ. Pollut.
169, 217–229.

Birnbaum, L.S., Staskal, D.F., 2004. Brominated flame retardants: cause for concern? Envi-
ron. Health Perspect. 112 (1), 9–17.

Björklund, J.A., Sellström, U., de Wit, C.A., Aune, M., Lignell, Darnerud P.O., 2012. Compar-
isons of polybrominated diphenyl ether and hexabromocyclododecane concentra-
tions in dust collected with two sampling methods and matched breast milk
samples. Indoor Air 22, 279–288.

Brasche, S., Bischof, W., 2005. Daily time spent indoors in German homes—baseline data
for the assessment of indoor exposure of German occupants. Int. J. Hyg. Environ.
Health 208 (4), 247–253.

Brommer, S., Harrad, S., 2015. Sources and human exposure implications of concentra-
tions of organophosphate flame retardants in dust from UK cars, classrooms, living
rooms, and offices. Environ. Int. 83, 202–207.

Buonanno, G., Stabile, L., Morawska, L., 2014. Personal exposure to ultrafine particles: the
influence of time-activity patterns. Sci. Total Environ. 468, 903–907.

Cequier, E., Ionas, A.C., Covaci, A., Marce, R.M., Becher, G., Thomsen, C., 2014. Occurrence of
a broad range of legacy and emerging flame retardants in indoor environments in
Norway. Environ. Sci. Technol. 48 (12), 6827–6835.

Covaci, A., Harrad, S., Abdallah, M.A.E., Ali, N., Law, R.J., Herzke, D., de Wit, C.A., 2011.
Novel brominated flame retardants: a review of their analysis, environmental fate
and behaviour. Environ. Int. 37 (2), 532–556.

Dodson, R.E., Perovich, L.J., Covaci, A., Van den Eede, N., Ionas, A.C., Dirtu, A.C., Brody, J.G.,
Rudel, R.A., 2012. After the PBDE phase-out: a broad suit of flame retardants in repeat
house dust samples from California. Environ. Sci. Technol. 46 (24), 13056–13066.
Dons, E., Panis, L.I., Van Poppel, M., Theunis, J., Willems, H., Torfs, R., Wets, G., 2011. Impact
of time–activity patterns on personal exposure to black carbon. Atmos. Environ. 45
(21), 3594–3602.

Great Lakes Chemical Corporation, 2005. Great Lakes Chemical Corporation completed
phase-out of two flame retardants. PR Newswire. PR Newswire, Indianapolis.

Harrad, S., Ibarra, C., Abdallah,M.A., Boon, R., Neels, H., Covaci, A., 2008a. Concentration of bro-
minated flame retardants in dust from United Kingdom cars, houses and offices: causes
of variability and implications for human exposure. Environ. Int. 34 (8), 1170–1175.

Harrad, S., Ibarra, C., Diamond, M., Melymuk, L., Robson, M., Douwes, J., Roosens, L., Dirtu, C.,
Covaci, A., 2008b. Polybrominated diphenyl ethers in domestic indoor dust fromCanada,
New Zealand, United Kingdom and United States. Environ. Int. 34 (2), 232–238.

Johnson, P.I., Stapleton, H.M., Sjödin, A., Meeker, J.D., 2010. Relationships between
polybrominated diphenyl ether concentrations in house dust and serum. Environ.
Sci. Technol. 44, 5627–5632.

Johnson-Restrepo, B., Kannan, K., 2009. An assessment of sources and pathways of human
exposure to polybrominated diphenyl ethers in the United States. Chemosphere 76,
542e548.

Kajiwara, N., Takigami, H., 2013. Emission behavior of hexabromocyclododecanes and
polybrominated diphenyl ethers from flame-retardant-treated textiles. Environ.
Sci.: Processes Impacts 15 (10), 1957–1963.

Kim, Y.R., Harden, F.A., Toms, L.M.L., Norman, R.E., 2014. Health consequences of exposure
to brominated flame retardants: a systematic review. Chemosphere 106, 1–19.

Klepeis, N.E., 1999. An introduction to the indirect exposure assessment approach:modeling
human exposure using microenvironmental measurements and the recent National
Human Activity Pattern Survey. Environ. Health Perspect. 107 (Suppl. 2), 365–374.

La Guardia, M.J., Hale, R.C., 2015. Halogenated flame-retardant concentrations in settled
dust, respirable and inhalable particulates and polyurethane foam at gymnastic train-
ing facilities and residences. Environ. Int. 79, 106–114.

Leech, J.A., Nelson, W.C., Burnett, R.T., Aaron, S., Raizenne, M.E., 2002. It's about time: a
comparison of Canadian and American time–activity patterns. J. Expo. Sci. Environ.
Epidemiol. 12, 427–432.

Lorber, M., 2008. Exposure of Americans to polybrominated diphenyl ethers. J. Expo. Sci.
Environ. Epidemiol. 18, 2–19.

Mizouchi, S., Ichiba, M., Takigami, H., Kajiwara, N., Takamuku, T., Miyajima, T., Kodama, H.,
Someya, T., Ueno, D., 2015. Exposure assessment of organophosphorus and
organobromine flame retardants via indoor dust from elementary schools and do-
mestic houses. Chemosphere 123, 17–25.

Odeh, I., Hussein, T., 2016. Activity pattern of urban adult students in an eastern Mediter-
ranean society. Int. J. Environ. Res. Public Health 13:960. http://dx.doi.org/10.3390/
ijerph13100960.

Olds, T., Wake, M., Patton, G., Ridley, K., Waters, E., Williams, J., Hesketh, K., 2009. How do
school-day activity patterns differ with age and gender across adolescence?
J. Adolesc. Health 44 (1), 64–72.

Ott, W.R., 1990. Total human exposure: basic concepts, EPA field studies, and future re-
search needs. J. Air Waste Manag. Assoc. 40 (7), 966–975.

Quiros-Alcala, L., Bradman, A., Nishioka, M., Harnly, M.E., Hubbard, A., McKone, T.E.,
Eskenazi, B., 2011. Concentrations and loadings of polybrominated diphenyl ethers
in dust from low-income households in California. Environ. Int. 37 (3), 592–596.

Rauert, C., Harrad, S., Stranger, M., Lazarov, B., 2015. Test chamber investigation of the
volatilization from source materials of brominated flame retardants and their subse-
quent deposition to indoor dust. Indoor Air 25:393–404. http://dx.doi.org/10.1111/
ina.12151.

Roosens, L., Cornelis, C., D'Hollander, W., Bervoets, L., Reynders, H., Van Campenhout, K., Van
Den Heuvel, R., Neels, H., Covaci, A., 2010. Exposure of the Flemish population to bromi-
nated flame retardants: model and risk assessment. Environ. Int. 36 (4), 368–376.

Schreder, E.D., La Guardia, M.J., 2014. Flame retardant transfers from US households (dust
and laundry wastewater) to the aquatic environment. Environ. Sci. Technol. 48 (19),
11575–11583.

State of California, 2003. California Code - chapter 10: polybrominated diphenyl ethers.
California Health and Safety Code Division 104 (Sections §108920–108923).

Tulve, N.S., Egeghy, P.P., Fortmann, R.C., Whitaker, D.A., Nishioka, M.G., Naeher, L.P.,
Hilliard, A., 2008. Multimediameasurements and activity patterns in an observational
pilot study of nine young children. J. Expo. Sci. Environ. Epidemiol. 18 (1), 31–44.

USEPA, 1992. Guidelines for Exposure Assessment EPA/6002-92/001 FR57. Office of
Health and Environmental Assessment, U. S. Environmental Protection Agency,
Washington, DC, pp. 22–23.

USEPA, 2011. Exposure Factors Handbook 2011 Ed. xiii. Office of Health and Environmen-
tal Assessment, U. S. Environmental Protection Agency, Washington, DC.

USEPA, 2016. Exposure Assessment Tools by Routes – Ingestion. (Retrieved from 03/15/
2017). https://www.epa.gov/expobox/exposure-assessment-tools-routes-ingestion.

Ward, M.H., Colt, J.S., Deziel, N.C., Whitehead, T.P., Reynolds, P., Gunier, R.B., Nishioka, M.,
Dahl, G.V., Rappaport, S.M., Buffler, P.A., Metayer, C., 2014. Residential levels of
polybrominated diphenyl ethers and risk of childhood acute lymphoblastic leukemia
in California. Environ. Health Perspect. 122 (10), 1110–1116.

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. Environ. Health Perspect. 119 (9), 1247–1252.

Wikoff, D., Thompson, C., Perry, C., White, M., Borghoff, S., Fitzgerald, L., Haws, L.C., 2015.
Development of toxicity values and exposure estimates for tetrabromobisphenol A:
application in a margin of exposure assessment. J. Appl. Toxicol. 35 (11), 1292–1308.

Xu, F., Giovanoulis, G., Van Waes, S., Padilla-Sanchez, J.A., Papadopoulou, E., Magnér, J.,
Huang, L.S., Neels, H., Covaci, A., 2016. Comprehensive study of human external expo-
sure to organophosphate flame retardants via air, dust, and hand wipes: the impor-
tance of sampling and assessment strategy. Environ. Sci. Technol. 50 (14),
7752–7760.

doi:10.1016/j.scitotenv.2017.07.157
doi:10.1016/j.scitotenv.2017.07.157
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0020
http://dx.doi.org/10.1016/j.emcon.2015.10.001
http://dx.doi.org/10.1016/j.emcon.2015.10.001
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0050
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0050
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0050
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0080
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0080
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0085
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0085
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0085
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0110
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0110
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0130
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0130
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0135
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0135
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0135
http://dx.doi.org/10.3390/ijerph13100960
http://dx.doi.org/10.3390/ijerph13100960
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0145
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0145
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0145
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0155
http://dx.doi.org/10.1111/ina.12151
http://dx.doi.org/10.1111/ina.12151
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0180
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0180
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0190
https://www.epa.gov/expobox/exposure-assessment-tools-routes-ingestion
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)31860-0/rf0215

	Spatiotemporal analysis of human exposure to halogenated flame retardant chemicals
	1. Introduction
	2. Methods
	2.1. Time activity diaries
	2.2. Dust sampling
	2.3. Chemical analyses
	2.4. Flame retardant exposure estimation
	2.5. Statistical analyses

	3. Results and discussion
	3.1. Study participants and time activity patterns
	3.2. ESD compared to FD flame retardant human exposure estimates assuming 24hours spent across microenvironments
	3.2.1. ESD compared to FD flame retardant human exposure estimates for PBDEs
	3.2.2. ESD compared to FD flame retardant human exposure estimates for non-PBDEs


	4. Conclusion and future research
	Acknowledgements
	Appendix A. Supplementary data
	References




