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Abstract

Little is known about chemical contaminant exposures of office workers in buildings globally.
Complex mixtures of harmful chemicals accumulate indoors from building materials, building
maintenance, personal products, and outdoor pollution. We evaluated exposures to 99 chemicals in
urban office buildings in the USA, UK, China, and India using silicone wristbands worn by 251
participants while they were at work. Here, we report concentrations of polychlorinated biphenyls
(PCBs), polybrominated diphenyl ethers (PBDES) and other brominated flame retardants (BFRs),
organophosphate esters (OPEs), phthalates and phthalate alternatives, pesticides, and polycyclic
aromatic hydrocarbons (PAHS). First, we found major differences in office worker chemical
exposures by country, some of which can be explained by regulations and use patterns. For
example, exposures to several pesticides were substantially higher in India where there are fewer
restrictions and unique malaria challenges, and exposures to flame retardants tended to be higher
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in the USA and UK where there were historic, stringent furniture flammability standards. Higher
exposures to PAHs in China and India could be due to high levels of outdoor air pollution that
penetrates indoors. Second, some office workers were still exposed to legacy PCBs, PBDEs, and
pesticides, even decades after bans or phase-outs. Third, we identified exposure to a contemporary
PCB that is not covered under legacy PCB bans due to its presence as an unintentional

byproduct in materials. Fourth, exposures to novel BFRs, OPEs, and other chemicals commonly
used as substitutes to previously phased-out chemicals were ubiquitous. Fifth, some exposures
were influenced by individual factors, not just countries and buildings. Phthalate exposures, for
example, were related to personal care product use, country restrictions, and building materials.
Overall, we found substantial country differences in chemical exposures and continued exposures
to legacy phased-out chemicals and their substitutes in buildings. These findings warrant further
research on the role of chemicals in office buildings on worker health.
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1. Introduction

Complex mixtures of harmful chemicals accumulate in the dust and air of our indoor
environments due to building materials, maintenance practices, personal care products, and
the infiltration of outdoor pollution (Lucattini et al., 2018; Weschler and Nazaroff, 2008).
Office buildings play an important role in defining indoor exposures of workers. Typical
office workers spend about one quarter of their week inside office buildings (U.S. Bureau

of Labor Statistics, 2013). In fact, semi-volatile organic compounds (SVOCs) are often
detected at higher levels in offices than homes (Bi et al., 2015; D’Hollander et al., 2010;
Harrad et al., 2006; Xiong et al., 2019; Zhang et al., 2011). Many of the hormone-disrupting
SVOCs are undisclosed ingredients that readily travel out of materials and expose occupants
via inhalation, incidental dust ingestion, and dermal absorption (Lucattini et al., 2018; Mitro
et al., 2016).

Polychlorinated biphenyls (PCBs) were historically used in joint sealants, caulking, and
other building materials (Erickson and Kaley, 2011; Kohler et al., 2005). PCBs have been
classified as known human carcinogens as a group (Lauby-Secretan et al., 2013) and

are linked to hormone disruption and impaired brain development (Brouwer et al., 1999;
Encarnacao et al., 2019; Klocke et al., 2020). Phthalate plasticizers are used in polyvinyl
chloride (PVC) flooring, wiring, plastic building materials, food packaging, cosmetics, and
personal care products (US FDA, 2018; Wittassek et al., 2011). Phthalate exposure is
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associated with negative impacts on sperm quality, pregnancy outcomes, fetal development,
and potentially cardiometabolic health (Casals-Casas and Desvergne, 2011; Hauser et al.,
2006; James-Todd et al., 2012, 2016; Mariana et al., 2016; Messerlian et al., 2018a).

Brominated flame retardants (BFRs), including polybrominated diphenyl ethers (PBDES)
and organophosphate esters (OPESs), have been added as flame retardants in foam furniture,
carpet, electronics, and building insulation (Abbasi et al., 2016; Allen et al., 2008; Cooper
et al., 2016; Hammel et al., 2017; Jinhui et al., 2017; Kemmlein et al., 2003; Stapleton

et al., 2012). OPEs have additional uses as plasticizers in furniture, floor finishes, plastic,
rubber, paints, coatings, and wallpaper (van der Veen and de Boer, 2012; Wang et al., 2017).
Research has found human exposure to be associated with adverse effects on the thyroid,
fertility, pregnancy outcomes, and brain development for both PBDES (Allen et al., 2016;
Boas et al., 2012; Choi et al., 2019; Czerska et al., 2013; Linares et al., 2015; Mumford et
al., 2015; Vuong et al., 2018) as well as OPEs (Carignan et al., 2017; Doherty et al., 2019;
Meeker and Stapleton, 2010; Messerlian et al., 2018b; Preston et al., 2017).

Pesticides are applied indoors and outdoors for management of pests, vector-borne diseases,
and crop protection. They are sometimes impregnated in textiles, carpets, and treated

wood to control pests and fungi (Butte, 2004; Cooper et al., 2020; Handford et al.,

2015). Exposures to some organochlorine, organophosphate, and pyrethroid pesticides are
associated with cancer, neurodegenerative disease, impaired brain development, thyroid
disease, respiratory symptoms, and diabetes (Burke et al., 2017; Evangelou et al., 2016;

Kim et al., 2017; Mostafalou and Abdollahi, 2013; Shrestha et al., 2018). Polycyclic
aromatic hydrocarbons (PAHSs) are formed during incomplete burning of organic substances
from certain indoor home appliances, smoking, cooking, traffic, coal burning, natural gas
extraction, power plants, waste incineration, and forest fires (Kim et al., 2013; Ravindra

et al., 2008). In addition, certain PAHSs like naphthalene are used in moth repellents and
building materials (Jia and Batterman, 2010). PAH exposure has been linked to increased
risk of cancer, respiratory distress, and impaired development (Kim et al., 2013; Miller et al.,
2004; Padula et al., 2015; Perera and Herbstman, 2011; Rota et al., 2014; Singh et al., 2018).

Silicone wristbands have recently emerged as novel personal passive samplers of exposures
to chemical mixtures (Anderson et al., 2017; Hammel et al., 2016; O’Connell et al.,

2014). Wristbands adsorb S\VOCs from air, dust, and products that people interact with,
capturing inhalation and dermal pathways of exposure (Hammel et al., 2018; S. Wang et al.,
2019b). Chemical concentrations in wristbands are significantly correlated with both serum
and urinary biomarkers of exposure, demonstrating their usefulness as external indicators
of internal dose for compounds with short or long biological half-lives. Wristbands also
reflect internal dose better than purely external samples such as dust, air, and hand wipes
(Dixon et al., 2018; Gibson et al., 2019a; Hammel et al., 2020, 2018, 2016; Levasseur et
al., 2021). Compared to traditional urine or blood biomarkers, wristbands are simple and
non-invasive and reflect external exposures without dietary contributions (Hammel et al.,
2016). Most importantly for this study, wristbands can isolate external exposures to one
microenvironment and exposure time window of interest. For example, participants could
wear wristbands only in the office building and only during one work week.
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The objectives of this study were to: 1) evaluate exposures of 251 office workers to 99
SVOC:s in their office buildings in the USA, UK, India, and China using silicone wristbands;
and 2) investigate the impact of country, building factors, and individual activities on indoor
chemical exposures. To our knowledge, this was the first study to use silicone wristbands

to pinpoint personal chemical exposures specifically isolated to office buildings, which are
often understudied compared to homes (Lucattini et al., 2018). We also studied buildings

in China and especially India to address major gaps in research about human exposures to
SVOCs in low- and middle-income countries (LMICs), which contain 84% of the global
population (Goodman et al., 2020; Lucattini et al., 2018; Saillenfait et al., 2018).

2. Methods
2.1. Study Population

We recruited office worker participants from 36 buildings of the preexisting Global CogFx
Study cohort of 43 office buildings. This convenience sample consisted of urban buildings
occupied by knowledge work companies in the USA, UK, India, and China, as well as
Mexico and Thailand which were not included in our sub-study of chemical exposures.
None of the buildings permitted smoking indoors. Participants in the larger cohort were
required to be full-time permanent employees, aged 18 to 65, non-smoking, and not color
blind; this sub-study did not have additional eligibility exclusions. More information on
recruitment, eligibility, and building locations are provided in the Supplementary Material.

In total, 255 office workers from 36 study buildings in the USA, UK, India, and China
participated in this sub-study. One wristband was lost during storage and three participants
were excluded because they did not report the amount of time that they wore the wristband.
Of the final 251 included participants, the sample sizes were 85 in the USA, 42 in the UK,
54 in India, and 70 in China.

Table S1 summarizes participant information, workstation characteristics, building factors,
and indoor air quality parameters. The 251 participants worked across 15 buildings in the
USA, six in the UK, nine in India, and six in China. The average number of participants per
building was 7.0 with a range of 2-15 (USA: 5.7 [3-8]; UK: 7.0 [6-8]; India: 6.0 [2-10];
China: 12 [6-15]).

2.2. Study Design

During a predefined study week in 2019 for each building, participants were instructed to
wear their provided silicone wristbands on either wrist for four consecutive days, Monday—
Thursday, only during work hours. We did not have them wear the wristbands on Friday so
that that day could be used to ship the wristbands before the weekend. Some participants
skipped certain sampling days when out of the office. Most participants (80%) wore the
wristband for four workdays, and 13% wore it for three. The median number of hours the
participants wore the wristbands for each country was between 33 and 34 hours [range 6-56]
(Table S1). The sampling duration did not significantly differ by country (p=0.27 in ANOVA
test).
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For each day during the study period, participants were told to put on their wristbands
when they arrived at their workplace and then to wear it continuously until leaving the
office building after their work shift. Participants filled out the exact times they put on and
removed their wristbands on a paper time log sheet and via electronic daily surveys, which
we cross-checked against each other to ensure compliance with the sampling protocol.
Participants wore the wristbands continuously during any lunch breaks or external meetings
since exposures during those times may be ‘brought back’ to the building on clothes,

skin, and other materials. Overnight, the participants stored their wristbands wrapped in
aluminum foil and sealed in plastic bags at their desk.

Most buildings within a country were sampled during the same study week. The UK
buildings were sampled in February 2019, most USA buildings were sampled in late April
(except one in January), most buildings in India were sampled in May (except one in June),
and the buildings in China were sampled in July. Sampling weeks were scheduled based

on logistics and already-planned in-person visits to the UK and China. For all buildings,
wristbands were shipped back to Boston and stored at —13°C within two weeks after the

end of the study week but usually (94%) within one week. SVOCs have been experimentally
shown to be stable on wristbands at high temperatures (30°C) in transport for at least one
month (Anderson et al., 2017).

Participants took one baseline survey about their workstation (such as the presence of

foam furniture and flooring) and a daily survey about their behaviors while wearing their
wristband the day before (such as personal care product uses). These Qualtrics-based
surveys were administered through email or the custom-developed mobile app developed for
the Global CogFx study (ForHealth App, AppLab, Boston, MA, USA). All study materials
were translated to Chinese by native and fluent members of the research team. In India, the
sampled offices used English as the language at work and all participants were fluent. A few
study point people from the buildings in India or China reviewed the surveys in advance to
check for understanding and terminology.

We also had access to surveys of building managers about building characteristics such

as age of construction and cleaning practices, which were almost always reported to

be daily. Global CogFx participants were provided with low-cost air quality sensors at

their workstations, which provided real-time data on indoor temperature, relative humidity,
carbon dioxide, and in many cases, fine particulate matter (PM 5). More information on the
sensors is in Jones et al. 2021 (Citation TBD).

In the laboratory, we analyzed 21 field blanks from different buildings and countries. Field
blanks were wristbands prepared in the same way as the sample kits and shipped to and from
buildings in the same packages, but not opened or worn by participants. The study protocols
were approved by the Institutional Review Board of the Harvard T.H. Chan School of Public
Health.

2.3. Wristband Preparation and Laboratory Analysis

Our wristband sample preparation, storage, and analysis followed previously published
protocols (Hammel et al., 2020, 2018, 2016). Red silicone wristbands were purchased from

Environ Int. Author manuscript; available in PMC 2022 November 01.
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24hourwristbands.com (Houston, TX, USA), pre-cleaned using solvent extraction (overnight
soxhlet with 1:1 acetate:hexane then repeated with 1:1 in ethyl acetate:methanol), wrapped
in pre-cleaned (combusted at 400°C) aluminum foil, and double sealed in two plastic Ziploc
bags. We sent each participant an envelope with the wristband sample bag, instructions, and
extra foil.

Wristbands were analyzed at the Michael and Annie Falk Foundation Exposomics
Laboratory at Duke University. The following were quantified in wristband samples

based on previously described methods (Reddam et al., 2020; Wise et al., 2020) and

mostly using GC-MS/MS: 11 PCBs, 13 BFRs, 31 OPEs, 10 phthalates and their
alternatives, 12 pesticides, and 20 PAHs. The 13 BFRs included 10 PBDEs and 3

novel BFRs. Abbreviations for the chemicals described in detail in the discussion

include: 2-ethyl hexyl-2,3,4,5-tetrabromobenzoate (EHTBB), bis (2-ethyl hexyl)-2,3,4,5-
tetrabromophthalate (BEHTBP), tris (1-chloro-isopropyl) phosphate (TCIPP), tris (2,4-
dichloro-isopropyl) phosphate (TDCIPP), tris (2-chloro-ethyl) phosphate (TCEP), triphenyl
phosphate (TPHP), 2-ethylhexyl diphenyl phosphate (EHDPP), tris(2-ethylhexyl) phosphate
(TEHP), tri-iso-butyl phosphate (TiBP), tri-n-butyl phosphate (TnBP), tri-p-cresyl
phosphate (TpCP), 2-isopropylphenyl diphenyl phosphate (2IPPDPP), 4-tert-butylphenyl
diphenyl phosphate (4tBPDPP), bis(4-tert-butylphenyl) phenyl phosphate (B4tBPPP),

bis (2-ethlyhexyl) phthalate (DEHP), di-n-butyl phthalate (DnBP), di-isobutyl phthalate
(DiBP), di-isononyl phthalate (DINP), benzyl butyl phthalate (BzBP), di-methyl phthalate
(DMP), bis (2-ethylhexyl) adipate (DEHA), bis (2-ethylhexyl) terephthalate (DEHT), and
trioctylmetallitate (TOTM). Table S2 provides a full list of analyte abbreviations and CAS
numbers. Wristbands from the first eight participants (3.2%), including three from the USA
and five from the UK, were not measured for some analytes, including one PCB, ten OPEs,
five pesticides, and all PAHSs (Table S2).

Information on laboratory methods, quality assurance and quality control, blanks, and
recoveries (Table S3) are in the Supplementary Material. Method detection limits (MDLS)
were calculated as three times the standard deviation of field and lab blank responses (Table
S2).

2.4, Statistical Analyses

We blank-corrected chemical concentrations by subtracting average field blank
concentrations. Because each participant wore their wristband for a different reported
sampling duration, we scaled detected chemical concentrations to a 32-hour time period
(equivalent to four 8-hour workdays). After scaling, we substituted non-detect values with
one-half the MDL of the sample batch (Hornung and Reed, 1990).

To identify groupings for certain chemical classes, we conducted principal component
analysis among scaled and centered concentrations of analytes detected in over one-third of
samples in a country. We evaluated principal components (PCs) that explained a cumulative
variance of over 70% and each had eigenvalues of at least one. We calculated Spearman
correlation coefficients among the same analytes, with statistically significant correlations
evaluated at agy_c=0.032 (based on the Benjamini-Hochberg procedure to decrease false
discovery rates) (Benjamini and Hochberg, 1995).

Environ Int. Author manuscript; available in PMC 2022 November 01.
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We developed multilevel regression models of natural logs of chemical concentrations (due
to non-normality in histograms and Shapiro-Wilk tests), with building-specific random
intercepts. For each modeled chemical, only data from countries with at least 5% detections
were included. Final sample sizes in statistical models ranged from 7=233 to n=243 (except
lower when only a subset of countries had enough detections to analyze), as explained in
Supplementary Material. Model estimates were transformed to percent differences because
we used log-transformed outcomes.

For models of phthalates and their alternatives, we conducted latent class analysis (LCA) to
identify personal care product user types and to avoid problems with multicollinearity and
high data dimensionality from including variables for each product. The variables inputted
into LCA included reported use at any time on any study day of aftershave; body or hand
lotion; deodorant; hair oil, grease, or leave-in conditioner; hair spray; makeup foundation,
blush, or eye shadow; nail polish; and perfume or cologne. Latent classes were inputted as
variables in models and interpreted as user types defined by the profile of products used.
More information on LCA and model covariates are described in Supplementary Material.

To avoid multiple testing issues that could arise from statistical models on 99 chemicals,

for models we selected key chemicals based on detection rates or tracer chemicals identified
in principal component analysis (see Supplementary Material and Figure S1). We did not
calculate summations of all chemicals in a class due to differences in physical-chemical
properties that would influence chemical uptake efficiency into wristbands. We did not
conduct models on PAHSs since they have high contributions from outdoor sources that we
did not evaluate or that had too much missing data. Due to the targeted selection of only

a subset of chemicals for these analyses, statistical significance in models was evaluated at
a=0.05 with suggestive evidence at a=0.10.

In sensitivity analyses, we conducted the same regression models with additional control
for average indoor temperature, relative humidity, fine particulate matter (PM> ), and

air exchange rate (outdoor ventilation estimated from CO, measurements) during each
building’s four-day study period during business hours (9:00-17:00). The measurements
were not available for 4 of 36 study buildings (32 participants; 9%) due to sensor
technological issues, so we did not include these parameters in main models. All analyses
were conducted in R (version 3.6.1).

3. Results and Discussion

Ninety-four of the 99 measured SVOCs across six target chemical classes were detected

in at least one silicone wristband sample (Table S4). We found considerable differences in
chemical exposures by country (Figure 1). India or China tended to have higher exposures
to most phthalates, PAHs, and pesticides, indicative of lower restrictions, higher fuel
combustion sources, and unique malaria challenges (in India), respectively. On the other
hand, the UK and USA tended to have higher exposures to most BFRs and OPES, suggestive
of the more historically strict flammability standards necessitating the use of chemical flame
retardants. Detections of banned legacy PCBs were highest in the USA, likely due to the
older ages of buildings in this study.
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Overall, we found that legacy chemicals still exposed building occupants even decades after
they were banned in a country. Exposures to certain legacy chemicals were also higher

in some countries that did not implement the same bans. Even when exposures to legacy
chemicals were low, harmful substitute chemicals ubiquitously exposed office workers.

Further details on each chemical class are provided in the following sections, and the
Supplementary Material includes tables of summary statistics (Tables S4-S5), additional
boxplots of each common chemical by country (Figures S2-S7), and bar charts comparing
our results to previous wristband studies with concentrations scaled to the same exposure
duration (Figures S8-S12).

Polychlorinated Biphenyls

Office workers in this study were exposed to several legacy PCBs that were banned in the
USA by 1979, banned in the UK by 1986, and added to the global Stockholm Convention
in 2004 (Conolly et al., 2009; The People’s Republic of China, 2007; US Environmental
Protection Agency, 1979). In particular, PCB-28 and PCB-101 were found in the wristbands
at higher detection frequencies and geometric mean concentrations in the USA compared
to other countries. These two PCBs were detected in 0% of samples from China and less
than 4% from India, compared to 33-36% in the USA and 5-19% in the UK (Table S4).
The sampled buildings in China and India were all constructed after 2003, which likely
explains the relatively lower detections of legacy PCBs compared to the USA and UK. By
contrast, the USA workers occupied the oldest buildings in our study, dating back to 1898
(eight of the 15 buildings were constructed in or before the 1979 ban), and three of the

six study buildings in the UK were constructed between 1987-1990 (only right after the
1986 ban). In regression models, a 10-year decrease in construction age among buildings
in the USA was associated with 19% lower PCB-101 concentrations in wristbands (95%
confidence interval [CI]: —31- -4%; p=0.029), adjusted for hand-washing frequency and
wristbands worn under clothing sleeve (Table 1). The detections of legacy PCBs were
likely a result of PCB-containing materials in older buildings constructed before bans, since
pre-existing materials were allowed to remain in use and often have not been tested for
PCBs. Several studies have similarly documented the continued presence of legacy PCBs
in old buildings in the USA and Europe due to their historic use in materials such as joint
sealants (Frederiksen et al., 2012; Hazrati and Harrad, 2006; Heinzow et al., 2007; Herrick
et al., 2004; Jartun et al., 2009; Kohler et al., 2005).

PCB-11, on the other hand, is a contemporary PCB congener that was not historically added
to commercial mixtures at appreciable levels and has been an emerging concern in buildings
(Frame et al., 1996; Hu and Hornbuckle, 2010; Rodenburg et al., 2010). In this study,
PCB-11 was the most frequently detected PCB in 73% of wristbands from all countries
(Table S4). PCB-11 was detected at significantly higher concentrations and in at least 89%
of wristbands from China and India, where the buildings were all constructed more recently
(after 2007 in China and after 2002 in India) (Figure S2). Specifically, PCB-11 levels were
estimated to be 942% higher in wristbands worn by office workers in China (95% CI: 184—
3,720%; p=0.0022) and 1,730% higher in India (95% CI: 437-6,140%; p<0.001) compared
to the USA (Table 1). In addition, PCB-11 was negatively correlated with legacy congeners
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PCB-101 (Spearman r=-0.21; p=0.0012) and PCB-28 (r=-0.14; p=0.03), whereas those two
legacy PCBs were positively correlated with each other (/=0.28, p<0.001) (Figure S8). And,
PCB-11 levels were not significantly associated with building age, unlike PCB-101 (Table
1). These findings are supported by previous research showing that PCB-11 has non-legacy
sources indoors. Not covered under PCB manufacturing bans, PCB-11 is an unintentional
byproduct in certain pigments used in wall paint, product packaging, textiles, and other
pigmented materials (Anezaki et al., 2014; Guo et al., 2014; Hu et al., 2008; Rodenburg et
al., 2010; Shang et al., 2014; Vorkamp, 2016). Recent studies also identified unexpectedly
high PCB-11 emissions in outdoor air and water that were not driven by dechlorination of
heavier congeners and continued even as other PCBs declined (Hazrati and Harrad, 2006;
Hites, 2018; Hu et al., 2008; Rodenburg et al., 2010).

Brominated Flame Retardants

Similar to PCBs, legacy PBDEs still exposed office workers despite being phased out
(Figure 2). A large majority of wristband samples (87%) had at least one detectable PBDE.
Even with the phase-out of PBDES, novel emerging BFRs and OPEs have been frequently
used as flame-retardant substitutes in the same product applications as PBDEs (Cooper et
al., 2016; Saillenfait et al., 2018; Stapleton et al., 2012; van der Veen and de Boer, 2012).
About 63% of office workers in this study were exposed to at least one of the three measured
novel BFRs, and all but one (99.6%) were exposed to an OPE.

3.2.1. Polybrominated Diphenyl Ethers: PentaBDE—PBDE congeners 47, 99,

and 100 were detected almost exclusively in wristbands from the USA (at 93%, 84%,

and 39% respectively) and UK (14%, 19%, and 2%), while not in any from China or

India except one wristband (Table S4). Most other PBDESs (except BDE-209) were rarely
detected. There were evident country-level differences in the magnitude of concentrations of
PBDEs in wristbands. The boxplots and models demonstrate that the USA had the highest
concentrations of BDE-47, BDE-99, and BDE-100 in wristbands, even compared to the UK
(Figure 2; Figure S3; Table 1).

BDE-47, BDE-99, and BDE-100 were components of the historically common commercial
flame-retardant mixture PentaBDE (La Guardia et al., 2006). In 2004, PentaBDE was
banned in the UK and voluntarily phased out in the USA (followed by California’s 2006
ban) (Dodson et al., 2012; European Parliament, 2003a; State of California, 2004). Thus,
office workers in the USA and UK were exposed to PentaBDE chemicals 15 years after
their phase-out and likely from legacy sources. By contrast, the absence of PentaBDE in
samples from China and India was possibly explained by the contrasting lack of similar
flammability regulations (which were mandated over 30 years ago in the USA and UK)
and/or the more recent construction of study buildings (2009 or later in China; 2003 or later
in India) (Petreas et al., 2016; UK Statutory Instruments, 1988).

As expected, given their co-presence in PentaBDE mixtures, concentrations of PBDE
congeners 47, 99, and 100 in our wristbands were strongly positively correlated with
each other (r=0.58-0.84; p<0.001) and were the primary chemicals of the third principal
component (Figure S1; Figure S13). They were also positively correlated with legacy
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PCB-101 (r=0.14-0.42; p<0.05) and negatively correlated with contemporary PCB-11
(r=—0.41--0.27; p<0.001), indicating that they have legacy sources.

3.2.2. Polybrominated Diphenyl Ethers: DecaBDE—Unlike PentaBDE chemicals,
BDE-209, the main component of DecaBDE, was found in 74% of wristbands overall,

and the lowest detection frequencies occurred in the USA (USA: 62%; UK: 88%; China:
69%; India: 87%) (Table S4). BDE-209 detections and concentrations in the wristbands
were highest in the UK and India, followed by China (Figure 2). There were estimated
273% and 227% higher concentrations of BDE-209 in wristbands from the UK (95% CI:
80-670%; p=0.0023) and India (95% CI: 54-587%; p=0.0063), respectively, compared

to the USA, adjusted for building age, carpeting, foam chair, handwashing, and wearing
wristband under clothing sleeve (Table 1). The higher presence, and difference in trends, of
BDE-209 compared to other PBDES could have resulted from its more recent restrictions
or differences in physical-chemical properties. While DecaBDE was voluntarily phased
out in the USA by 2013, the UK only banned it in 2019 after our study ended (and in

2008 ended its PBDE exemption in electronics restrictions) (European Court of Justice,
2008; European Parliament, 2017, 2003b). India has restricted PBDES in electronics since
2014, but not in other products to our knowledge (Government of India, 2011). In China,
DecaBDE is not restricted and remains a high production-volume flame retardant (Chinese
Ministry of Industry and Information Technology, 2016; Chung and Zhang, 2011; Dou and
Sarkis, 2013; Ni et al., 2013). In addition, BDE-209 was negatively correlated with legacy
BDE-47 (r=-0.34; p<0.001) and PCB-101 (r=-0.17; p=0.007) (Figure S13), suggesting that
BDE-209 is a more contemporary chemical that has not yet declined in use as much as
phased-out PBDEs and PCBs. BDE-209, along with two novel substitute BFRs (EHTBB
and BEHTBP), also loaded onto different principal components than PentaBDE congeners
(Figure S1).

The elevated BDE-209 levels in wristbands from the UK align with previous research
reporting high use and detection of BDE-209 in the UK compared to other countries
(Harrad, 2015). Our findings of BDE-209 in wristbands worn in office buildings across
the four countries reveal the lags between regulations and exposure reductions as well as
limitations of restrictions that do not treat chemicals as an entire class.

3.2.3. Novel Brominated Flame Retardants—Novel BFRs are often used in
commercial flame-retardant mixtures as PBDE replacements (Covaci et al., 2011; Stapleton
et al., 2008). BEHTBP was found in over half of all wristbands (59%), with the highest
detection frequencies and concentrations occurring within the USA (89%), followed by

the UK (69%) (Table S4; Figure 2). Compared to the USA, BEHTBP concentrations

were 88% lower in wristbands from China (95% CI: —94— —-79%; p<0.001) and 74.6%
lower in India (95% CI: —86— —54%; p=0.00012), adjusted for building age, carpeting,
foam chair, handwashing, and wearing wristband under sleeve (Table 1). By contrast,
EHTBB was detected primarily (and at much higher magnitudes) in samples from the
USA (79%), while rarely in the UK (7%), India (4%), and China (1%) (Figure 2). This
suggests that in our study, the USA may be the only country with appreciable contributions
from commercial flame-retardant mixtures containing both BEHTBP and EHTBB, such as
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Firemaster 550, BZ-54, and Firemaster 600 (Li et al., 2017; Ma et al., 2012; Qi et al., 2014;
Stapleton et al., 2008). Reflective of these mixtures, BEHTBP and EHTBB were positively
correlated with each other in wristbands (r=0.26 overall, 0.49 in USA; p<0.001) (Figure
S13) and contributed heavily to the same distinct principal component (Figure S1). The
other countries may have higher relative use of other commercial mixtures, such as DP-45,
which consists exclusively of BEHTBP (Davis and Stapleton, 2009; Ma et al., 2012; Qi et
al., 2014).

3.3. Organophosphate Esters

The office workers were ubiquitously exposed to OPEs, but often at significantly different
detection frequencies and concentrations across countries. Four OPEs were detected in at
least 95% of samples: TCIPP, TPHP, EHDPP, and TEHP (Table S4). Similar to legacy
PBDEs and novel BFRs, India and China typically had the lowest levels of OPEs in
wristbands compared to the USA or UK, which aligns with previous research of OPEs

in dust from India and China compared to industrialized countries with stricter flammability
standards (W. Li et al., 2019). For example, the detections and magnitudes of EHDPP, TiBP,
TnBP, ITPs (such as 2IPPDPP), and TBPPs (such as 4tBPDPP) were higher in the USA
and UK than India or China (Figure S4). In regression models, compared to the USA,
wristbands from India had 48% lower TiBP levels (95% CI: —68— —14%; £p=0.024), 68%
lower TnBP (95% CI: —84— -34%; p=0.0079), 89% lower 2IPPDPP (95% CI: —97- -56%;
p=0.0058), and 91% lower 4tBPDPP (95% CI: —98- —69%; p=0.0018), adjusted for building
age, carpeting, foam chair, handwashing, and wearing wristband under sleeve (Table 1).
Similarly, wristbands from China had 74% lower TnBP (95% CI: —88— —43%; £=0.0047),
99% lower TpCP (95% CI: —100- —65%; £=0.023), and 96% lower 4tBPDPP (95% CI:
—-99- -86%; p=0.00026) compared to the USA.

Our regression results corroborate the likely use of OPEs as flame retardants in carpet

and foam furniture, among other applications. There were 571% higher 2IPPDPP levels
(95% CI: 133-1,810%; £=0.0020) and 328% higher 4tBPDPP levels (95% CI: 62-977%;
p=0.0079) for participants that had carpeting compared to no carpeting in their workstation
(Table 1). We found suggestive evidence that participants with a foam chair had 267%
higher exposures to TpCP compared to those without a foam chair (95% CI: —18-1,440%;
=0.088).

Of particular note among chlorinated OPEs, TCIPP concentrations in wristbands from

the UK were orders of magnitude higher than for any other country or any other OPE,

even though it was widely detected in all countries (Figure 1; Figure S4). In addition, we
observed higher geometric means of TCIPP than eight previous wristband-based studies, for
which we scaled concentrations to a comparable sampling duration (Figure S9) (Gibson et
al., 2019b; Hammel et al., 2020, 2016; Kile et al., 2016; Reddam et al., 2020; Travis et

al., 2020; S. Wang et al., 2019a; Wang et al., 2020). These findings align with previous
research that found preferential use of TCIPP in the UK compared to other countries
(Brommer and Harrad, 2015; Harrad et al., 2016). Furthermore, TDCIPP levels were higher
in wristbands from the USA and UK compared to India or China (Figure S4) (Cooper et al.,
2016; Stapleton et al., 2009). By contrast, TCEP was much higher and more frequently
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detected in wristbands from China (77%) than other countries (50-58%) (Figure S4).

This result is consistent with previous research reporting that TCEP comprises a larger
proportion of OPEs in indoor dust from China and other Asian countries compared to the
USA and European countries where TCEP dropped in production (California Environmental
Protection Agency, 2020; W. Li et al., 2019). These three chlorinated OPESs are most

often used as flame retardants in polyurethane foam applications but can also be added as
plasticizers to PVC, plastic, wallpaper, textiles, coatings, and paints like other OPEs (Wang
etal., 2017).

The OPE concentrations also demonstrated different potential profiles of flame-retardant
mixtures across countries. TPHP did not load onto the same principal component as
BEHTBP and EHTBB (Figure S1), and TPHP was only slightly correlated with those two
chemicals (Figure S13). This indicates that FM 550 (of which TPHP is another component)
may not be the only or primary mixture used (Knudsen et al., 2016; Phillips et al., 2017;
Stapleton et al., 2008). Instead, EHTBB and BEHTBP were highly correlated with two
TBPPs (4tBPDPP and B4tBPPP; r=0.29-0.65; p<0.001), which points to FM 600, at least
in the USA and UK where there were significantly higher TBPP wristband concentrations
(Figures S13 and S4; Table 1) (Knudsen et al., 2016; Phillips et al., 2017). On the other
hand, TPHP was significantly correlated with ITPs such as 2IPPDPP (/=0.64; p<0.001) and
together they tightly formed the first principal component, suggesting prevalent use of the
so-called ITP flame retardant mixture consisting of TPHP and ITPs (Phillips et al., 2017)
(Figure S1; Figure S13).

3.4. Phthalates and Phthalate Alternatives

Phthalates were the most abundant class of SVOCs we measured in wristbands (Figure 1;
Table S4). Every office worker was exposed to phthalates, and four phthalates were detected
in at least 97% of wristbands: DEHP, DnBP, DiBP, and DINP. The phthalate alternatives
DEHT, DEHA, and TOTM were also common: 99% of participants were exposed to at least
one and 95% were exposed to all three. Office workers in India tended to have the highest,
or at least comparable, exposures to most phthalates and phthalate alternatives except for
BzBP and DMP (Figure 3; Figure S5; Table S4). Elevated exposures in India may reflect
potential differences in office building materials and the lack of restrictions for phthalates
compared to the USA, UK, and later in China (The People’s Republic of China, 2014; Y.
Wang et al., 2019).

The European Union (EU), which the UK was a member state of during our study, has
restricted six phthalates in children’s toys starting since 1999, including DINP, DEHP,
DnBP, and BzBP (Y. Wang et al., 2019; Wittassek et al., 2011). DEHP, DnBP, and BzBP
were also prohibited in cosmetics in 2009 by the EU (European Union, 2016). The USA
followed the EU in restricting the same phthalates in children’s toys in 2008 (US Consumer
Product Safety Commission, 2008), and China passed a similar standard effective 2016
(The People’s Republic of China, 2014). Even though specific to children’s products, these
regulations may have increased awareness and reduced total use of phthalates in other
applications (Sackmann et al., 2018).
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In our study, office worker exposures to DEHP and DnBP in the UK and USA were all
much lower than exposures in China and especially in India, as expected given differences
in phthalate regulations and their timing by country (Figure 3). However, DINP exposures
were actually the lowest in both the UK and China compared to the USA and India. In
regression models of key phthalates selected from principal component analysis (Figure S1),
DINP levels in wristbands were 59% lower in the UK (95% CI: —76— —30%; £=0.0044) and
60% lower in China (95% CI. —=77— -31%; p=0.0049) compared to the USA, adjusted for
building age, vinyl flooring, scented clothes, product user type, handwashing, and wearing
wristband under sleeve (Table 2). In this study, China may not have had higher DINP
exposures than the UK, despite the much earlier implementation of the UK’s restriction,
because DEHP exposures in China are still higher (Figure 3) and DINP is a common

DEHP substitute. A previous study found clear trends in urinary metabolite levels of DEHP
declining while DINP increased in the USA general population (Zota et al., 2014). Both of
these high molecular weight phthalates are used in PVC materials and plastisol applications
including food packaging, cables and wiring, flooring, and furniture (Wittassek et al., 2011).
DnBP, a lower molecular weight phthalate, is used in cosmetics, food packaging, and some
PVC materials (Zota et al., 2014).

DEP, an unrestricted, low molecular weight phthalate commonly used in perfume, makeup,
and other personal care products, had significantly lower levels and detection frequencies in
wristbands from the USA (67%) compared to other countries (UK: 86%; China: 95%; India:
98%) (Figure 3) (Y. Wang et al., 2019). In fact, wristbands from India had 1,420% higher
DEP levels than the USA (95% CI: 549-3,450%; p<0.001) (Table 2). The lower exposures
in the USA, even compared to the UK, may be partially explained by extensive advocacy
efforts in the USA to reduce phthalates in cosmetics, a reason why urinary metabolite
levels of DEP in the USA general population declined more than other phthalates with
legislative measures (Zota et al., 2014). The wristband levels of DEP in our study were
much higher in India than China (Figure 3), which aligns with previous research showing
that the predominant urinary metabolite in India was DEP, unlike in China (Guo et al.,
2011; Y. Wang et al., 2019). In contrast to DEP, BzBP was restricted in cosmetics in the

EU (European Union, 2016), which could theoretically extend to voluntarily phase-outs in
other products, such as its substantial use in vinyl flooring (Hammel et al., 2019). The
comparative lack of regulatory restriction of BzBP in any products in the USA may help
explain the higher concentrations and detections of BzBP in wristbands from the USA than
the UK (Figure S5).

Our regression models identified that phthalate exposures were related to product user types
defined from latent class analysis (Figure S14). Perfume/makeup users had an estimated
84% higher levels of DEP in wristbands (95% CI: 21-186%; 0=0.0066) and deodorant users
had 52% higher levels (95% CI: 7-123%; p=0.026) compared to minimal product users
(Table 2). This association has also been observed previously for urinary metabolite levels
of DEP (Braun et al., 2013; Just et al., 2010; Nassan et al., 2019) and is consistent with
common DEP use in cosmetic and personal care products. Our calculated product user types
did capture potential gender differences and still showed significant country associations
(such as higher DEP in India) despite some differences in gender breakdowns by country
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(Table S1). Among participants who reported gender (7=217), most males (73%) were
classified as minimal product users, whereas only 32% of females were.

On the other hand, vinyl flooring in workstations was associated with 127% higher DiBP
levels (95% Cl: 26-325%; p=0.011) in wristbands than workstations without vinyl flooring
(Table 2). PVC flooring is a common application of phthalates, although not thought to be
a main use for DiBP (Wittassek et al., 2011; Zota et al., 2014). However, in our study DiBP
loaded strongly onto the first principal component along with DEHP, suggesting potentially
similar sources such as PVC (Figure S1).

Office workers in all four countries had ubiquitous exposures to understudied plasticizers
used as phthalate alternatives, especially in place of DEHP in food packaging and other PVC
materials (Table S4; Figure S5). DEHT, detected in 99% of wristbands and at appreciable
concentrations compared to other phthalates (Figure S5), is a structural isomer to DEHP

and major non-phthalate substitute (Frederiksen et al., 2020). DEHA is another alternative
plasticizer detected in 95% of wristbands (Table S4). Finally, we detected TOTM in 99% of
wristbands. By contrast, a previous study of German children only found TOTM metabolites
in less than 5% of urine samples and TOTM in less than 15% of 122 house dust samples,
and the authors hypothesized that TOTM exposure in the general population might not be
expected yet due to its main use in medical devices (Murawski et al., 2020). The geometric
mean levels of each of these three phthalate alternatives in wristbands were also higher in
our study compared to scaled levels in a previous wristband-based study of children in the
USA in 2015 (Figure S10) (Hammel et al., 2020). Our study’s different findings in the
common exposure to TOTM may be partially due to later sampling years, sampling of adults
in office buildings and in other countries, and the additional use of TOTM in electrical cords
which may be more prevalent in offices (Murawski et al., 2020).

Interestingly, we found that wearing clothes washed with a scented detergent/conditioner/
softener product was associated with 55.1% significantly higher exposures to DEHA (95%
Cl: 19-102%; p=0.0017) and 33.6% higher exposures to DEHT (95% CI: —5— -86%;
£~=0.10) compared to office workers who did not, adjusted for country, building age, vinyl
flooring, product user type, handwashing, and wearing wristband under sleeve (Table 2).
This finding suggests that DEHA and DEHT may not just be used in PVC materials but
also fragranced products; similarly the more traditional phthalate DEHP has been found

in many perfumes although at lower levels than DEP (Al-Saleh and Elkhatib, 2016). By
contrast, deodorant users were estimated to have 42% lower TOTM exposures (95% CI:
—64— —6%; p=0.027) than minimal product users, an unusual result perhaps because other
phthalates or alternatives are more common in personal care products or because other
behaviors are associated with deodorant users (Table 2). Although the phthalate alternatives
are hypothesized to be less toxic than DEHP, more human toxicological and epidemiological
research is needed to determine potential health effects, population exposures, and sources
of these understudied chemicals (Frederiksen et al., 2020; Murawski et al., 2020).

3.5. Pesticides

Previous research has focused on outdoor and occupational exposures to pesticides more
than indoor exposures. Our use of silicone wristbands shows that office workers are
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commonly exposed to pesticides inside office buildings, whether they are directly applied

in buildings or carried in from outdoors or the home (Figure 4). We found that exposures

to certain banned pesticides have persisted, and that exposures to organophosphate and
pyrethroid alternative pesticides were common. Higher exposures to some pesticides in India
may reflect malaria control challenges.

P,p’-DDE is a breakdown product of the legacy organochlorine pesticide dichloro-diphenyl-
trichloroethane (DDT) (Qiu et al., 2004). In our study, office workers in India experienced
significantly higher exposures to DDE than any other country (Figure 4). Compared to

the USA, DDE levels in wristbands were 540% higher in India (95% CI: 98-1,970%;
p=0.0054), adjusted for building age, indoor pesticide application in last year, eating raw
produce at desk, handwashing, and wearing wristband under sleeve (Table 3). The global
distribution of DDT compounds (including DDE) in human milk has been highly explained
by tropical countries (such as India) where malaria is still an important public health
challenge (M. van den Berg et al., 2017). In fact, India has the highest ongoing production
and use of DDT (H. van den Berg et al., 2017). By contrast, technical DDT was banned

in the USA in 1972, the EU in 1983, and China for agricultural use in 1983 (Qiu et al.,
2004; Wong et al., 2005). DDT production in China stopped in 2008 (H. van den Berg

et al., 2017). Despite decades-old measures to ban DDT, its breakdown product DDE was
still detected in 55% of samples from the USA, 38% of samples from the UK, and 66%

of samples from China, highlighting continued issues with extremely persistent legacy
chemicals (Table S4).

Chlorpyrifos is an organophosphate pesticide developed as a DDT substitute (N’Guessan et
al., 2010) with again substantially higher exposures in office workers from India compared
to any other country (Figure 4). Chlorpyrifos levels in wristbands were 393,000% higher

in India than the UK (95% CI; 26,700-5,690,000%; p<0.001) (Table 3). Chlorpyrifos was
detected in nearly all (98%) wristbands from India, in about half (53%) of those from China,
and very rarely in those from the UK (10%) and USA (5%) (Table S4). The pesticide was
banned for all but one use in the EU effective 2016, was voluntarily phased out in certain
applications in the USA since 2000, and was restricted on vegetables effective 2016 in
China (EU Health and Safety Executive, 2016; The People’s Republic of China, 2013; US
EPA, 2020). The higher exposures in participants from India reflects the comparative lack
of chlorpyrifos restrictions in India (Government of India, 2020). The use of chlorpyrifos
as a substitute pesticide has reportedly increased in India after the ban on organochlorine
pesticide endosulfan in 2011 (Bonvoisin et al., 2020).

Malathion, another organophosphate insecticide with diverse applications, was exclusively
detected in wristbands from India (52%) even though the pesticide is approved for use in
all four countries (Figure 4) (Guyton et al., 2015; Handford et al., 2015; United Nations,
2015). Again, malaria control in India likely explains this exposure difference, especially
since malathion is applied to interior walls and roofs of buildings in India for that purpose
(Guyton et al., 2015).

Although office workers from India still had the highest exposure levels and detections
of cypermethrin (56%), those from China did have appreciable detections (36%) unlike
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the UK (0%) or USA (4%) (Table S4; Figure 4). Cypermethrin is a pyrethroid pesticide
commonly used in agricultural settings (Tang et al., 2018) and that does have approved
uses in the studied countries (European Union, 2005; United Nations, 2015). Cypermethrin
exposures were 99% lower in China compared to India (95% ClI: —100- -95%; p<0.001)
(Table 3). Among buildings in India and China, cypermethrin levels in wristband samples
were also 517% higher (95% CI: 52-2,410%; £=0.042) in buildings that reportedly had
applied chemical pesticide in the last year compared to those who had not, indicating a
potential indoor source. Sixty-seven percent of buildings in India (6 of 9), 67% of buildings
in China (4 of 6), 27% of buildings in the USA (4 of 15), and none in UK reported pesticide
applications in the last year (Table S1). Interestingly, a one-year decrease in building age
was associated with an estimated 60% increase in exposures to cypermethrin in India and
China (95% CI: 36—-89%; p=0.00042) (Table 3). This model included buildings constructed
between 2003 and 2017 in India and China (Table S1). Although the reason for newer
buildings having higher cypermethrin exposures is not clear, newer buildings may have had
differences in pesticide applications, garden care, pesticide-impregnated building materials,
or nearby agricultural use.

In contrast to the other pesticides, permethrin was widely detected in all countries, with
higher concentrations and detection frequencies in the USA (79%) and UK (76%) compared
to India (56%) or China (43%) (Figure 4). This finding is consistent with the fact that
permethrin is another common pyrethroid chemical used more in urban non-agricultural
settings and found at high levels in indoor environments (Tang et al., 2018). Permethrin
levels in wristbands were 65% lower in China (95% CI: —85- —18%; p=0.029) and 63%
lower in India (95% CI: (-85— -13%; p=0.037) compared to the USA (Table 3). Permethrin
was actually not approved for use as a plant protection product in the EU (European Union,
2000), so indoor pest control may be more likely to influence exposures in the studied
buildings. Previous studies have found that permethrin and cypermethrin are some of the
most commonly detected pesticides in homes in the USA and have been linked to home
pesticide treatments (Deziel et al., 2015; Lu et al., 2013).

Other less frequently detected pesticides were not as well explained by regulation. Lindane
was mostly found in wristbands from UK office workers (Figure S5), even though the
pesticide has not been approved for most uses by the EU (Handford et al., 2015). By
contrast, India did not have elevated lindane concentrations, likely because of the 2013
national ban (Bonvoisin et al., 2020). On the other hand, chlordane had appreciable
detections in only wristbands from the USA (39%) even though the legacy pesticide was
banned in 1988 (US EPA, n.d.); it was also banned in India in 1996 and has not been
approved by the EU or China (Bonvoisin et al., 2020; United Nations, 2015). The findings
on chlordane and lindane highlight persistent exposures to legacy pesticides. Azoxystrobin,
an unrestricted pesticide (United Nations, 2015), had some detections in samples from the
USA (31%) and UK (38%) but not China (0%) or India (2%) (Table 1). In addition to its
use as a fungicide in agriculture and landscaping, azoxystrobin has been shown to be in
mold-resistant dry wall and migrate out into dust (Cooper et al., 2020). Other uncommon
pesticides in wristbands included atrazine, chlorfenapyr, fipronil, and trifloxystrobin (Table
1). Season would not explain away country differences in pesticide exposures, which were
similar in the UK and USA despite different seasons (February versus mostly April).
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3.6. Polycyclic Aromatic Hydrocarbons

Exposures of office workers to PAHs differed considerably by country, with the highest
levels in China and India (Figure 5). Most of the detected PAHs were lower molecular
weight compounds, including phenanthrene, pyrene, fluoranthene, fluorene, naphthalene,
and acenaphthene (Table S4) (Ravindra et al., 2008). All of these six PAHs had the highest
detection frequencies and concentrations in wristbands from China and India compared to
the USA or UK (Table S4; Figure S12). These detection frequencies align with inventories
that attribute 50% of global PAH emissions to naphthalene and another 38% to other low
molecular weight PAHs (Zhang and Tao, 2009). The country disparities align with previous
research finding that China and India have the highest inventoried PAH emissions across the
world, some of the highest emission densities, and higher PAH environmental and indoor
dust contamination than high-income countries (Ma and Harrad, 2015; Ramesh et al., 2012;
Shen et al., 2013; Zhang and Tao, 2009). PAH concentrations in ambient air tend to increase
longitudinally in China and India towards urban areas of denser populations, traffic, and
industrial activities (Hong et al., 2016). Whereas PAH concentrations in the USA have
decreased in indoor air and dust over the last few decades, they have not done so in Asia (Ma
and Harrad, 2015). All the office buildings in this study were located in cities.

Of particular note in our study, fluorene was found in 97% of wristbands in China with
much higher concentrations than any other country, whereas it was only detected in 22%
from India and less than 10% from the USA and UK (Figure S7; Table 1). However, China
and India had comparable concentrations and detections (93-96%) of pyrene in wristbands.
By comparing concentrations of these two chemicals across countries, we can hypothesize
that PAH exposures in China may have had higher contributions from diesel traffic

(higher relative fluorene) and India from gasoline traffic (higher relative pyrene), based

on previously studied diagnostic ratios (Ravindra et al., 2008). We did not evaluate other
PAH diagnostic ratios or ratios within a wristband or within a country due to insufficient
detections of certain compounds and differences in sampling rates (i.e. octanol-air partition
coefficients) of each PAH onto wristbands, which limits comparisons across chemicals but
not across countries.

Naphthalene was only detected in wristbands from India (72%) and China (50%), and
levels were still much higher in India than China (Figure 5). This trend for naphthalene

did not match country differences for any other commonly detected PAH, which suggests a
potentially unique emission source for naphthalene (Figure S7). Naphthalene was actually
the only PAH reportedly emitted from consumer product usage according to global
inventories (Zhang and Tao, 2009). Other than fossil fuel combustion, a major source of
naphthalene are moth preventatives, and other uses include toilet deodorizers, fumigants,
pesticides, caulking, and carpet pads (Jia and Batterman, 2010; Zhang and Tao, 2009). One
study found that the vast majority of naphthalene in indoor air from non-smoking homes in
China was attributed to mothball emissions (Zhu et al., 2009). In addition, the significant
correlation of naphthalene levels in wristbands with several pesticides suggests pesticide
products are a contributing indoor or outdoor source (chlorpyrifos: /=0.69, p<0.001;
cypermethrin: /=0.64, p<0.001) (Table S13).
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Although only 3% of participants reportedly smoked cigarettes during sampling, more
participants from India (30%) and China (27%) spent time around another smoker than in
the UK (19%) and USA (14%) (Table S1). Secondhand smoke exposure may have slightly
influenced some PAH exposures, but for naphthalene, cigarettes are only a minor source
indoors (Batterman et al., 2012).

Several frequently detected PAHSs in our study were positively correlated with average
indoor PM> 5 concentrations in the buildings during the study week (available for 87% of
participants): pyrene (Spearman r=0.32; p<0.001), fluoranthene (/=0.32; p<0.001), fluorene
(r=0.25; p<0.001), phenanthrene (r=0.22; p=0.0014), and acenaphthene (r=0.20; p=0.0043).
They were even more correlated with average outdoor PM; 5 over the study week, based

on nearest hourly measurements within 50 km from government-approved outdoor sensors
(via OpenAQ) as described in Jones et al., 2021 (data available for 82% of participants,
none from India): pyrene (r=0.38; p<0.001), fluoranthene (r=0.41; p<0.001), fluorene
(r=0.57; p<0.001), phenanthrene (r=0.47; p<0.001), and acenaphthene (r=0.37; p<0.001).
Thus, outdoor emissions of many PAHSs likely contribute to indoor exposures. On the other
hand, naphthalene was only negatively correlated with average outdoor PM; 5 (/=—0.17;
£~=0.020). Naphthalene was also not significantly correlated with average indoor PM; 5
(r=0.12; p=0.084), and only negatively so in India (+=-0.12; p=0.40), where exposures to
naphthalene were the highest, which again suggests a major indoor source for naphthalene in
the buildings.

Building Variability, Sampling Factors, and Indoor Air Quality Measurements

In our models with random intercepts for the building (Tables 1-3), the majority of
variability in log concentrations of most chemicals was attributed to differences between
individuals within buildings, as opposed to differences between buildings (Table S6). This
may indicate that building materials and practices vary even within a space and that personal
product uses are also important factors. Figure S15 shows that more variation in many
chemical exposures occurs at the country level when compared to the building level.

Handwashing and clothing may have influenced participant’s sampled chemical exposures.
A one-unit increase in the average daily number of times someone washed their hands was
associated with 32% lower levels of the pesticide malathion in wristbands in India (95% ClI:
-50- —8%; p=0.021), adjusted for building age, recent pesticide application, raw produce at
desk, and wearing wristband under sleeve (Table 3). We also found 54% lower PCB-101
levels in wristbands among USA participants for a one-unit increase in hand-washing
frequency (95% CI: —78— —8%; p=0.034), adjusted for building age and wearing wristband
under sleeve (Table 1). This finding is consistent with previous research showing lower
contamination of pesticides and other SVOCs after simple handwashing (Marquart et al.,
2002; Nielsen, 2010; Watkins et al., 2011). We do not expect handwashing to significantly
affect wristband sampling efficiencies, as chemicals absorb into the material.

Furthermore, wearing wristbands underneath clothing sleeves at least one study day was
associated with 286% higher cypermethrin levels among participants in China and India
(95% ClI: 7-1,320%; p=0.048) and 105% higher PCB-101 levels in the USA (95% CI:
-11-356%; p=0.09) compared to those who did not (Table 3; Table 1). Clothes can act as
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reservoirs and mediators of exposure to certain airborne chemicals, including PCBs, and
thus extend dermal exposures beyond the time spent in contaminated buildings (Licina et
al., 2019; Morrison et al., 2018). On the other hand, we found 34% lower BDE-209 levels
for those wearing wristbands underneath sleeves (95% CI: -51- —-10%; p=0.0085) (Table
1), which suggests that clothes may act as barriers against airborne compounds that are less
volatile and are primarily particle-bound (like BDE-209) (Watkins et al., 2013).

In sensitivity analyses, we assessed the impact of indoor environmental measurements

on results of our primary statistical models. We added covariates for average indoor air
exchange rate (calculated from CO,), PM> 5, temperature, and relative humidity during the
study week based on sensors located at participant workstations. We did not find appreciable
differences in the results of our primary covariates except for changes in the precision of
some estimates but negligible changes in actual point estimates. Decreases in precision were
likely due to the smaller sample size (32 participants could not be included due to sensor
issues) (Table S7).

3.8. Public Health Implications

This study found several limitations in market and regulatory approaches that should be
addressed to reduce indoor chemical exposures in buildings. First, chemical restrictions

do not always occur, or apply equally, in every country. For example, exposures to DDE
were much higher in India, where the parent pesticide is still used for malaria control

even though it was banned in 1972 in the USA, in 1983 in the EU, and in 1983 for
agricultural uses in China. The flame retardant BDE-209 was phased out in the USA in
2013 (where exposures were the lowest), but it still does not have restrictions in China, has
only very limited restrictions in India, and was only recently phased out in the UK in 2019.
Exposures to phthalate plasticizers DEHP and DnBP were lower in the USA and UK where
there have been more (or earlier) restrictions compared to India (or China). Even though
the phthalate restrictions mostly applied to children’s toys or cosmetics, they may extend

to voluntary elimination in other products. Given substantial country-level differences in
chemical exposures and regulations, this study highlights the importance of conducting more
research about exposure disparities in understudied LMICs (Goodman et al., 2020).

Second, even when chemicals are eliminated, many buildings still contain the legacy
chemicals for decades. This is especially evident for office workers exposed to PCBs and
PBDEs from building materials present in older buildings in the USA and UK despite bans
implemented decades ago. Several other legacy pesticides, including DDE and chlordane,
exposed some office workers even in the USA where they had been banned over three
decades ago.

Third, chemical classes phased out from certain uses may appear in other applications.
PCB-11, a contemporary byproduct in pigmented materials, was widely detected in the
studied office buildings despite bans on intentional uses of legacy PCBs. Similarly, the
recycling of discarded products, such as PBDE-containing plastic electronics, could cause
phased-out chemicals to carry over into the manufacturing of new products, although we did
not study this specific source (Y. Li et al., 2019; Turner, 2018; Turner and Filella, 2017).
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Fourth, phased-out chemicals are frequently replaced with similar, harmful substitutes
(Zimmerman and Anastas, 2015). We observed common exposures to organophosphate or
pyrethroid pesticides often used as substitutes to organochlorine pesticides. Furthermore,
this study found significant exposures of office workers to replacements to legacy PBDEs
in several countries, including novel BFRs and possibly OPEs (also used as plasticizers).
We found widespread exposures to emerging phthalates and phthalate alternatives used

to substitute traditional phthalates. Exposures to certain flame-retardant and plasticizer
chemicals were significantly associated with the presence of foam furniture, carpet, or vinyl
flooring in the building, and may be related to other types of products we did not survey.
As a result, building materials represent an important point of intervention. Eliminating
entire classes of toxic chemicals (such as flame retardants) from materials to prevent harmful
ingredient substitution has been shown to substantially reduce chemical levels in building
dust (Young et al., 2020).

Fifth, personal care products within buildings influences exposures to certain chemicals,
not just the materials, building, country, or outdoor environment. Our results showed that
cosmetics (such as perfume, makeup, and deodorant) influenced exposures to the phthalate
DEP, and scented laundry products influenced exposures to two phthalate substitutes.

3.9. Strengths and Limitations

A unique strength of this study was the use of silicone wristbands as simple, non-invasive
samplers of chemical exposures in office buildings across the world, including the USA,
UK, and two understudied LMICs: India and China. Our study design allowed us to isolate
exposures specifically in workplaces and to collect extensive data about building factors,
workstation characteristics, personal behaviors, sampling factors, and indoor air quality.
This information and our large sample size allowed us to conduct statistical modelling

of predictors of chemical exposures with wristbands and to control for air quality factors
in sensitivity analyses, both of which have largely been unavailable to previous wristband-
based studies. In addition, we reported on concentrations of a large set of 99 analytes, and
the wristbands were able to capture both primarily gas-phase (e.g. BDE-47) and particle-
bound chemicals (e.g. BDE-209).

Limitations include that our convenience sample of office buildings occupying commercial
real estate cannot generalize to all types of office environments in these countries. Due

to unknowns about different sampling rates of chemicals onto wristbands, we could not
convert chemical masses in wristbands to air or dust concentrations, and we could not
accurately compare concentrations across chemicals. However, we did have internal validity
within each chemical, so could compare a chemical’s concentrations by country and other
factors. Finally, sampling was conducted in different months in each country, but we do

not anticipate this significantly affected our takeaways because the study was conducted on
indoor climate-controlled environments, and our sensor data allowed us to control for minor
differences in temperature and humidity; the sensitivity analyses showed that our results
were robust (with some reductions in statistical power).
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4. Conclusions

The use of novel silicone wristband samplers allowed us to isolate and measure chemical
exposures inside office buildings across the USA, UK, China, and India. We found much
higher exposures of office workers in India and/or China to many phthalates, pesticides,

and PAHSs, likely related to the fewer or later chemical restrictions, the malaria challenges

in India, and higher outdoor sources of PAHs from fuel combustion. By contrast, there

were higher exposures to many BFRs and OPEs in the USA or UK, reflective of more
stringent historic flammability standards that necessitated chemical flame retardant use.

In addition, we found that building occupants are still exposed to legacy chemicals

many years after they were banned, including PBDEs, pesticides, and PCBs (which have
contemporary unintentional PCB sources not covered under the ban). Or, if other countries
did not implement the same bans, office workers often experienced even higher exposures.
Furthermore, exposures to substitutes to certain phased-out PBDEs, phthalates, and
pesticides were widespread, which motivates the need for careful toxicological evaluation of
any chemical substitutes before use, the need to avoid entire c/asses of toxic chemicals (e.g.
flame retardants, phthalates) in products instead of addressing chemicals one at a time, and
the need to use non-chemical methods when possible (e.g. integrated pest management). The
decades-long life span of building materials and the chemicals in them urges the need for
forward-looking decisions on healthier materials.
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Highlights

. Silicone wristbands captured worker exposures to 99 chemicals in office
buildings

. Wristbands were worn for four days only at work and reflected external
exposures

. Indoor chemical exposures varied substantially across the USA, UK, India,
and China

. Workers were exposed to certain chemicals years after bans and to their

substitutes
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Figure 1.
Profiles of chemical classes in wristband samples worn by 251 office workers in the USA,

UK, China, and India. Note: only chemicals contributing to more than 1% of the height of
the tallest bar in the chemical class (in at least one country) are shown. Chemical classes
are presented on different y-axis scales. Caveat: the different physical-chemical properties
of the chemicals may influence their respective sampling uptakes and thus concentrations
on the wristbands, so comparisons should focus on country differences within an individual
chemical, not comparisons between concentrations of different chemicals.
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Figure 2.
Log concentrations (ng/g-wristband, scaled to 32 hours of sampling) and detection

frequencies of select brominated flame retardants in silicone wristbands worn by 251 office
workers in the USA, UK, China, and India (see Figure S3 for boxplots of more chemicals).
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% Detected
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Log concentrations (ng/g-wristband, scaled to 32 hours of sampling) and detection
frequencies of select phthalates in silicone wristbands worn by 251 office workers in the
USA, UK, China, and India (see Figure S5 for boxplots of more phthalates and phthalate

alternatives).
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Figure 4.
Log concentrations (ng/g-wristband, scaled to 32 hours of sampling) and detection

frequencies of select pesticides in silicone wristbands worn by 7=243-251 office workers in
the USA, UK, China, and India (see Figure S6 for boxplots of more pesticides).
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Figure 5.

Log concentrations (ng/g-wristband, scaled to 32 hours of sampling) and detection
frequencies of select PAHs in silicone wristbands worn by 243 office workers in the USA,
UK, China, and India (see Figure S7 for boxplots of more PAHS).
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Table 1.

Results of multilevel linear regression models of log concentrations of key PCB, BFR, and OPE chemicals (as
determined by principal component analysis) in silicone wristbands worn by office workers in the USA, UK,
China, and India.

Polychlorinated Biphenyls Brominated Flame Retardants
PCB-11 PCB-101 BDE-47 BDE-209 BEHTBP
% p % p % p % p % p
Variable Change Change Change Change Change
Country
(Ref: United
States)
United 170% 0.15 Excluded -98.2%  <0.0001 273% 0.0023 -26.70% 0.31
Kingdom il il
China 942% 0.0022 Excluded Excluded 72.60% 0.22 -88.3%  <0.0001
India 1730% <0.0001  Excluded Excluded 227% 0.0063 -74.6%  0.00012
Year of -0.35%  0.68 -2.02%  0.029 -0.13% 0.84 -0.14%  0.77 -0.55%  0.15
Building *
Construction
Carpetingin - - 129% 0.3 -2290% 0.4 -2350% 0.24
Workstation
Foam Chair - - -22.90% 0.59 15.30% 0.5 23.30% 0.36
at
Workstation
Average # 1.59% 0.87 -54.1%  0.034  -10.60% 0.44 0.51% 0.93 -253% 0.74
Times *
Hands
Washed
Wore 23.80% 0.38 0.09 -22.10% 047 -33.7%  0.0085 7.67% 0.69
Wristband o
Under
Sleeve
Organophosphate Esters OPEs.: TBPPs OPEs: ITPs
EHDPP TiBP TnBP TpCP 4tBPDPP 2IPPDPP
% p % p % P % P % P % p
Variable Change Change Change Change Change Change
Country
(Ref: United
States)
United 206% *  0.019 113% **  0.0081 0.092 -41.90% 0.75 -76.9%  0.045 93.10% 0.38
Kingdom *
China 15.70% 0.77 0.069 -73.8%  0.0047 -98.8%  0.023  -96.4%  0.00026 —61.60% 0.25
India 62.60% 0.3 -47.7%  0.024  -67.7%  0.0079 -57.10% 0.62 -91.2%  0.0018 -89.3%  0.0058
* *k *k **k
Year of -0.64% 027 -0.02% 0.96 0.01% 0.99 -117% 057 -0.50%  0.57 -0.03% 098
Building
Construction
Carpetingin  16.70% 0.66 23.90% 0.29 39.30% 0.26 -6.70%  0.96 328% 0.0079 571% 0.002
*k **k

Workstation
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Foam Chair  -22.90% 0.3 7.62% 0.68
at
Workstation

29.10%

0.15

0.088

25%

0.46

Page 39

0.50%

0.99

Average # -1.16% 0.87 -1.76% 0.75
Times

Hands

Washed

-4.60%

0.34

-17.10%

0.39

3.80%

0.66

-13.10%

0.25

Wore -17.70% 0.29 7.51% 0.61
Wristband

Under

Sleeve

12.90%

0.33

105%

0.2

-4.38%

0.84

-3.78%

0.9

OPEs = organophosphate esters; ITPs = isopropylated triaryl phosphates; TBPPs = tertbutylated triaryl phosphates. Excluded = fewer than 5% of

samples in the country had detectable levels so were excluded from model.

Note: Model outcomes were log-transformed before analysis, so model estimates were transformed to percent differences.
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Results of multilevel linear regression models of log concentrations of key phthalates and phthalate
alternatives (as determined by principal component analysis) in silicone wristbands worn by office workers in
the USA, UK, China, and India.

Phthalates

Phthalate Alternatives

DiBP

DINP

DEP

DEHA

DEHT

TOTM

%
Variable Change

p

%
Change

p

%
Change

p

%
Change

p

%
Change

%
Change

p

Country
(Ref: United
States)

United -1.48%
Kingdom

0.95

-58.6%

Fk

0.0044

10.10%

0.84

0.096

-16.60%

0.59

50.70%

0.25

China 289%

FkKk

<0.0001

-60.3%

0.0049

45.40%

0.45

-67.7%
*%*

0.0015

-13.20%

0.7

-57.5%
*

0.028

India 254%

FkKk

<0.0001

-12.90%

0.65

1420%

*kK

<0.0001

6.96%

0.83

36.90%

0.37

0.068

Year of -0.07%
Building
Construction

0.81

0.10%

0.79

0.062

0.01%

0.97

-0.61%

0.16

-0.26%

0.56

Vinyl 127% *
Flooring in
Workstation

0.011

-6.91%

0.86

-22%

0.63

24.10%

0.55

-36.80%

33.10%

0.56

Wore 9.67%
Clothes

With

Scented

Wash

0.46

19.60%

0.31

0.71%

0.97

55.1%
*%

0.0017

0.1

34.40%

0.15

Latent Class
(Ref:
Minimal
Product
Users)

Deodorant  -1.38%
Users

0.91

-17.50%

0.28

52.4%
*

0.026

4.53%

0.74

-8.81%

0.59

0.079

Perfume 14.80%
and Makeup
Users

0.35

-21%

0.26

83.9%
*k

0.0066

-0.64%

0.97

-5.96%

0.76

-41.9%
*

0.027

Average # 4.52%
Times

Hands

Washed

0.34

1.04%

0.87

-6.01%

0.38

2.20%

0.66

-4.02%

0.52

-10%

0.17

Wore —6.10%
Wristband

Under

Sleeve

—7.85%

0.62

14.10%

0.45

-6.18%

0.61

-20.90%

0.15

-13.40%

0.45

Note: Model outcomes were log-transformed before analysis, so model estimates were transformed to percent differences.
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Results of multilevel linear regression models of log concentrations of commonly detected pesticides in
silicone wristbands worn by office workers in the USA, UK, China, and India.

Chlorpyrifos Cypermethrin Malathion p,p’-DDE Permethrin
% Change p % Change p % p % Change p % Change p
Variable Change
Country
United States Excluded Excluded Excluded Reference Reference
United Reference Excluded Excluded -39% 0.39 -41.80% 0.19
Kingdom
China 300% 0.39 -98.7% <0.0001 Excluded 131% 0.18 -64.5% *  0.029
India 396000% <0.0001 Reference - 540% ** 0.0054 -63.2%*  0.037
Year of Building  1.33% 0.83 60.1% *** 0.00042 27% 0.45 -0.61% 0.39 0.33% 0.53
Construction
Pesticide -30.90% 0.73 517% * 0.042 580% 0.55 60.10% 0.29 -19.90% 0.5
Applied in Last
Year
Ate Raw 62.10% 0.18 -47.10% 0.38 -12.30% 0.7 -27.50% 0.28 3.58% 0.87
Produce At Desk
Average # Times  -1.18% 0.92 25.60% 0.39 -32% * 0.021 -5% 0.66 0.81% 0.93
Hands Washed
Wore Wristband ~ 15.40% 0.68 286% * 0.048 -15.90% 0.46 0.38% 0.99 -19.50% 0.31

Under Sleeve

Excluded = fewer than 5% of samples in the country had detectable levels so were excluded from model.

Note: Model outcomes were log-transformed before analysis, so model estimates were transformed to percent differences.
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