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Table 2. Concentrations of Brominated Products in Marine Sponges and Fish Samples Collected between 2005 and 2009 from
Palau and the Western Pacific

Neutral Fraction

130 (20—280)

110 (18—220) 290 (65~840)

80 (20—190) 120 (14—240) 330 (40—950)

25 (10—120) 28 (15—60) 120 (75—600)

41 (15—110) 43 (10—80) 82 (30—250)

510 (70—1320) 301 (57—500) 1072 (210—3060)
31 (10~87) 20 (5—38) 46 (15—160)

210 (40—470) 230 (32—460) 620 (105—1790)
nd nd nd

41 (15—110) 43 (10—80) 82 (30—250)

nd nd nd

nd nd nd

280 (65—670)

290 (47-580) 550 (150—2200)

Phenolic Fraction

2'-MeO-BDE68 43.2 19.1
6-MeO-BDE47 822 5.90
2,2-diMeO-BB80 2.84 2.92
2/,6-diMeO-BDE68 6.72 4.51
sum of four congeners 61.0 324
3, MeO-triBDE 429 417
3,MeO-tetraBDE 51.5 25.0
ZMeO-pentaBDE 0.31 1.56
ZdiMeO-tetraBDE 724 5.56
ZdiMeO-pentaBDE 0.16 0.17
2diMeO-hexBDE nd nd
total ' 63.5 36.5
2/-OH-BDE68 4.71 204
6-OH-BDE47 3.41 20.5
2,2/-diOH-BB80 0.39 128
2/,6-diOH-BDE68 187 379
sum of four congeners 27.2 80.1
ZOH-triBDE’ nd nd
ZOH-tetraBDE" 812 54.8
ZOH-pentaBDE* 2.59 129
ZdiOH-tetraBDE" 187 379
SdiOH-pentaBDE™ 9.67 9.03
ZdiOH-hexaBDE" 10.7 3.65
2OH-tetraBDD* 0.21 045
total 50.0 119
6-OH-BDE47/6-MeO-BDE47 041 3.47

nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd

Ratio

nd nd

nd 10 (<0.2—20)

nd nd

nd nd
10 (<0.2—20)

nd nd

nd nd

nd nd

nd nd

nd 10 (<0.2—24)

nd nd

nd 0.2 (<02—3)
10 (<0.2~24)
0.03

“ Ethylacetate extractable organic matter (%). ” Arithmetic mean of hexane extractable ligid (%) =+ standard deviation. ¢ Calculated by selected ion
abundance on the assumption of the same response of target analytes relative to 6-OH-[ "*C]BDE47 (IS). ¢ iOH-PBDEs include OH-MeO-PBDEs.
Concentrations are medians, along with 10th—90th percentiles in parentheses. nd = not detected (less than LOQ = 0.2 ng/g lipid for

. 6-OH-[*C]BDE47 and 0.5 ng/g lipid for 2/,6-diMeO-BDE6S).

(Figure 2). The SIMs at m/z 530, 624, and 594 were indicative of
OH-tetraBDDs (peaks 1 and 2), iOH-pentaBDE (peak 3), and
OH-pentaBDEs (peaks 4 and S), respectively. The EI mass
spectra of peaks 2 and 3 are shown in Figure 3, and those of peaks
1, 4, and § are available in Figure S4 (Supporting Information).
The spectrum of peak 2 exhibited M™* (m/z 526), [M-CH,]* (m/
z 511), and [M-CH;3CO]" (m/z 483), which undergoes further
fragmentation of a [M-CH3COBr,]" ion, characteristic of MeO-
tetraBDD. The EI mass spectrum of peak 3 exhibited M* (m/z
620), [M-CH;-OCH;]" (m/z 576), [M-CH;Br]* (m/z 526),
and [M-Br,]" (m/z 462), characteristic of diMeO-PBDE.®
Profiles from Coral Fishes. Figure 4 shows the SIM profiles
of tri- and tetraBDE products in the neutral fraction of unicorn-
fish (Naso lituratus) from Palau Island, surgeonfish (Acanthurus
xanthopterus) from Guam Island, and groupers (Epinephelus sp.)
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from Okinawa Island, Japan. Major brominated components in
fish samples (muscles) were basically the same as brominated
products from sponges (MeO-triBDEs, 2'-MeO-BDE6S,
6-MeO-BDE47, 2/,6-diMeO-BDES68, and 2,2'-diMeO-BB80).
Several fish samples (ie., kawakawa, (Euthynnus affinis) from
Palau and yellowfin tuna (Thunnus albacores) from Okinawa)
also contained these methoxylated analogues with similar profiles
to sponge brominated compounds (Figure SS, Supporting
Information).

Levels of Brominated Compounds in Sponge and Fish
Samples. The concentrations of major brominated compounds
in sponges (EOM weight basis) and fish (lipid weight basis) are
listed in Table 2. The total concentrations of MeO-tetraBDE
analogues (sum of four compounds) were 61.0 yg/g EOM in
Haliclona sp. and 32.4 ug/g EOM in Callyspongia sp., whereas the
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corresponding OH-tetraBDE analogues were present at the
levels of 27.2 and 80.1 ug/g EOM, respectively. The con-
centrations of MeO-PBDE analogues in nearby fish ranged
from 65 to 670 ng/g lipids (median, 280 ng/g lipid), which
accounted for 0.4% and 0.8% of ZMeO-tetraBDE in Haliclona
sp. and Callyspongia sp., respectively. OH-PBDE and diOH-
pentaBDE in fish were present in concentrations of up to
40 ng/g lipid. The concentration ratios of ZOH-PBDE/
SMeO-PBDE were about 0.4 in Haliclona sp. and 3.5 in
Callyspongia sp., whereas the ratios were smaller than 0.03 in
all fish samples.

& DISCUSSION

Sponge Brominated Products. Previous chemical studies on
the isolation of brominated products from marine sponges have
been extensively performed on the genus Dysidea,>**1*¢
where OH-/MeQO-PBDEs may represent as much as 12% of the
dry weight.”® This genus contains a large population of cyanophytes
within its tissues,”’ and the OH-PBDE analogues are likely
produced by the symbiotic filamentous cyanobacterium Oscilla-
toria spongeliae.” In the present study, we screened brominated
analogues in sponge families other than Dysidea sp., of which two
genera, Haliclona and Callyspongia, that are common marine
sponges in Palau, had an abundance of OH- and MeO-PBDEs.

In the neutral fractions of both sponge extracts, we isolated
four MeO-triBDE congeners (unidentified structures), two
MeO-tetraBDEs (2/-MeO-BDE68 and 6-MeO-BDE47), and
three dimethoxylated analogues (2,2'-diMeO-BB80, 2',6-di-
MeO-BDE68, and diMeO-pentaBDEs). Although the profiles
and amounts of these products in two species seems to be
different from those from Dysidea sp. in the Indo-Pacific,® 2'-
MeO-BDE68 and 6-MeO-BDEA7 were commonly found in the
present study (Haliclona and Callyspongia sp.) as well as in
Dysidea sp.>* These products were also isolated from an aquatic
sponge (Ephydatia fluviatilis) and marine red algae (Ceramium
tenuicorne) from the Baltic sea””’ and marine algae (eg,
Sargassum sp.) from the Philippines,® indicatin% that these
products are widespread in the marine food web. ® For other
products, 2,2'-diMeO-BB80 isolated in this study has not hither-
to been reported in sponges or algae. This compound is likely
derived from 2,2'-diOH-BBS80 that has been isolated in the
bacteria Pseudoalteromonas phenolica sp. from the Pacific.”®
Furthermore, MeO-triBDEs (four products) and diMeO-tetra-
BDE (as 2/,6-diMeO-BDEGS) detected in both sponges are
also produced by Dysidea sp.”” Most of these products have
been seen in whale blubber from Japanese coastal waters">'® and
in Australia.">"”

In the phenolic fraction of marine sponges, 2'-OH-BDE68 and
6-OH-BDE47 were the predominant congeners in both species.
Although diOH-penta- and diOH-hexaBDE were determined as
methoxylated derivatives, these products included OH-MeO-
analogues of tetra-, penta-, and hexaBDEs, some of which were
confirmed by direct GC/MS measurement in EI mode (Figure
S3, Supporting Information). One of the structures was tenta-
tively identified as 2'-MeO-6-OH-BDE68 due to characteristic
[M-CH;Br]* for an ortho-substituted MeQO group and ortho-
bromine in the other ring?® Since it seems difficult to directly
determine the diOH-PBDEs, the ratios of OH-MeO- and diOH-
analogues present in the sponges remain unclear.

Interestingly, tetraBDE products were isclated as a mixture of
hydroxy and methoxy analogues (about 1:2 for Haliclona sp. and

O Br
a
y Br Br
OH OH / 1
Br o} (b) 2',6-diMeO-BDE68
Br Br OH
Br (c) Br 0.
2' B-diOH-BDE68 \
o) Br
Br
2-OH-triBDD

Figure 5. Proposed pathway for the biotransformation of dihydroxy-
lated PBDEs. (a) bacterial O-methylation (ref 30); (b) microsomal
demethylation (ref 37); and (c) bromoperoxidase-mediated condensa-
tion (ref 31) in marine biota.

2:1 for Callyspongia sp.). However, the triBDE products were
present only as methoxylated analogues, whereas the penta- and
hexaBDE products were present primarily as dihydroxylated or
hydroxy-methoxy PBDE analogues in both species. These find-
ings suggest that bacterial O-methylation may occur in sponges,
depending on the degree of bromination.>® Alternatively, the
biosynthesis process of diOH-PBDEs may be different from that
of MeO-PBDEs.

In red algae and cyanobacteria from the Baltic Sea, Malmvarm
et al.'® demonstrated the presence of tri-, tetra-, and pentaBDDs.
Although we could not confirm the occurrence of such PBDDs in
sponges investigated, we studied the occurrence of at least two
hydroxy-tetraBDDs (OH-tetraBDDs) in the phenolic fraction.
The OH-tetraBDDs isolated in this study may be the same as
products from an Australian marine sponge, Dysidea dendyi, ¥
where diOH- or OH-MeO-pentaBDEs have been present as well.
As proposed in Figure 5, we hypothesize that sponge-associated
organisms produce OH-PBDDs by dehydrobromination of
diOH-PBDEs (e, 2/,6-diOH-BDE68) present in Callyspongia
sp. due to the loss of phenolic protons and bromine in the ortho
position of the other ring. The levels of OH-tetraBDDs are
estimated to be 0.2—0.45 ug/g EOM, which account for about
2—5% of diOH-PBDEs in the both sponges (Table 2). Bromo-
peroxidase may contribute to the internal cyclization from diOH-
PBDEs’" as it is suggested that chloroperoxidase can be involved in
the condensation of chlorophenols to tetrachloro-dibenzo-p-dioxin.**
Alternatively, OH-tetraBDDs could potentially be formed by
photolysis of the diOH-PBDEs present in the sponges.>

Brominated Compounds in Fish. Because fish frequently
feed on marine sponges in the coral reef environment, sponge-
produced brominated compounds could have been transferred
to fish such as unicorn fish included in this study living in the
same regions of Palau. Our study shows that sponge-produced
MeO-PBDEs are observed not only in Palauan fish, but also in
the other fishes (surgeonfish and groupers) from the coastal
waters of Guamn (Micronesia) and Okinawa (Japan) (Figure 4S,
Supporting Information). Similar profiles in fish indicate the
wide distribution of MeO-PBDEs produced by marine sponges,
likely explaining the higher concentrations observed in whales
and dolphins in the Pacific and Oceania.*6 The present levels of
MeO-tetraBDE:s in fish from the western Pacific are comparable
to the results from shark liver in Ishigaki Island, in the southern
coast of Japan,'” and blubber of killer whales from northern
Japan.'® In particular, the levels of MeO-tetraBDEs in groupers
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from Okinawa seem to be 1 order of magnitude higher than those
in bluefin tuna (up to 80 ng/g lipid) from Okinawa Island,**
farmed tuna (up to 63 ng/g lipid) from the Mediterranean Sea,!
Baltic salmon (up to 7 ng/g lipid), and Arctic cod liver (up to
17 ng/g lipid)."° In addition, MeO-triBDESs, 2,2'-diMeO-BB80, and
2/,6-diMeO-BDE68 distributed in marine biota are also major
products in the marine sponges investigated.>'® Considering that
their levels in sponges on an EOM weight basis are about 2 orders
of magnitude higher than those observed in fish on a lipid-weight
basis (Table 2), it is evident that marine sponges are a potential
source of MeO-triBDEs and diMeO-BB/BDEs, which could
biomagnify via the food chain to higher trophic organisms.®
Total concentrations of 2'-OH-BDE68 and 6-OH-BDE47 are
similar to those of the methoxylated analogues in both sponges.
Nevertheless, these phenolic products were trace (less than
10 ng/g lipid) or undetectable in the local fish of Micronesian and
Japanese coastal waters. A few fish samples (three of eleven
groupers) from Okinawa Island contained diOH-pentaBDEs and
OH-tetraBDDs, but the levels observed were low (up to 24 ng/g
lipid) in this study. These results indicate that sponge-produced
OH-PBDE analogues are less transferable to higher trophic
animals or accumulate less in the fatty tissues of mammals. In
fact, OH-tetraBDEs were present at 2% of the correspondjn§
MeO-tetraBDE levels found in shark livers from Okinawa.®
These phenolic PBDEs may be more concentrated in fish blood
and water-soluble body tissues.** In some cases, it is possible that
the OH-PBDEs identified in the blood may originate from
metabolites of anthropogenic PBDEs*® via cytochrome P450-
mediated hydroxylation in the liver. Such oxidations generally
helps organisms make OH-PBDEs more water-soluble and thus
excreted more easily as O-conjugates. Another bjotransforma-
tion process is also possible via bacterial O-methylation of OH-
PBDEs,*® while it has been reported that microsomal demethyla-
tion of natural MeO-PBDEs to the corresponding OH-PBDEs
may occur in the mammalian liver®” (Figure 5). Further studies
are necessary to elucidate the transformation and biomagnifica-
tion processes of OH- and MeO-PBDE:s in the environment.

B ASSOCIATED CONTENT

© Ssupporting Information.  GC-ELI-MS of peaks a—d in
Figure 1, triBDD or methoxy-triBDD, hydroxy-methoxy analog-
ues of tetraBDE, and pentaBDE; peaks 1, 4, and § in Figure 2; and
SIM chromatograms of the neutral fractions from several fish
materials in the western Pacific. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Factor analysis

Perfluorooctanoic acid (PFOA) has long been an environmental contaminant of concern owing to its
potential health risk. However, exposure to perfluorinated carboxylic acids (PFCAs) other than PFOA is
not well understood. In this study, we investigated the concentrations of PFCAs in vacuum cleaner dust
in Japan to measure the PFCAs contamination in an indoor environment. Most of the 77 samples con-
tained PFCAs with 6-13 carbon atoms. The median concentration of perfluorononanoic acid (PENA,
23.2ngg ") was highest among PFCAs, followed by PFOA (20.8 ngg™') and perfluoroundecanoic acid
(PFUNDA, 12.9ng g™"). The 90th percentile concentrations of PFNA, PFUnDA and perfluorotridecanoic
acid (PFTrDA) were 948, 283 and 110 ng g™, respectively, and these were detected at greater concentra-
tions than neighboring, even-numbered PFCAs. The proportion of long-chain PFCAs in vacuum cleaner
dust from Japan was relatively higher than those reported for other countries. Factor analysis showed
three independent factors. Odd-numbered long chain PFCAs (PENA, PFURDA and PFTrDA), which can cor-
respond to factor 1, were major components of PFCAs in vacuum cleaner dust. Short chain PFCAs (factor
2) and even numbered long chain PFCAs (factor 3) were also statistically separated. These findings sug-
gest that there are several sources of PFCAs with different origins in indoor environment. Further inves-

tigations into the origins of PFCAs are needed to evaluate indoor contamination with PFCAs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Perfluorinated alkyl acids such as perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA) have been detected in
various media in the environment, including wildlife and humans
(Houde et al., 2006). In 2002, a major manufacturer, 3M Company,
phased out PFOS production (Renner, 2001). Since then, several
studies have demonstrated that PFOS and PFOA induce develop-
mental toxicities in animals and humans (Lau et al., 2007; Steen-
land et al, 2010). Although PFOA was a major component of
perfluoroalkyl carboxylates (PFCAs) emission, long chain PFCAs
(perfluorononanoic acid (PFNA), perfluoroundecanoic acid (PFUn-
DA) and perfluorotridecanoic acid (PFTrDA)) have also been de-
tected in discernible concentrations in samples collected from
wildlife (Prevedouros et al., 2006; Furdui et al.,, 2008).

Abbreviations: PFCAs, perfluorinated carboxylic acids; PFOS, perfluorooctane
sulfonate; PFOA, perfluorooctanoic acid; PFHXA, perfluorohexanoic acid; PFHpA,
perfluoroheptanoic acid; PFNA, perfluorononanoic acid; PFDA, perfluorodecanoic
acid; PFUnDA, perfluoroundecanoic acid; PFDoDA, perfluorododecancic acid;
PFTrDA, perfluorotridecanoic acid; PFTeDA, perfluorotetradecanoic acid; PFAAs,
perfluoroalkyl acids; IDLs, instrumental detection limits; LOD, limit of detection;
MDLs, method detection limits; RSD, relative standard deviation; SD, standard
deviation; GM, geometric mean; GSD, geometric standard deviation.

* Corresponding author. Tel.: +81 75 753 4456; fax: +81 75 753 4458,

E-mail address: koizumi.akio.5v@kyoto-u.ac.jp (A. Koizumi).
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In human biomonitoring studies, PFOS was the major perfluoro-
alkyl acids (PFAAs) found in human serum. In addition, PFOA was
found to be the most prevalent component of serum PFCAs in wes-
tern countries, followed by PFNA, perfluorodecanoic acid (PFDA)
and PFUnDA (Karrman et al., 2007; Haug et al., 2009; Kato et al.,
2009b). Our previous study of Japanese, Korean and Vietnamese
adults showed that PFNA and PFUnDA were found in serum at con-
centrations generally similar to PFOA, and that these levels have
continued to increase, even after 2002 (Harada et al., 2011). Factor
analysis of PFCAs also revealed two major factors composed of
PENA, PFUnDA and PFTrDA (factor 1) and PFOA and perfluorohep-
tanoic acid (PFHpA) (factor 2) (Harada et al.,, 2011). However, the
origin of these factors is still not known.

Long chain PFCAs have not been detected in food duplicate
samples in Japan at concentrations greater than method detection
limits (MDL: 0.1 ng g~? for PFNA, 0.5 ng g~ for PFDA and PFUnDA,
respectively) (Kdrrman et al., 2009). In addition, the predominance
of odd numbered PFCAs has not been reported in aquatic systems
in Japan (Murakami et al., 2008, 2009; Zushi et al., 2008; Raj Shivak-
oti etal., 2011). Fluorotelomer alcohols (FTOHs) are considered to be
precursors of long chain PFCAs and have been detected in Japan and
Western countries (Martin et al,, 2002; Jahnke et al., 2007; Oono
et al, 2008a,b; Mahmoud et al, 2009). Although atmospheric
degradation of 8:2 FTOH has shown comparable yields of PFOA
and PFNA (Ellis et al., 2004), the dominance of odd number PFCAs
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in human serum has been observed only in East Asian countries
(Harada et al,, 2011). A review by Prevedouros et al. (2006) indicated
that odd numbered PFCAs have been applied to fluoropolymer man-
ufacturing aids and surfactants that were manufactured via oxida-
tion of fluorotelomer olefins. Their application to commercial
products might be an exposure source of long chain PFCAs in human
serum. Given the indoor use of those products, a portion of them
likely disperses and contaminates indoor dusts.

The primary goal of the present study was to investigate PFCAs
in house dust. To achieve this goal, we investigated vacuum cleaner
dust concentrations of PFCAs in Japan. To evaluate the potential
factors influencing the PFCAs level, questionnaires regarding hous-
ing conditions and articles were collected. In addition, we con-
ducted factor analysis to elucidate the potential compositions of
PFCAs in indoor dust.

2. Materials and methods
2.1. Sample collection

To evaluate geographical differences in PFCAs in vacuum clea-
ner dust in Japan, we recruited 77 homes from Osaka, Kyoto,
Wakayama and Toyama, Japan and conducted sampling from Octo-
ber to December, 2010. Osaka was selected to evaluate the effects
of a local industrial source of PFOA (Saito et al., 2004; Morikawa
et al., 2006; Niisoe et al., 2010). Vacuum cleaner dust samples were
collected from the used bag of the household vacuum cleaner into
a sealable polyethylene bag. Samples were shipped via an over-
night delivery service to Kyoto University.

A 500 mg cleaner dust sample was taken out from the sealable
polyethylene bag and hairs and plastic garbage were removed from
the samples using forceps and a loupe. Samples were then sieved
to remove materials greater than 150 um in diameter and stored
at —4°C until analysis in the Kyoto University Human Specimen
Bank (Koizumi et al., 2005, 2009). Information regarding the home
condition, articles use and life habits was then collected by ques-
tionnaire (Table 1 and Supplemental Table 1). The research proto-
col for the present study was reviewed and approved by the Ethics
Committee of the Kyoto University Graduate School of Medicine on
13 October 2010 (E960). Written informed consent was obtained
from all participants.

2.2. Reagents

Methanol (LC-MS grade) and water (distilled LC-MS grade) were
obtained from Kanto Chemicals (Tokyo, Japan). Ammonium hydrox-
ide (25% in water) was purchased from Merck (Darmstadt,
Germany). Benzyl bromide was purchased from Wako pure chemi- -
cals (Osaka, Japan). Amixture of '*C,-labeled perfluorohexanoic acid
(PFHxA), 3C,-labeled PFOA, *C4-labeled PFOA, *Cs-labeled PFNA,
13C,-labeled PFDA, '3C,-labeled PFUnDA and '*C,-labeled perfluor-
ododecanoic acid (PFDoDA) was obtained from Wellington Labora-
tories (Guelph, Ontario, Canada) and Perkin Elmer (Boston, MA).
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2.3. Determination of PFCAs in vacuum cleaner dust

PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA
and perfluorotetradecanoic acid (PFTeDA) were analyzed by gas
chromatography/mass spectrometry (Agilent 6890GC/5973MSD,
Agilent Technologies Japan, Ltd., Tokyo, Japan). Perfluorooctane
sulfonamides were not included because main purpose in this
study was to elucidate a pattern of PFCAs exposure in indoor envi-
ronment. Vacuum cleaner dust samples were subjected to a clean-
up procedure consisting of a weak anion exchange, solid-phase
extraction. Briefly, approximately 500 mg of vacuum cleaner dust
sample and internal standards (10ng mixture of '3C-labeled
PFHxA, 13C,-labeled PFOA, 3Cs-labeled PFNA, 3Cy-labeled PFDA,
13C, labeled PFUNDA, and '3Cp-labeled PFDoDA) were put into a
50 mL polypropylene (PP) centrifugation tube and 20 mL of meth-
anol were added. The samples were then vortexed and shaken on a
vertical shaker for 30 min, after which they were placed in an
ultrasonic bath for 15 min. Next, the samples were centrifuged
(11000g, 15min), and the supernatant was then reduced to
approximately 5 mL by rotary evaporation. Approximately 15 mL
of water were subsequently added to the sample, and the solution
was put through a WAX solid phase cartridge (6 cc, 150 mg 30 mum,
Waters, Milford, MA, USA) that had been previously conditioned
with 4 mL methanol and 4 mL water. Subsequent loading of the
sample was followed by washing the sorbent with 4 mL 40% (v/
v) methanol in water and a second wash using 8 mL methanol.
The perfluorinated compounds were then eluted into a tube using
2 mlL 2% (v/v) ammonium hydroxide in methanol. The solution was
then dried under N, after which 0.25 mL of 100 mM benzyl bro-
mide acetone and the performance standard 3C,-PFOA were
added. Next, the solution was transferred to an autosampler vial
and heated for 1h at 80 °C. Extracts were subsequently analyzed
by GC/MS in electron impact ionization mode using single ion
monitoring. PFCA benzyl esters were separated on a DB-5MS col-
umn (30 m length, 0.25 mm i.d., 1 pm film thickness) with a he-
lium carrier gas. Splitless injections (0.5 pL) were performed with
the injector set to 220 °C, and the split was opened after 1.5 min.
The initial oven temperature was 70 °C for 2 min, after which it
was increased to 100°C at 20°Cmin~, and then to 280°C at
30°C min~". Jon fragments ([M]") were monitored and used for
quantification (Supplemental Table 2).

Instrumental detection limits (IDL) were defined as the mass of
the analyte producing a peak with a signal-to-noise ratio of 3, and
ranged from 2 pg (PFTeDA) to 0.5 pg (other PFCAs) (Supplemental
Table 2). All samples were quantified using a seven-point calibra-
tion curve (range: 0.5-50000 ng mL™" in methanol). Limit of detec-
tion (LOD) was defined as the lowest concentration with a relative
standard deviation (RSD) of the relative response factors <15%
(n=3 for each concentration). The method detection limit (MDL)
was defined as the blank response +3 standard deviations in
procedural blank samples. The procedural blank levels using
0.5 mL distilled water were evaluated in every 11 samples. Since
blank samples (0.5 mL distilled water) contained no detectable
concentrations, MDL was considered to be equal to the LOD

Table 1

Study area and population.
Sampling site Population density (x10% km™2) n Building age® (yr) House type Building Construction

Houses Apartments Timber Concrete

Osaka 11.7 21 31.0£27.3 10 11 7 14
Kyoto 1.7 20 303+21.2 13 7 i1 9
Wakayama 0.50 16 18.1+14.2 14 2 13 3
Toyama 0.86 20 20.8+9.7 19 1 15 5

2 Data are presented as the mean * standard deviation.
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corresponding to 2 ng g~ for PFTeDA and 0.5 ng g~ for the other
PFCAs (Supplemental Table 2).

2.4. Quality assurance

Quantification was conducted using an internal standard dis-
solved in acetone. '3C,-labeled PFHxA, '3C4-labeled PFOA, 3Cs-la-
beled PFNA, 3C,-labeled PFDA, '3C,-labeled PFUnDA and '3C,-
labeled PFDoDA were used as the internal standard for PFCAs.
PFHpA was quantified by '>C,-PFHXA, PFTrDA, PFTeDA and '3C,-
PFDoDA. '3C,-PFOA (10 ng) was added prior to derivatization for
determination of amount of recovered '>C-labeled PFHxA, PFOA,
PFNA, PFDA, PFUnDA and PFDoDA. The results were corrected for
recoveries. The recoveries were evaluated by five replicate fortifi-
cations (fortified by 10 times the original concentration of vacuum
cleaner dust) of a vacuum cleaner dust sample with low contami-
nation (Supplemental Table 2). To validate variations throughout
analysis, duplicates of 5 ng-fortified cleaner dust samples were
analyzed in a batch in each sampling sites (n = 4). They were com-
pared and indicated good precision with RSDs < 10.6% (Supple-
mental Table 2).

2.5, Statistical analysis

All statistical analyses were conducted using the JMP software
(Version 4; SAS Institute Inc.,, Cary, NC). Values of p < 0.05 were
considered to indicate statistical significance. Concentrations low-
er than the detection limit were considered to be equal to half of
the detection limit for statistical analyses. Vacuum cleaner dust
levels of PFCAs were assumed to be distributed lognormally be-
cause they displayed right-skewed patterns and had geometric
means comparable to the medians. Statistical analyses were con-
ducted after logarithmic transformation of the vacuum cleaner
dust concentrations. Differences between mean values were tested
by Tukey-Kramer's honestly significant difference (HSD) test when
statistical tests by ANOVA were significant. Correlations were
tested by Spearman’s rank correlation coefficient (p). Factor analy-
sis was used to transform a number of contaminants into a smaller
number of potential factors of sources. Factor analysis was con-
ducted via a correlation matrix. Eigenvectors were employed
through analysis, and the eigenvalues which account for the more
than 80% of variations were taken into account. Normalized vari-
max rotation (an orthogonal rotation of the factor axes) was ap-
plied to these eigenvectors to simplify them into a few variables
with high correlations.

3. Results
3.1. PFCAs concentrations in vacuum cleaner dust

The descriptive statistics for PFCAs are presented in Table 2.
Most samples contained PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUn-
DA, PFDoDA and PFTrDA. PFTeDA was less frequently observed at
concentrations above the MDL. The median concentration of PENA
(23.2 ng g~') was highest among PFCAs, followed by that of PFOA
(20.8 ng g™1), PFUNDA (12.9ng g™ "), and PFHxA (9.2 ngg™"). 0dd
numbered long chain PFCAs showed large variations in concentra-
tions, with geometric standard deviations ranging from 6.1 to 7.2.
The 90th percentile concentrations of PFNA, PFUnDA and PFTrDA
were 948, 283 and 110 ng g~, respectively, and these were de-
tected at higher concentrations than neighboring, even-numbered
PFCAs (PFDA, PFDoDA and PFTeDA).

The geometric mean (GM) of PFOA of dust samples was signif-
icantly higher in Osaka than those in Kyoto, Wakayama and
Toyama (p < 0.05). The GM of PFHpA was also higher in samples

from Osaka and Kyoto than those from Toyama (p < 0.05). Concen-
trations of PFHxA in dust samples were higher in Osaka than in
Kyoto and Wakayama (p < 0.05). In contrast, there was no signifi-
cant difference in the GMs of PFNA, PFDA, PFUnDA and PFTrDA
among the four sampling sites (p > 0.05). Samples from Wakayama
showed a higher GM of PFDoDA (p < 0.05). The mean proportions
of PFOA in the total PFCAs were 33.0% +22.5%, 21.7%+14.7%,
12.3% +8.4% and 18.2% = 12.2% in Osaka, Kyoto, Wakayama and
Toyama, respectively.

3.2. Correlations among PFCAs levels and factor analysis

The nonparametric correlation coefficients among the PFCAs in
the 77 samples are listed in Table 3. PFHpA was more highly
correlated with PFOA and PFDA among the PFCAs (p = 0.822 and
0.544, respectively). PFOA was also significantly correlated with
PFNA, PFDA and PFUnDA, although the highest p coefficient was
0.429 with PFDA. Among the long chain PFCAs, PFUnDA was
strongly associated with PFNA and PFTTDA (p =0.913 and 0.888,
respectively). PFDoDA also showed high correlation coefficients
with PFDA, PFTtDA and PFTeDA (p=0.719, 0.554 and 0.535,
respectively). :

Factor analysis was applied to delineate the relationships
among PFCA concentrations. The contributions of factors 1, 2 and
3 to the total variance were 47.7%, 19.7% and 14.5% (with an eigen-
value >1), respectively (Table 4). After varimax rotation, the first
factor had greater correlations with odd numbered longer-chain
PFCAs (PFNA, PFUnDA, PFTrDA) than short chain and even-num-
bered long chain PFCAs. Factor 1 represents odd numbered longer
chain PFCAs. The second factor had a greater correlation with
short-chain PFCAs (PFHXA, PFHpA and PFOA) than with other
PFCAs. The second factor may represent PFOA and other short
chain PFCAs. The third was negatively correlated with even num-
bered long-chain PFCAs (PFDA, PFDoDA and PFTeDA). The third fac-
tor represents even numbered long chain PFCAs.

Factor scores were compared among the four sampling sites
(Table 4). There was no significant difference in factor 1 for sam-
ples from each site (p>0.05), suggesting a common emission
source of odd numbered longer chain PFCAs in Japan. In contrast,
samples collected from Osaka had the highest factor 2 score
(p <0.05), suggesting a local emission source in Osaka. Factor 3
had the lowest score in Wakayama (p < 0.05), suggesting a possible
local emission source specific to Wakayama.

3.3. Association between house conditions and PFCAs factors

To evaluate the influence of the participant’s characteristics on
PFCAs concentrations in vacuum cleaner dust samples, Pearson’s
correlation or ANOVA were conducted for the three potential fac-
tors (Supplemental Table 1). Only the number of household mem-
bers was positively correlated with factor 1 (odd-numbered longer
chain PFCAs, p <0.05). Samples from apartments and concrete
buildings showed higher factor 2 scores (PFOA and other short
chain PFCAs, p < 0.05). The water repellent use group also showed
higher factor 2 scores than the non-use group (p < 0.05). The score
of factor 3 (even numbered long chain PFCAs) was higher in dust
samples from air cleaning device users and lower in those from
PTFE cookware users (p < 0.05). Frequent cleaning of the house also
resulted in a higher factor 3 score (p < 0.05). To investigate poten-
tial confounding between sampling sites and house condition,
analysis of covariance was conducted. After adjusted with sam-
pling sites, house types and building construction did not indicate
significant differences on factor 2 (Supplemental Table 1). Effect of
frequency of cleaning on factor 3 was also decreased and statistical
significance was disappeared. The number of household members,



Table 2

Concentrations of PFCAs in vacuum cleaner dust samples

Sampling site

n

Concentration (ngg~?)

PFHxA PFHpA PFOA PFNA PEDA PFURDA PFDoDA PFTrDA PFTeDA

Total 77 n>MDL (%) 66(85.7) 76(98.7) 77(100.0) 77(100.0) 77(100.0) 77(100.0) 73(94.8) 74(96.1) 10(13.0)
median 9.2(0.5-7140) 3.7(0.5-81.2) 20.8(3.2-340) 23.2(2.0-37400) 7.3(1.4-201) 12.9(2.1-19900) 4.0(2.1-167) 5.5(<1-7010) <2(<2-81.2)
mean 121817 6.2%10.1 423+534 7834313 17.1£29.2 394 +2230 8.4+20.2 155 833 3.1£98
GM(GSD) 7.0(7.0) 3.7(2.6) 24.4(2.8) 41.6(7.2) 8.8(2.8) 23.3(6.1) 4.1(2.8) 9.2(6.3) 1.3(2.3)
P90 55 11 112 948 43 283 15 110 4

Osaka 21 n>MDL (%) 19(90.5) 21(100) 21(100) 21(100) 21(100) 21(100) 19(90.5) 19(90.5) 4(19.0)
median 27.5(<0.5-7140) 5.5(1.1-81.2) 78.2(9.7-340) 28.8(3.3-37300) 6.5(2.2-93.3) 15.7(4.1-19900) 2.7(<1-59.2) 8.0(<1-701) <2(<2-23.6)
mean 415 1550 104+17.0 94.0 £73.0 2070 + 8160 17.5+265 1040 + 4330 7.2+127 368 + 1530 2650
GM(GSD) 23.6(10.8)* 6.0(26)* 72.0(2.2)% 54.4(8.6) 8.7(30) 27.6(7.6) 3.6(3.1)%8 10.3(8.7) <2
P90 720 21 184 4099 80 1142 17 388 6

Kyoto 20 n>MDL (%) 14(70.0) 20(100) 20(100) 20(100) 20(100) 20(100) 18(90.0) 19(95.0) 2(10.0)
median 8.2(<0.5-27.7) 3.9(1.4-23.3) 21.6(5.3-133) 22.7(5.2-2830) 5.4(1.5-86.1) 8.9(2.1-574) 2.1 (<1-35.2) 28(<1-125) <2(<2-14.0)
mean 82%75 57+48 28.7+284 338 740 11.5+18.4 82.6 164 4983 194359 <2
GM(GSD) 3.3(6.1)5¢ 46(1.9 21.8(2.0) 49.9(7.0) 6.9(25) 17.5(5.8) 2.5(2.8) 5.1(5.0) <2
P90 19 9 70 1804 22 470 19 101 3

Wakayama 16 n>MDL (%) 13(81.3) 16(100) 16(100) 16(100) 16(100) 16(100) 16(100) 16(100) 3(18.8)
median 3,0(<0.5-10.5) 2.8(1.1-29.6) 13.2(3.2-63.2) 29.0(2.0-4580) 11.3(1.4-201) 21.6(3.7-3500) 6.0(2.1-167) 7.8(2.9-2130) <2(<2-81.2)
mean 3329 48+6.8 19.8£19.0 426 +1160 30.1+49.3 320879 17.6 £40.1 179 531 6.9+200
GM(GSD) 2.0(3.4)° 3.3(2.1)%8 13.7(2.4)° 43.7(8.1) 14.2(3.3) 38.6(6.7) 7.92.7° 18.3(6.8) <2
P90 9 14 63 2343 107 1715 64 935 33

Toyama 20 n>MDL (%) 20(100.0) 19(95.0) 20(100) 20(100) 20(100) 20(100) 20(100) 20(100) 1(5.0)
median 12.4(1.8-54.3) 2.1(<0.5-14.8) 12.1(4.1-114) 15.3(2.7-1580) 6.5(2.4-64.2) 11.0(3.6-1040) 4.1(1.5-26.1) 5.1(1.7-603) <2(<2-18.8)
mean 17.4%152 3334 19.6 £ 24.1 161380 118144 88.5 235 6.0%5.9 456+134 <2
GM(GSD) 11.3(2.8)" 2.1(3.0) 13.8(2.2)8 25.3(5.9) 7.7(23) 17.2(4.8) 4421 8.6(4.6) <2
P90 43 8 41 658 28 216 14 104 <2

MDL: method detection limit; GM: geometric mean; GSD: geometric standard deviation; P90 S0th percentile value
The geometric means within the same columns without bearing the same superscripts differ significantly (p < 0.05).
The geometric means within the same columns bearing the same superscripts or without superscripts do not differ significantly (p > 0.05).
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Table 3
Correlation between PFCAs with different chain lengths.
Variables PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA
PFHxA -
PFHpA 0.070 -
PFOA 0.296™ 0.8227" -
PFNA -0.018 0470"" 03827 -
PFDA —-0.099 0.544™" 0429 04217 -
PFUNDA —-0.049 0347 0.288" 0.913™ 0.507""" -
PFDoDA -0.156 0.209 0.185 0.181 0.719""" 0397 -
PFTrDA ~0.065 0.169 0.165 0.712"" 04117 0.888""" 0.554™"" -
PFTeDA -0.151 0.344™ 0.352"" 02717 0.489""" 03127 0.535""" 03317 -
Numbers indicate Spearman’s rank correlation coefficients (p).
" p<0.05
" p<0.01
" p<0.001
Table 4
Factor analysis among PFCAs
Initial solution Varimax rotated
F1 F2 F3 F1 F2 F3
Eigenvalue 4.29 1.77 1.31
Contribution (%) 47.7 19.7 14.5
Eigenvector
PFHxA -0.074 0.463 0.244 ~-0.183 0.579 0.336
PFHpA 0.269 0.490 0.092 0.203 0.804 —-0.243
PFOA 0.255 0.559 0.088 0.145 0.878 -0.224
PFNA 0.391 -0.142 0.459 0.956 0.203 -0.105
PFDA 0.377 0.211 -0.305 0.239 0.437 -0.750
PFUNDA 0.419 -0.213 0.340 0.955 0.104 -0.252
PFDoDA 0.339 -0.125 —~0.504 0.222 —0.051 —0.894
PFTrDA 0.397 -0.327 0.219 0.899 ~0.080 -0.336
PFTeDA 0.339 -0.008 -0.450 0.199 0.106 —-0.841
Factor score
(Mean * standard deviation)
Osaka 0.06 £ 1.02 0.89 +1.09* 0.18 £0.9148
Kyoto -0.03 £1.05 -0.02 £ 0.65° 0.26 +0.94%
Wakayama 0.14 1.08 —0.60 + 0.64% —~0.64+1.24°
Toyama -0.15+£0.91 —0.44 £0.79" 0.06 0758

The factors in bold indicate the greater correlations.The factor scores within the same columns without bearing the same superscripts differ significantly (p < 0.05). The facotr
scores bearing the same superscripts or without superscripts do not differ significantly {(p > 0.05). F1: 1st factor; F2: 2nd factor: F3: 3rd factor

air cleaning device use, water repellent use and PTFE cookware use
remained significant factors after adjusted by sampling sites.

4. Discussion

In the present study, we extracted three major fingerprints (fac-
tors 1-3) from mixtures of different PFCAs in vacuum cleaner dust
samples collected in Japan. Odd-numbered long chain PFCAs
(PFNA, PFUnDA and PFTrDA), which corresponded to factor 1, were
likely associated with chemical production processes, were the
major components of PFCAs in vacuum cleaner dust. Factor 2,
which corresponds to short chain PFCAs, was likely associated with
a local emission source of PFOA in Osaka, while even numbered
long chain PFCAs (factor 3) were likely associated with another lo-
cal emission source in Wakayama, were statistically identified.
Although these findings suggest that there are several sources of
PFCAs with different origins, they also suggest that odd numbered
long chain PFCAs are ubiquitous in indoor environments in Japan.

There are three major chemical engineering processes used to
produce PFCAs (Supplemental Fig. 1) (Prevedouros et al., 2006).
In the first process, fluorotelomer olefine is used as a starting
compound and is then oxidized to produce PFCAs. In this process,
odd-numbered PFCAs will be yielded predominately (Daikin

Industries, 1998). In contrast, the fluorotelomer iodide oxidation
process will yield even numbered PFCAs predominately (Tosoh
Corporation, 1990). The electrochemical fluorination process was
primarily employed by the 3M Company and yielded PFOA (3M
Company Technical Bulletin, 1995).

Although PFOA is considered to be a major component among
PFCAs, PFCAs of longer chain lengths than PFOA were frequently
detected in vacuum cleaner dust samples in this study. We have
also reported that the concentrations of odd numbered PFCAs in
human serum have been increasing in Japan, Korea and Vietnam
(Harada et al., 2011). The proportion of odd-numbered long-chain
PFCAs in serum was estimated to be one order of magnitude higher
when compared with reports in western countries (Harada et al,,
2011). Importantly, because the serum and dust samples have sim-
ilar odd-numbered long chain PFCAs profile, long chain PFCAs have
not been detected in food duplicate samples in Japan (Kdrrman
et al,, 2009) and the modern individual spends much time indoor,
these suggest that dust exposure in indoor may be an important
source for the human body burden of PFCAs in Asian. Additionally,
the fluorotelomer olefine oxidation process was used primarily to
produce the odd numbered PFCAs in Japan (Daikin Industries,
1998; Prevedouros et al., 2006). Collectively, the results of the
present study and previous studies indicate the predominance of



Table 5
Comparison of concentrations of PFCAs in dust with reported data

Sampling site Year n Concentration (ng g') References

PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTiDA PFTeDA
Japan
Osaka 2010 21 median 275 5.5 78.2 28.8 6.5 15.7 2.7 8.0 <2 This study
Kyoto 2010 20 median 8.2 39 216 22.7 5.4 8.9 2.1 28 <2 This study
Wakayama 2010 16 median 3.0 2.8 13.2 29.0 113 216 6.0 78 <2 This study
Toyama 2010 20 median 124 2.1 121 15.3 65 11.0 4.1 5.1 <2 This study
Osaka 2003 16 median - - 165 - - - - - - Moriwaki et al. (2003)
Tokyo 2006 20 median - - 335 135 - - - - - Katsumata et al. (2006)
China
Nanchang 2009 5 mean <0.17 14 0.66 <0.18 <0.17 <0.18 - - Zhang et al. (2010)
Shanghai 2009 5 mean 43.1 718 2.95 2.72 1.12 <0.18 - - Zhang et al. (2010)
Beijing 2009 14 mean 5.09 25.2 3 3.52 0.7 0.68 - - Zhang et al. (2010)
Tianjin 2009 4 mean 194 355 7.32 7.85 1.62 3.28 - - Zhang et al. (2010)
Kazahkstan
Almaty and Astana 2007-2009 9 median - - <0.98 - - - - - - Goosey and Harrad, 2011
Thailand
Bangkok and Nakhonsrithammarat 2007-2009 20 median 18 Goosey and Harrad (2011)
Australia
Brisbane, Newcastle and Sydney 2007-2009 20 median - 120 Goosey and Harrad (2011)
USA
Ohio and North Carolina 2000-2001 112 median 54.2 50.2 142 7.99 6.65 7.57 7.78 - - Strynar and Lindstrom, 2008
Colorado 2007-2009 10 median 240 Goosey and Harrad (2011)
Canada
Ottawa 2002-2003 67 median 19.7 Kubwabo et al. (2005)
Toronto 2007-200S 20 median - - 69 - - - - - - Goosey and Harrad (2011)
Vancouver 2007~-2008 132 mean 168 97 26 8.4 7.8 6.3 73 Shoeib et al. (2011)
UK
Birmingham 2007-2009 45 median 190 Goosey and Harrad (2011)
Norway
Oslo 2008 41 median 28 94 18 23 4.1 19 6.8 33 Haug et al. (2011)
Sweden
Stockholm 2006-2007 38 median 93 Bj6rklund et al. (2009)
Belgium
Flanders 2008 45 median 03 0.7 0.1 02 D'Hollander et al. (2010)
Germany
Augsberg and Michelstadt 2007-2009 10 median 300 Goosey and Harrad (2011)
France
Annecy 2007-2009 10 . median - - 31 - - - - - - Goosey and Harrad (2011)
Germany, UK, Australia and USA 2004 39 median <26 97.3 96.5 <26 <2.6 <2.6 <2.6 - - Kato et al. (2009a)
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odd-numbered long chain PFCAs produced by the fluorotelomer
olefine oxidation process in East Asia (Harada et al.,, 2011). How-
ever, further studies are needed to confirm such a trend in Asian
ecosystems.

Using a questionnaire, we attempted to find an association be-
tween house conditions and PFCAs levels in vacuum cleaner dust.
Several variables were correlated with factor scores of 1, 2 and 3.
The number of household members was correlated with factor 1.
Samples collected from apartments, concrete buildings and the
water repellent use group were associated with factor 2. Samples
from air cleaning device users, PTFE cookware non-users and fre-
quent cleaning of the house group were associated with factor 3.
It is possible that the application of PFCAs for domestic articles
might not be uniform. The PFCAs contents of specific products
should be evaluated in a future study.

Among the long-chain PFCAs, odd-numbered PFCAs accounted
for the majority of those found in Japan. Vacuum cleaner dust or
house dust levels of PFCAs reported from other countries are sum-
marized in Table 5 (Moriwaki et al., 2003; Kubwabo et al., 2005;
I{atsumata et al,, 2006; Strynar and Lindstrom, 2008; Bjorklund
et al., 2009; Kato et al, 2009a; D’Hollander et al., 2010; Zhang
et al., 2010; Goosey and Harrad, 2011; Haug et al,, 2011; Shoeib
et al,, 2011). The PFOA levels in dust samples were relatively
low when compared with those in the United States, the United
Kingdom, Germany, Australia and several cities in China. A previ-
ous study in Osaka showed a higher median concentration of
PFOA in cleaner dust than the current study (Moriwaki et al.,
2003). However, the major PTFE manufacturer in Osaka reduced
emissions of PFOA by 82% in 2006 and 89% in 2007 when com-
pared with emissions in 2000 (Osaka Prefecture, 2007), which
might have led to a decline in PFOA levels in dust samples.
Although long-chain PFCAs were detected in the United States,
Canada and Norway (Strynar and Lindstrom, 2008; Haug et al.,
2011; Shoeib et al, 2011), no predominance of odd numbered
PFCAs was observed. Additionally, a study conducted in China
did not show a similar composition to Japanese samples (Zhang
et al,, 2010). Therefore, the PFCAs composition of Japan can be
considered as a clear fingerprint originating from factor 1. Since
we did not define the amount of dust and time that the dust
was present in the used bag of the vacuum cleaner, we could
not eliminate the possibility that the amount of dust and time
could influence the results.

The characteristics of factor 1, namely the predominance of
odd numbered long chain PFCAs, is consistent with previous bio-
monitoring of human serum from East Asian countries (Harada
et al., 2011), which implies that indoor PFCAs might be an impor-
tant route of exposure. In this study, only vacuum cleaner dust
was analyzed, therefore, detailed exposure assessment is not pos-
sible. In addition, exposure assessment of long chain PFCAs are
insufficient in various routes of exposures such as food, drinking
water and inhalation. The toxicokinetics of long-chain PFCAs are
also unclear, especially in humans. Therefore, more comprehen-
sive toxicological studies on PFCAs are necessary to correlate pro-
files of PFCAs in serum and those in indoor dust. Further studies
are warranted in both exposure assessment and source identifica-
tion of PFCAs.

Acknowledgments

This study was supported by the Special Coordination Funds for
Promoting Science and Technology (No. 1300001) sponsored by
the Japan Science and Technology Agency, and a Grant-in-Aid for
Health Sciences Research from the Ministry of Health, Labour and
Welfare of Japan (H21-Food-003). The authors have no financial
conflicts of interest.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemosphere.2011.09.024.

References

3M Company Technical Bulletin, 1995. 3M The Leader in Electrofluorination; 3M
Company: St. Paul, MN.

Bjorklund, J.A., Thuresson, K., De Wit, C.A,, 2009. Perfluoroalky! compounds (PFCs)
in indoor dust: concentrations, human exposure estimates, and sources.
Environ. Sci. Technol. 43, 2276-2281.

D'Hollander, W., Roosens, L., Covaci, A., Cornelis, C., Reynders, H., Campenhout, K.V.,
Voogt, P., Bervoets, L., 2010. Brominated flame retardants and perfluorinated
compounds in indoor dust from homes and offices in Flanders, Belgium.
Chemosphere 81, 478-487.

Daikin Industries, 1998. Method for preparation of perfluorocarboxylic acid by
oxidation of (perfluoroalkyl)ethylene. Japanese Patent JP10279517.

Ellis, D.A., Martin, J.W., De Silva, A.O., Mabury, S.A., Hurley, M.D,, Sulbaek Andersen,
M.P., Wallington, T.J., 2004. Degradation of fluorotelomer alcohols: a likely
atmospheric source of perfluorinated carboxylic acids. Environ. Sci. Technol. 38,
3316-3321.

Furdui, V.1, Helm, P.A,, Crozier, P.W., Lucaciu, C., Reiner, EJ., Marvin, C.H., Whittle,
M.D., Mabury, S.A, Tomy, G., 2008. Temporal trends of perfluoroalkyl
compounds with isomer analysis in lake trout from Lake Ontario (1974-
2004). Environ. Sci. Technol. 42, 4739-4744.

Goosey, E., Harrad, S, 2011. Perfluoroalkyl compounds in dust from Asian,
Australian, European, and North American homes and UK cars, classrooms,
and offices. Environ. Int. 37, 86-92.

Harada, K.H., Hitomi, T, Niisoe, T., Takenaka, K., Kamiyama, S., Watanabe, T., Moon,
CS., Yang, H.R, Hung, NN, Koizumi, A. 2011. Odd-numbered
perfluorocarboxylates predominate over perfluorooctanoic acid in serum
samples from Japan, Korea and Vietnam. Environ. Int. 37, 1183-1189.

Haug, L.S., Huber, S, Schlabach, M., Becher, G., Thomsen, C., 2011. Investigation on
per- and polyfluorinated compounds in paired samples of house dust and
indoor air from Norwegian homes. Environ. Sci. Technol. doi: 10.1021/
es103456h,

Haug, LS., Thomsen, C., Becher, G., 2009. Time trends and the influence of age and
gender on serum concentrations of perfluorinated compounds in archived
human samples. Environ. Sci. Technol. 43, 2131-2136.

Houde, M., Martin, J.W., Letcher, R]., Solomon, K.R., Muir, D.C., 2006. Biological
monitoring of polyfluoroalkyl substances: a review. Environ. Sci. Technol. 40,
3463-3473.

Jahnke, A., Ahrens, L., Ebinghaus, R, Temme, C, 2007. Urban versus remote air
concentrations of fluorotelomer alcohols and other polyfluorinated alkyl
substances in Germany. Environ. Sci. Technol. 41, 745-752.

Kérrman, A, Ericson, 1., van Bavel, B., Darnerud, P.0., Aune, M., Glynn, A, Lignell, S.,
Lindstrém, G., 2007. Exposure of perfluorinated chemicals through lactation:
levels of matched human milk and serum and a temporal trend, 1996-2004, in
Sweden. Environ. Health. Perspect. 115, 226-230.

Kirrman, A., Harada, KH., Inoue, K, Takasuga, T, Ohi, E., Koizumi, A., 2009.
Relationship between dietary exposure and serum perfluorochemical (PFC)
levels - a case study. Environ. Int. 35, 712-717.

Kato, K., Calafat, A.M., Needham, LL., 2009a. Polyfluoroalkyl chemicals in house
dust. Environ. Res. 109, 518-523.

Kato, K., Calafat, A.M., Wong, L.Y., Wanigatunga, AM., Caudill, S.P.,, Needham, L.L,
2009b. Polyfluoroalkyl compounds in pooled sera from children participating in
the National Health and Nutrition Examination Survey 2001-2002. Environ. Sci.
Technol. 43, 2641-2647.

Katsumata, T., Nakata, A. Iwasaki, Y., Ito, R, Saito, K, Nakazawa, H. 2006.
Determination of perfluorochemicals in house-dust by LC/MS/MS after
supercritical fluid extraction. Bunseki Kagaku 55, 955-961.

Koizumi, A., Harada, K.H., Inoue, K., Hitomi, T., Yang, H.R., Moon, CS., Wang, P.,
Hung, N.N., Watanabe, T., Shimbo, S., Ikeda, M., 2009. Past, present, and future of
environmental specimen banks. Environ. Health Prev. Med. 14, 307-318.

Koizumi, A., Yoshinaga, T., Harada, K., Inoue, K., Morikawa, A., Muroi, ]., Inoue, S.,
Eslami, B., Fujii, S, Fujimine, Y., Hachiya, N,, Koda, S., Kusaka, Y., Murata, K.,
Nakatsuka, H., Omae, K, Saito, N., Shimbo, S., Takenaka, K., Takeshita, T.,
Todoriki, H., Wada, Y., Watanabe, T., Ikeda, M., 2005. Assessment of human
exposure to polychlorinated biphenyls and polybrominated diphenyl ethers in
Japan using archived samples from the early 1980s and mid-1990s. Environ.
Res. 99, 31-39.

Kubwabo, C., Stewart, B., Zhu, J., Marro, L., 2005. Occurrence of perfluorosulfonates
and other perfluorochemicals in dust from selected homes in the city of Ottawa,
Canada. ]. Environ. Monit. 7, 1074-1078.

Lau, C, Anitole, K, Hodes, C., Lai, D, Pfahles-Hutchens, A. Seed, J., 2007.
Perfluoroalkyl acids: a review of monitoring and toxicological findings.
Toxicol. Sci. 99, 366-394.

Mahmoud, M.A., Kirrman, A, Oono, S, Harada, KH. Koizumi, A, 2009.
Polyfluorinated telomers in precipitation and surface water in an urban area
of Japan. Chemosphere 74, 467-472.

Martin, J.W., Muir, D.C., Moody, C.A,, Ellis, D.A., Kwan, W.C., Solomon, K.R., Mabury,
S.A., 2002. Collection of airborne fluorinated organics and analysis by gas



W. Liu et al./Chemosphere 85 (2011) 1734-1741 1741

chromatography/chemical ionization mass spectrometry. Anal. Chem. 74, 584~
590.

Morikawa, A., Kamei, N., Harada, K., Inoue, K., Yoshinaga, T., Saito, N., Koizumi, A.,
2006. The bioconcentration factor of perfluorooctane sulfonate is significantly
larger than that of perfluorooctanoate in wild turtles (Trachenys scripta elegans
and Chinemys reevesii): An Ai river ecological study in Japan. Ecotoxicol.
Environ. Saf. 65, 14-21.

Moriwaki, H., Takatah, Y., Arakawa, R, 2003. Concentrations of perflucrooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) in vacuum cleaner dust
collected in Japanese homes. J. Environ. Monit. 5, 753-757.

Murakami, M., Imamura, E., Shinohara, H., Kiri, K, Muramatsu, Y., Harada, A,
Takada, H., 2008. Occurrence and sources of perfluorinated surfactants in rivers
in Japan. Environ. Sci. Technol. 42, 6566-6572.

Murakami, M., Kuroda, K., Sate, N., Fukushi, T., Takizawa, S., Takada, H., 2009.
Groundwater pollution by perfluorinated surfactants in Tokyo. Environ. Sci.
Technol. 43, 3480-3486.

Niisoe, T., Harada, KH., Ishikawa, H., Koizumi, A., 2010. Long-term simulation of
human exposure to atmospheric perfluorooctanoic acid (PFOA) and
perfluorooctanoate (PFO) in the Osaka urban area, Japan. Environ. Sci.
Technol. 44, 7852-7857.

Oono, S., Harada, K.H., Mahmoud, M.A,, Inoue, K., Koizumi, A,, 2008a. Current levels
of airborne polyfluorinated telomers in Japan. Chemosphere 73, 932-937.
Oono, S., Matsubara, E., Harada, K.H., Takagi, S., Hamada, S., Asakawa, A, Inoue, K,
Watanabe, I, Koizumi, A., 2008b. Survey of airborne polyfluorinated telomers in

Keihan area, Japan. Bull. Environ. Contam. Toxicol. 80, 102-106.

Osaka Prefecture, 2007. Monitoring of perfluorooctanoic acid and perfluorcoctane

sulfonate in river, <http://www.epcc.pref.osaka.jp/press/h19/0831_2/>.

Prevedouros, K., Cousins, 1.T., Buck, R.C., Korzeniowski, S.H., 2006. Sources, fate and
transport of perflusrocarboxylates. Environ. Sci. Technol. 40, 32-44.

Raj Shivakoti, B., Tanaka, S., Fujii, S., Hong Lien, N.P., Nozoe, M., Kunacheva, C,
Okamoto, R, Seneviratne, S.T., Tanaka, H., 2011. Perfluorinated compounds
(PFCs) in Yodo River system, Japan. Water Sci. Technol. 63, 115-123.

Renner, R., 2001. Scotchgard scotched - following the fabric protector’s slippery
trail to a new class of pollutant. Sci. Am. 284, 18.

Saito, N., Harada, K, Inoue, K, Sasaki, K. Yoshinaga, T., Koizumi, A. 2004.
Perfluorooctanoate and perfluorcoctane sulfonate concentrations in surface
water in Japan. J. Occup. Health 46, 49-59.

Shoeib, M., Harner, T., G, M\W., Lee, S.C., 2011. Indoor sources of poly- and
perfluorinated compounds (PFCS) in Vancouver, Canada: implications for
human exposure. Environ. Sci. Technol. doi: 10.1021/es103562v.

Steenland, K., Fletcher, T., Savitz, D.A,, 2010. Epidemiologic evidence on the health
effects of perfluorooctanoic acid (PFOA). Environ. Health. Perspect. 118, 1100-
1108.

Strynar, MJJ., Lindstrom, A.B., 2008. Perfluorinated compounds in house dust from
Ohio and North Carolina, USA. Environ. Sci. Technol. 42, 3751-3756.

Tosoh Corporation, 1990. Preparation of fluorocarboxylic acid ammonium salts as
surfactants. Japanese Patent Application 02169553.

Zhang, T. Sun, HW. Wu, Q, Zhang, XZ, Yun, SH., Kannan, K, 2010.
Perfluorochemicals in meat, eggs and indoor dust in China: assessment of
sources and pathways of human exposure to perfluorochemicals. Environ. Sci.
Technol. 44, 3572-3579.

Zushi, Y. Takeda, T. Masunaga, S., 2008. Existence of nonpoint source of
perfluorinated compounds and their loads in the Tsurumi River basin, Japan.
Chemosphere 71, 1566-1573.



pubs.acs.org/est

Ll

Environmental Ecological Modeling of Human Blood Lead Levels
in East Asia

Tamon Niisoe," Kou]1 H. Harada, Toshiaki Hitomi, Takao Watanabe,” Nguyen Ngoc Hung,
Hirohiko Ishikawa,!! Zifa Wang, and Akio Koizumi®'

"Department of Health and Environmental Sciences, Graduate School of Medicine, Kyoto University, Kyoto 606-8501, Japan

*Miyagi University of Education, Sendai 980-0845, Japan

SDepartment of Science and Technology, Hanoi Medical University, Hanoi, Vietnam

'Research Division of Atmospheric and Hydrospheric Disasters, Disaster Prevention Research Institute, Kyoto University,
Uji 611-0011, Japan

“Institute of Atmospheric Physics, Chinese Academy of Science, Beijing 100029, China

9 Supporting Information

ABSTRACT: Environmental ecological modeling (EEM), which Atmospheric transport model
unifies models simulating transport of chemicals and exposure of - Air pollutants |
humans to chemicals, was used to simulate long-term trends of P

female adult human blood lead levels (BLLs) and historical “: :
exposure to the atmospheric lead in four East Asian countries: & = L
Japan, Korea, China, and Vietnam. Anthropogenic lead emissions
to the atmosphere in Vietnam were estimated from energy statistics
to be 1931 t yr ' Calculated BLLs generally agreed with those

Inhaled intake

_ Blood levels
in general population

observed in sa.mples collected in these countries as the error factors Evaluation

were less than 2. The model results revealed that BLLs decreased &

significantly in Tokyo (by 58%) and Seoul (by 45%) in recent %J _ -
decades and confirmed the effects of efforts to reduce environ- 2 Kyoto Univ. Specimen Bank

mental lead in Japan and Korea. The model results also revealed
that BLLs in Beijing did not decrease in this decade as much as in
Tokyo and Seoul, despite the phasing out of leaded gasoline, and
that the contribution from the atmospheric component was
increasing (43% in 2009). Finally, we applied EEM to simulate
BLLs of children in Hanoi. The probability of children having BLLs greater than 50 ug L™ was 7.5%, which was greater than those
observed in developed countries.

Blood : Food
i i Drmkmgwater

B INTRODUCTION

Lead is one of the most abundant heavy metals in the
environment. It is ubiquitous and toxic to humans. Exposure to
lead occurs by two major intake pathways: the gastrointestinal
tract (GIT) and the respiratory tract. GIT intake depends on the
contamination level of food and water reflecting the ecological
system and the infrastructure for the food/water supply. Such
intake can be reduced through efforts within each country. On
the other hand, inhaled intake depends on air concentrations of
contaminants, which are not always easily controlled within each
country because of transboundary air pollution. Atmospheric
lead exists in fine particulate matter and may be transported to a
large extent by air flow.

Atmospheric lead is recognized to originate predominantly
from anthropogenic activities such as leaded gasohne use, non-
ferrous metal production, and fossil fuel combustion." In many
developed countries, anthropogenic lead emission has been

% ACS Pubhcatlons € 2011 American Chemical Society

reduced remarkably in recent years.” However, efforts to reduce
emissions are insufficient in East Asian countries, several of which
are undergoing rapid economic progress. Investigation of human
exposure to atmospheric lead is necessary to determine potential
impacts in East Asia. It is especially important for children,
because the developing nervous system is thought to be far more
vulnerable to lead toxicity than the mature brain.>

We recently developed an atmospheric transport model of
lead that can simulate air concentrations of contaminants in East
Asian countries.* The model can predict exposure intensity of
lead through inhalation. If we measure in addition representative
GIT intake levels of lead in a given population, we can predict
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blood lead levels (BLLs) by applying the appropriate pharma-
cokinetic (PK) model.

In the current study, we applied environmental ecological
modeling (EEM). EEM is a novel method that involves simula-
tion of a series of emission, transport, and exposure events. This
method was first used to simulate serum levels of perfluoroocta-
noic acids (PFOA) in Japan.® It consists of an atmospheric
transport model and a PK model. In previous work, we estimated
PFOA emissions from a single plant, transport in the air, and
exposure to PFOA by the residents around the plant. Inhaled
intake values were derived from surface air concentrations
simulated by the atmospheric model. GIT intake values were
estimated on the basis of duplicate samples of food and water.
EEM enabled us to explain the high serum levels of PFOA in the
residents. We here apply the EEM approach to BLL simulations
and exposure assessments.

In this work, EEM was used to reproduce BLLs for female
adults without occupational exposure and to reconstruct histor-
ical exposures to atmospheric lead from 1979 to 2009 in four East
Asian countries: Japan, Korea, China, and Vietnam. The BLLs
simulated by the PK model using the estimated intake values
were compared to those monitored in blood samples collected in
these countries.

Finally, we applied EEM to simulate BLLs of children by
incorporation of GIT intake variability in Hanoi, Vietnam, where
the economy has grown rapidly and few risk assessment studies
have been conducted. BLLs exceeding 100 g L™ " have been
accepted internationally to be hazardous to children.® Recently,
however, evidence of adverse health effects associated with BLLs
less than 100 4g L™ " has been presented.” The Joint FAO/WHO
Expert Committee on Food Additives assessed the health risks of
lead and established a provisional tolerable weekly intake of 25
ugkg ™' of body weight to prevent net accumulation in the blood
of children above 50 g L .® For this reason, we evaluated the
probability of children with enhanced BLLs (EBLLs) exceeding
two reference values: 50 and 100 g L™ ".

B MATERIALS AND METHODS

Atmospheric Transport Model. We developed a global
transport model of atmospheric lead.* The atmospheric model
was an Fulerian transport model driven by 6 h meteorological
fields determined from the JRA-2S reanalysis data sets.” The
computational region was the globe, and the horizontal resolu-
tion is 1.25°. The vertical structure consisted of 12 layers stacked
from the surface to 100 hPa. Atmospheric lead in the model was
emitted, transported, and removed as particulate matter with a
diameter of 1.0 4m. We previously estimated anthropogenic lead
emissions to the air in Japan, Korea, and China, and conducted a
long-term simulation using the estimated emissions and preex-
isting data sets for lead emissions from the rest of the world.
Model] results were compared to observations of air concentra-
tions in the three countries in recent decades, and, in general,
good agreement was found.*

In the present study, we estimated anthropogenic lead emis-
sions to the air in Vietnam using energy statistics for 2007."° The
national emission estimate was calculated as fuel consumption
multiplied by the corresponding emission factors listed in Table
S1, Supporting Information. The estimates were horizontally
distributed on the basis of two assumptions (see Figure SI,
Supporting Information): (1) 60% of total emissions were
allocated to the model grid elements corresponding to the two

largest cities, Hanoi and Ho Chi Minh City, based on gross
output of industry,'’ and (2) the horizontal distribution of
emissions was proportional to the volume of road traffic
passengers.'" :

Air Monitoring in Vietnam. We investigated daily concentra-
tions of atmospheric lead in an urban area of Hanoi for 3 days
beginning on November 20, 2008. Ambient PM,, particles were
collected over a 24 h period by a low-volume air sampler (AN-
200, Tokyo Dylec Co., Tokyo, Japan), which was set inside a
shelter 1.5 m above the ground on the campus of Hanoi Medical
University. The samples were incinerated and analyzed using an
inductively coupled plasma mass spectrometer (Aligent ICP-MS
7500). Our observations, together with published observation
results for Hanoi and Ho Chi Minh City listed in Table S2,
Supporting Information, were compared to lead concentrations
simulated by the atmospheric model.

PK Model. Human BLLs in Japan, Korea, China, and Vietnam
were calculated using a multicompartmental PK model.’* The
model estimated lead fluxes among four compartments of the
human body (blood, soft tissue, cortical bone, and trabecular
bone) and lead excretion in urine, sweat, hair, and other materials
as follows:

w F* }Zk,,i- L 5
dt - L; ( F k:/}+kz/e) G (1)
where C is lead concentration (ug L™') and L is pool size (L).
The subscripts i, j, and e represent the ith and jth compartments
and excretion material, respectively. E is lead intake (ug day™ '),
which is included only for the blood compartment. k;/; is the rate
constant (day ') of the flux from “i” to “j”. The rate constants
used in the PK model are listed in Table S3, Supporting
Information. The Euler-forward time step was set to 1 dag.
The pool size of blood for adults was assumed to be 6 L. That
for children was scaled to body weight (BW) to the 2/3 power.13
Assuming BW of 56 kg for adults, BW for children was a function

of age (year):"*

22 X age 34
3+age 1-+600 x exp(—0.017 X 34 X age)

@)

Inhaled Intake Estimates. Inhaled intake was estimated from
the daily average surface air concentrations predicted by the
atmospheric model. It was assumed that 50% of the inhaled lead
is absorbed into the blood through the respiratory tract,"* and
that the volume of inhaled air is 20 m> day ™" for adults'® and
proportional to the logarithm of BW for children.'®

GIT Intake Estimates. The GIT intake values were derived
from contamination levels of lead in food and water multiplied by
the portion absorbed by the GIT, which was 0.08."* Contamina-
tion levels were estimated as a function of time by exponential
regression of levels observed in the food and water samples
collected in each country, as described later:

Pb = Pby x explk-{t, = 1979+ (ta — 1)/t:}]  (3)

BW = 3.5+

where t, is the year, 4 is the day of the year, and i, is the total
number of days in the year. The constants Pbg and k are listed in
Table S4, Supporting Information. The contamination level for
Vietnam was assumed to be constant because there was only one
sampling date in 2007. GIT intake values were estimated
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assuming that the contamination level is uniform in each country,
and that consumption levels of both food and water are propor-
tional to BW to the 2/3 power."”

Initial Condition for the PK Model. For adults, the initial lead
burden of cortical bone was set to 36400 ,I,tg.12 The initial
burdens of other compartments were determined by a prepara-
tory run using fixed lead levels in food/water (27.2 ug day™ ")
(Table S4, Supporting Information) and atmosphere (100 ng
m ™ ?),* which were representative in Japan in 1979. The burdens
under a quasi-steady condition were 250 ug for blood, 170 ug for
soft tissue, and 1050 ug for trabecular bone. These values used as
the initial burdens in the present study were much lower than
those used in the study by Marcus, " reflecting intake levels
lower by 1 order of magnitude. For children, the initial lead
burden of each compartment was set to the simulated adult
burden in Hanoi scaled to the BW of neonates (3.5 kg) to the 2./3
power.”

Human Food and Blood Samples. Efforts have been made
by the Kyoto University Human Specimen Bank'® to collect
samples of human blood and duplicate food/water portions to
monitor long-term exposure of the nonsmoking and nonoccupa-
tional gogulation to heavy metals in Japan since the late
1970s.””~*! Similar coupled samples in Korea and China were
collected in the 1990s through the cooperation of researchers in
both countries.”* 2 In 2007, we collected 60 samples in three
cities (Kyoto, Sendai, and Takayama) in Japan, 35 samples in
Seoul, 25 samples in Beijing, and 22 samples in Hanoi. In 2009,
we also collected blood samples from 33 mother—child pairs in
Hanoi. All of the children were elementary school students
between 7 and 12 years old (see Table SS, Supporting In-
formation). All samples were processed and analyzed using the
methods described by Koizumi et al.'® The observations made by
Kyoto University researchers along with published lead concen-
trations of female adult blood and/or food in Japan, Korea,
China, and Vietnam (see Tables S6—S8, Supporting In-
formation) were binned according to the atmospheric model
resolution into 23 grid boxes for Japan, 4 boxes for Korea, 14
boxes for China, and 1 box for Vietnam (see Figure S2,
Supporting Information). The binned concentrations in Japan
are listed in Tables S9—S11, Supporting Information. The food/
water contamination levels were used to estimate GIT intake
values, and the BLLs were used for comparison to simulated
BLLs to evaluate both the atmospheric model and the PK model.

Risk Assessment of Child BLLs in Hanoi. We conducted a
risk assessment for children with EBLLs of individuals between 7
and 12 years old in Hanoi using Monte Carlo simulations. For
each age group, calculations were performed 10000 times to
incorporate GIT intake variability assuming a log-normal dis-
tribution of food/water contamination levels with the geometric
mean (GM) and geometric standard deviation (GSD) observed
in the food/water duplicate samples collected in Hanoi in 2007
(see Table S8, Supporting Information). The time periods were
set so that the calculations ended at 2009. Calculated BLLs
averaged annually in 2009 were compared to observations in
Hanot in 2009 (see Table S5, Supporting Information) and used
to derive the probabilities of children having EBLLs.

Evaluation of Model Fit. The fit of simulated values to
observed values was evaluated by the fractional difference f*
averaged for all the samples:

f _ Vindl — Vobs (4)

Vindl + Vobs
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Figure 1. Comparison of lead concentrations in surface air (ngm ™) in
Vietnam between model results and actual observations listed in Table
S2, Supporting Information. General agreement is indicated by an
averaged fractional difference f of —0.18. Dots on the solid line indicate
a perfect fit between observed and calculated values, and those between
the two dashed lines indicate error factors less than 2.

where V,q and V, are the modeled value and observed value,
respectively. |f] < 0.33 indicates an error factor less than 2.

B RESULTS

Lead Emissions and Surface Air Concentrations in Viet-
nam. The estimated national lead emission level for Vietnam was
1931 tyr ', which was comparable to the present level of 1631
t yr~' for Korea that was estimated in our previous study.*
Gasoline use had a dominant contribution (86%) to national
emissions because of negligible nonferrous metal production®®
and low consumption of fossil fuels other than gasoline in
Vietnam (see Table S1, Supporting Information).

Figure 1 shows comparisons between modeled lead levels in
surface air in Vietnam and the actual observations listed in Table
S2, Supporting Information. The predicted concentrations were
averaged over the same periods as the observations. Three out of
the four samples were reproduced with an error factor less than 2.
The average fractional difference f equaled —0.18, indicating
generally good agreement but slight underestimation of actual
levels.

Lead Contamination Levels in Food and Water. The lead
contamination levels in food/water in Japan, Korea, and China
had an obvious descending trend (see Figure S3, Supporting
Information). From 1979 to 2009, the inferred contamination
levels decreased from 27.2 to 5.3 ug day ' in Japan, from 36.3 to
12.8 ug day” " in Korea, and from 35.5 to 20.3 ug day”~ ' in China.
The levels in food and water in Vietnam were constant at 13.8
ug day ! because of only one sampling date.

Female Adult BLLs. Simulated female adult BLLs were
compared to observations in Japan, Korea, China, and Vietnam
(Figure 2). Fairly good agreement was indicated by the small f
value of 0.02. The GM value of BLLs observed in blood samples
collected in Japan decreased from 32.8 ug L™" around 1980 to
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Figure 2. Comparison of modeled and observed human BLLs (4g Lh.
Good agreement is indicated by a small f value of 0.02. The
observations are listed in Tables S6—S11, Supporting Information:
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Figure 3. Time series of simulated BLLs (4g L™") from 1979 to 2009
for residents of Tokyo, Seoul, Beijing, and Hanoi. The cases without
respiratory exposure (no-air) are also shown in the figures.

24.0 ug L™ in the 1990s, and then decreased to 15.7 g L7 in
this decade. The GM value also decreased in Korea from 44.3 ug
L™V in 1994 to 17.7 ug L™ " after 2000. In China, the GM values
were 60.5 g L™ in the 1980s, 53.6 4g L™ in 1990s, and 53.9 g
L™ in the last 5 years. In Hanoi, Vietnam, in 2009, the GM value
was 28.0 ug L™, which is similar to levels in Japan around 1980
and in Korea in the early 2000s. The PK model reproduced
almost all of the retrospective human BLLs observed in the
samples collected in these countries. The error factors were
consistently less than 2.

Simulated Temporal Trends of Female Adult BLLs and
Atmospheric Contributions. Figure 3 shows the temporal trends
of female adult BLLs (ug L™") simulated for residents in Tokyo,
Seoul, Beijing, and Hanoi. Spikes found in the simulated BLLs are
the result of seasonal variability in surface air lead concentrations,
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Figure 4. Monte Carlo simulations of BLLs for children from 7 to 12
years of age in Hanoi. (a) The modeled BLLs (ug L™') averaged over
the last year (red O) generally agree with those observed in 2009 ().
Symbols and error bars represent the GM and one GSD. The inset
shows that the model reproduced GM values of observed BLLs by error
factors less than 2. General agreement is indicated by a low f value of —
0.08, which was calculated using GM values of modeled and observed
BLLs. (b) Calculated probabilities of children with EBLLs exceeding S0
ugL™! (Prs0) and 100 ug L™ (Pr100). The modeled PrS0 agrees well
with the PrSO value estimated from the observed BLLs for all ages
(7.6%). Results of the no-air run are shown in both figures (blue O).

which typically peak in winter. BLLs for the case without inhaled
intake values (no-air run) are also shown in Figure 3. Differences
between the control run and the no-air run represent the atmo-
spheric component of total lead in human blood.

The simulated BLLs in Tokyo decreased steadily by 58% from
44pugL ™" in 1980 to 18 ug L™ in 2009. Those in Seoul exceeded
50 ug L™ " until the early 1990s, and decreased rapidly thereafter
by 45% to 29 ug L™ in 2009. The atmospheric component in
Tokyo had a minor contribution ranging from 30% in 1983 to
19% in 2003. The atmospheric contribution in Seoul attained a
maximum of 48% in 1990 and decreased to 24% in 2008.

Simulated BLLs of about 50 ug L™ for Befjing were much
greater than those for Tokyo in this decade. Although the GIT
intake values of lead estimated from the observed contamination
levels of food and water decreased steadily in China (see Figure
$3, Supporting Information), the simulated BLLs in Beijing
decreased much more slowly than in Tokyo and Seoul. This is
because the surface air concentrations of lead simulated by the
atmospheric model had no temporal trend.* The simulated trend
of BLLs gently descending in Beijing agreed with that observed in
samples collected in China, which was not so clear as in Japan and
Korea (Figure 2). The atmospheric contribution increased from
32% in 1980 to 43% in 2009.
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In Hanoi, the simulated BLLs were about 30 #g L™ and the
atmospheric contribution was 30%, assuming fixed levels of lead
emission to the atmosphere and contamination of food/water.
Both BLLs and atmospheric contributions were similar to those
in Seoul in recent years. However, the temporal trends cannot be
fully assessed without historical observations.

Child BLLs in Hanoi. Figure 4 shows simulated BLLs and the
probabilities of children with EBLLSs exceeding 50 ug L™" (Pr50)
and 100 ug L™ (Pr100) for each age from 7 to 12 years. The PK
model using BW as a function of age, which was highly correlated
to the BW values of participants in the 2009 sampling (R” = 0.82,
see Figure $4, Supporting Information), reproduced BLLs with
error factors less than 2. The corresponding f value of —0.08
indicated good agreement between simulated and actual levels.
Simulated BLLs decreased slightly for older aged individuals
because of the larger pool size. The modeled and actual GM
values for all ages were 25.9 and 29.6 ug L™, respectively.
Modeled PrS0 values generally agreed with the PrSO value of
7.6% that was estimated statistically from the observed BLLs for
all ages under the assumption of alog-normal distribution. Pr100
values were less than 1% for both the modeled and the observed
values. The atmospheric contribution to total BLLs was greater
for children (43%) than adults (30% in 2009) because the
modeled intake, which is related to inhalation volume, of children
approached that of adults more rapidly than the intake by
consumption of food/water. The atmospheric component ele-
vated the Pr50 value for all ages from 4.2% to 7.5%.

B DISCUSSION

In the present study, we used EEM to reconstruct historical
human BLLs in four East Asian countries: Japan, Korea, China,
and Vietnam. The descending trends modeled for female adult
residents in Tokyo and Seoul reflect reductions in environmental
lead in Japan and Korea. The decrease in BLLs during 10 years
involving phasing out of leaded gasoline was 30.6% from 1980 to
1990 in Tokyo and 37.8% from 1990 to 2000 in Seoul. These
values are similar to the reduction rate values of 30.2% observed
in BLLs of female adults in the United States from the 1991—
1994 survey to the 1999—2002 survey® and of 30.5% observed
in BLLs of adults in Germany from the 1990/1992 survey to the
1998 survey.*

The BLLs simulated for Beijing were much higher than those
of the other cities in recent years. The simulated rate of BLLs
decrease was only 4.1% from 1999 to 2009. Although leaded
gasoline was prohibited nationwide in China in 2001,>" surface
air concentratlons of lead observed in Beijing increased gradually
in this decade.®® Apparently, the atmospheric contribution to
total blood lead increased as well. Rapid economic growth in
China could elevate atmosphenc lead levels significantly through
increase in coal combustion®*? in China and in neighboring
countries in the near future. Accordingly, long-term monitoring
of environmental contamination levels of lead is needed through-
out East Asia.

The daily concentrations that we observed in November 2008
in Hanoi exceeded 100 ng m™>. These concentrations still
surpassed levels typically observed in Japan and Korea in this
decade. The modeled BLLs of 25.9 g L™ and Pr100 values less
than 1% simulated for children in Hanoi were much lower than
those observed in Bejjing. It was reported that BLLs and Pr100
values of children less than 6 years, old observed in Beijing from
2004 to 2006 were 45.1 ug L' and 7.95%, respectively.®!

However, the simulated PrS0 value of 7.5% was greater than
those found in developed countries. The Pr50 value in Japan was
estimated statistically to be 0.34%, which was derived from the
BLLs of children of less than 15 years of age observed in Shizuoka
from 2004 to 2005 (1 = 290, GM = 14 ug L™", GSD = 1.6).>* A
similar Pr50 value of 0.85% was acquired from the results of the
fourth German Environmental Survey in which the subjects were
children between 3 and 14 years of age from 2003 to 2006 (n =
1560, GM = 163 ug L™, GSD = 1.6).% Although leaded
gasoline was banned in Vxetnam from in 2001, the current
model results suggested that strict regulation on leaded gasoline
should be made to reduce child BLLs significantly in Vietnam.
Recent studies have reported that reducing environmental lead in
China has been difficult even after phasing out leaded gasoline
primarily because of increasing coal combustion.**** Our esti-
mation of anthropogenic lead emissions to the air in Vietnam,
which were primarily from gasoline use (see Table S1, Support-
ing Information), suggested that they could be reduced signifi-
cantly in the future through complete phasing out of leaded
gasoline, We will follow up BLLs in Vietnam, especially for
children.

Uncertainty of input values for the PK model could affect the
model results. There is a need to determine the initial burden in
each compartment reflecting historical exposure levels before the
simulation period. Cortical bone cannot reach any steady state
regarding lead due to extremely low clearance (see Table S3,
Supporting Information). It acts as a reservoir under high
exposure condition and as a source of supply for blood under
low exposure condition. Therefore, its initial burden has influ-
ence on the model results slightly but over a long period of time,
especially after significant reduction of exposure levels. The slight
overestimations found in Japanese female adult BLLs in this
decade (Figure 2) were mainly attributed to the initial large
burden of cortical bone adopted directly from the study by
Marcus,"> where the intake levels were much greater than
this study.

Estimation of GIT intakes were based on lead levels observed
in food and water. Smaller number of observations tends to
greater uncertainty in GIT intakes. A slight overestimation of
BLLs by the model in Korea in 2007 is probably the result of an
overestimation of lead contamination levels in food and water
because of the smaller number of observations than Japan (see
Figure $3, Supporting Information).

It was assumed in the present study that GIT intakes were
uniform in each country and that inhaled intakes were uniform in
each grid element of the atmospheric model. However, there are
race-ethnically heterogeneous countries where exposure risks are
also heterogeneous depending on the social environment such as
income, circumstances, and life style. Differences of BLLs among
race-ethnicity groups were reported in the United States.”
Risk assessment of lead in such countries requires considera-
tion for race-ethnical heterogeneity based on different exposure
scenarios.

It should be noted that the global atmospheric transport
model used in the current study had a horizontal resolution of
1.25° which is about 114 km from east to west at 35° N.
Consequently, the PK model using surface air concentrations
simulated by the atmospheric model could not reproduce BLLs
for residents in heavily polluted locales. An atmospheric model
with higher spatial resolution should be used to reproduce local
distributions of BLLs. It should be also noted that the children
who donated blood samples in Hanoi were over 6 years of age
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and the sample size for each age group was small. Larger blood
sample sizes are necessary for further investigation, especially for
samples of younger age groups.

In previous work, we applied EEM to perfluorinated com-
pounds and assessed human exposure to the atmospheric
component in Japan.” EEM can be applied to other chemicals
and other regions, when essential information on contamination
levels both in blood and in food/water is available. As demon-
strated in this work, we can reconstruct retrospective trends and
assess the current risk of chemical contaminants. We can also
predict trends and risks in the future using emission scenarios.
EEM can contribute significantly to regional environmental
assessment and decision making.

B ASSOCIATED CONTENT

©® Supporting Information. Additional figures regarding
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Abstract

During the Typical Asian Dust episode from the end of
March—early April 2007 (TAD-2007), the mass concentration of
suspended particulate matter (SPM) began to increase rapidly
on the moming of 1 April in Hokuriku and Tohoku but remained
low in Kanto. Ground-level lidar and rawinsonde sounding in
Hokuriku observed a dust layer at ~2 km comresponding to the
base of the temperature inversion. In Kanto, which is leeward of
Japan’s central mountain ranges, SPM increase began from the
east coast and then advanced westward after 18 JST with easterly
winds. Merged CloudSat and CALIPSO datasets indicated that
clouds over mainland Japan and the Sea of Japan were located in
the upper-level atmosphere (> 6 km). Continuous meteorological
observations showed that cloud condensation and rainfall were
not observed over the mountains during the daytime of 1 April.
These results suggest that the delay in the SPM increase in Kanto
was caused by dust being indirectly transported to that region by
flowing around the central mountains.

1. Introduction

During 29 March-2 April 2007, a massive dust episode
referred to as the Typical Asian Dust in 2007 (TAD-2007), was
observed over East Asia. The maximum PM,, concentration
exceeded 1000 pg m™ in Seoul, South Korea (see Fig. 4 of Park
et al. 2010) and 700 pug m™ in Banryu, western Japan (see Fig. 5
of Yumimoto et al. 2008). TAD-2007 included extremely high dust
concentrations that affected all of Fast Asia, and its large-scale
three-dimensional structure has been intensively documented in
previous studies (e.g., Yumimoto et al. 2008; Park et al. 2010). On
a regional scale, however, complex spatial and temporal variations
of dust concentrations occurred over Japan.

Tsunematsu et al. (2009) examined the regional-scale char-
acteristics of the TAD-2007 using Doppler lidar observations,
ground-based meteorological observations, and a regional atmo-
spheric model for the Kanto region on the eastern side of central
Japan. They concluded that the surface-based stable layer in Kanto
prevented downward transport of elevated dust particles to the
ground in the early morning on 1 April. They also noted that the
dust layer extended to the ground after breakup of the stable layer.
In addition, Takahashi et al. (2010) reported that dust transport
from TAD-2007 was delayed over the Kanto plain compared to the
highland observatory at Mt. Haruna (1365 m altitude), which is
located on the northwestern edge of the plain. In Tsukuba (see Fig.
1b), lidar observations showed that the dust increase started with
a southeasterly wind and was restricted to the near surface level
(below approximately 1 km) after 16 Japan Standard Time (JST:
UTC+9). They noted that the low-level dust layer was advected
via a different route to the upper dust layer. Although these studies
documented regional-scale features of TAD-2007, there were no
sufficient explanations for the delayed dust transport in Kanto on
1 April 2007. From a visible image taken by the Moderate Resolu-
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Fig. 1. (a) Visible image from the Aqua/MODIS for 1 April, 2007 (Level-3
surface reflectance; MYDO9CMG V005). Rawinsonde sites are labeled
as Fukuoka (F), Yonago (Y), Wajima (W), and Tateno (Tsukuba; T). The
small domain (Fig. 1b) is indicated by a dashed rectangle. Green line
shows the cross section projection for Fig, 5. (b) Star: Lidar sites (Toyama
and Tsukuba). The label “H” represents Happo observatory of the Acid
Deposition Monitoring Network in East Asia (EANET).

tion Imaging Spectroradiometer (MODIS) onboard Aqua, dust
plumes and clouds widely covered Japan and surrounding area in
the daytime of 1 April (Fig. 1a). Wet deposition processes play an
important role in dust scavenging in a downstream region (e.g.,
Han et al. 2004).

The main objective of this study was to identify the major
cause(s) for the delay in dust transport to Kanto, Japan. To inves-
tigate the temporal and spatial variation in dust concentrations on
a regional scale, we used operational air-quality monitoring data
from densely distributed monitoring sites in Japan.

2. Data

Aerosol mass concentrations of suspended particulate matter
(SPM) were observed at about 1300 ground sites in Japan. Due
to the difference in the cut-off property of particles between PM,,
(50% cut-off at 10 pm) and SPM (100% cui-off at 10 pm), SPM
concentration was approximately equivalent to PM, (Minoura
et al. 2006).

The grid-point value meso-scale model (GPV-MSM) data
distributed by the Japan Meteorological Agency (JMA) were used
in this study. The 3-hourly analysis data had 16 pressure levels
(1000—100 hPa) with 0.1° x 0.125° horizontal resolution around
Japan (22.4°N—-47.6°N, 120°E~150°E).

We used a non-spherical (dust) extinction coefficient from
lidar observations by the National Institute for Environmental
Studies, Japan. The algorithm and estimation scheme for separat-
ing spherical/non-spherical particles were taken from Shimizu
et al. (2004).

To identify the vertical profiles of cloud and dust particles,
we also used merged datasets containing the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO) and
the CloudSat data provided by the Research Institute for Applied
Mechanics (RIAM) of Kyushu University (hereafter merged data-



