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Abstract

Organophosphate flame retardants (PFRs) are widely used as replacements for polybrominated 

diphenyl ethers in consumer products. With high detection in indoor environments and increasing 

toxicological evidence suggesting a potential for adverse health effects, there is a growing need for 

reliable exposure metrics to examine individual exposures to PFRs. Silicone wristbands have been 

used as passive air samplers for quantifying exposure in the general population and occupational 

exposure to polycyclic aromatic hydrocarbons. Here we investigated the utility of silicone 

wristbands in measuring exposure and internal dose of PFRs through measurement of urinary 

metabolite concentrations. Wristbands were also compared to hand wipes as metrics of exposure. 

Participants wore wristbands for five consecutive days and collected first morning void urine 

samples on three alternating days. Urine samples were pooled across the three days and analyzed 

for metabolites of the following PFRs: tris(1,3-dichloroisopropyl) phosphate (TDCIPP), tris(1-

chloro-2-isopropyl) phosphate (TCIPP), triphenyl phosphate (TPHP), and mono-substituted 

isopropylated triaryl phosphate (mono-ITP). All four PFRs and their urinary metabolites were 

ubiquitously detected. Correlations between TDCIPP and TCIPP and their corresponding urinary 

metabolites were highly significant on the wristbands (rs= 0.5-0.65, p<0.001), which suggest that 

wristbands can serve as strong predictors of cumulative, five-day exposure and may be an 

improved metric compared to hand wipes.
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Introduction

Consumer products such as furniture, electronics, and building materials are typically treated 

with an array of chemicals to provide desired characteristics. In particular, flame retardants 

are applied to these products to reduce their flammability and adhere to national and state 

level fire safety standards. Polybrominated diphenyl ethers (PBDEs) were once among the 

most commonly applied flame retardants in consumer products; however, due to their 

persistence, bioaccumulation, and toxicity, the use of PBDEs has been largely phased out, 

leading to increased use of many alternative flame retardants.1,2 Organophosphate flame 

retardants (PFRs) such as tris(1,3-dichloroisopropyl) phosphate (TDCIPP), tris(1-chloro-2-

isopropyl) phosphate (TCIPP), and triphenyl phosphate (TPHP) are now among the most 

commonly used flame retardants in polyurethane foam (PUF) from upholstered furniture and 

have been widely detected in both air and dust from indoor environments.2–6 Components of 

Firemaster® 550 (FM550), another frequently detected commercial flame retardant mixture 

that is composed of approximately 60% organophosphate compounds [e.g. TPHP and mono-

substituted isopropylated triaryl phosphate (mono-ITP)] and 40% brominated compounds, 

have also been quantified from a number of environmental samples such as PUF from 

furniture and indoor dust.2,7,8

Due to their prevalence in indoor environments, human exposure to PFRs is common and 

their metabolites are frequently detected in human urine (Figure 1). Bis(1,3-

dichloroisopropyl) phosphate (BDCIPP) and diphenyl phosphate (DPHP), the respective 

metabolites of TDCIPP and TPHP, have been measured extensively in the general 

population.9–12 A hydroxylated metabolite of TCIPP, bis(1-chloro-2-isopropyl) 1-

hydroxy-2-propyl phosphate (BCIPHIPP), was recently identified in urine and widely 

detected in a large population study in Australia.13 While a specific biomarker for mono-ITP 

(present in FM550) has not been identified, isopropylphenyl phenyl phosphate (ip-PPP) has 

been suggested as a potential metabolite/biomarker.11

Toxicology studies in animals conducted with PFRs suggest that they may be associated 

with adverse health impacts such as carcinogenicity, cardiotoxicity, endocrine disruption, 

and neurotoxicity; one epidemiological study in adult men found an association between 

increased PFR metabolites and reduced hormone levels, specifically BDCIPP and DPHP 

levels in urine associated with total T3 and BDCIPP levels in urine associated with TSH 

levels.14–21 Accurate means of assessing personal exposure are essential to characterizing 

human health risks related to these flame retardants. Indoor dust has been considered an 

important exposure pathway, with PBDE concentrations in serum significantly and 

positively correlated to dust concentrations.22 However, this same relationship between 

indoor dust and PFR metabolites in urine has not been observed.23 While hand wipes have 

been reliable in demonstrating exposure to PBDEs and PFRs and have been positively 

associated with spot urine samples, both of these samples are limited by measurement of 
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exposure at a single time point.12,24 Hand wipes are likely to primarily capture particle-

bound contaminants, which poses additional limitations since many flame retardants are 

semi-volatile and are distributed between the particle-bound and vapor phases. Urinalysis of 

PFR metabolites can also be challenging due to the rapid metabolism of these compounds, 

with half-lives estimated around several hours using animal models.25–27 To further 

characterize potential health outcomes, epidemiological studies require a reliable means of 

assessing longer-term exposures to these compounds compared to the short-term exposure 

measures provided by urinalysis.

Recently, silicone wristbands have been utilized as passive samplers in examining adult 

ambient and occupational exposures to a suite of compounds used in personal care, 

industrial processes, and general consumer products.28,29 These wristbands present a non-

invasive and inexpensive method of quantifying personal exposures across multiple 

microenvironments and within a multi-day time period. However, the association between 

concentrations of compounds found on the wristbands and internal exposure has not been 

investigated. In the present study, we sought to determine the effectiveness of using silicone 

wristbands as an exposure tool in association with PFR metabolites in urine, and we further 

sought to compare wristbands to hand wipes as metrics of exposure. To our knowledge, this 

is the first study to validate the use of wristbands in capturing exposure to organophosphate 

flame retardant chemicals by measuring urinary metabolites.

Materials and Methods

Study Design

Study participants were recruited from the Duke University community and general 

population around Durham County, North Carolina (n=40) by flyer and word of mouth in 

June through August of 2015. Eligible participants were at least eighteen years of age and 

were willing to wear wristbands for five days, to provide three urine and single hand wipe 

samples, and to complete questionnaires. All study protocols and related materials were 

approved by the Duke University Institutional Review Board, and all participants gave 

informed consent prior to providing any information or personal samples.

Wristband Collection

Commercially available silicone wristbands were purchased in a single size 

(24hourwristbands.com, Houston, TX) and cleaned using two twelve-hour Soxhlet 

extractions with 1:1 ethyl acetate:hexane (v/v) followed by 1:1 ethyl acetate:methanol (v/v), 

a method adapted from O’Connell, et. al (2014).28 After allowing the wristbands to 

passively dry in the fume hood, each one was wrapped in aluminum foil and placed in a 

labeled 40mL amber jar. Participants were asked to wear their wristbands continuously for a 

designated five-day period through sleeping, bathing, and any other daily activities, 

beginning on the morning of day 1 and removing the wristband at the same time of morning 

on day 6. Wearing the wristband while bathing may allow for compounds sorbed to the 

wristbands to be washed off in a similar manner as on the skin, as well as accounting for 

exposures occurring during bathing (e.g. application of soap). At the designated time, 

participants removed the wristband, wrapped it in a new sheet of clean foil and placed it 
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back in the amber jar. The wristbands were stored at −20°C until extraction. Four wristbands 

that were not deployed were wrapped in aluminum foil and stored at room temperature to 

serve as field blanks with the extraction.

Urine Collection

Participants were asked to provide first morning void urine samples on three separate days 

during the five-day period in which they were wearing the wristbands (day 2, day 4, and day 

6). Urine samples were collected in standard polypropylene specimen containers and stored 

at −20°C until analysis. Just prior to analysis, equal volumes of the three individual urine 

samples were pooled to form a mixed/average sample.

Questionnaires

Study participants completed three short online questionnaires over the five days they wore 

the wristband (day 1, day 3, and day 5). Participants were asked to provide demographic 

information and to record the time spent in various microenvironments during that day (e.g. 

time spent in the home, work, and car). Mean fractions of days spent in these locations were 

calculated based on total hours in the day reported by the participant and averaged across the 

three questionnaires. For individuals who did not complete all three questionnaires, averages 

were performed based on those that were completed (85% completed all three 

questionnaires). Participants were also asked to report the average number of times that they 

washed their hands each day (never, 1-3, 4-6, 7-9, 10+ times per day) and the average 

number of times that they bathed each week (never, 1-2, 3-5, 6-8, 9-11, 12-14, 15+ times per 

week). The question regarding average number of times hands are washed a day was asked 

on two separate days, and the lower range reported was used in statistical analyses. For the 

purpose of later analysis, washing behaviors and time spent in the home, work, and car were 

dichotomized based on the median reported value (or category).

Hand Wipe Collection

Three inch square cotton twill wipes were pre-cleaned in a single twelve-hour Soxhlet 

extraction using 1:1 hexane:acetone (v/v) then dried in a fume hood and wrapped in 

aluminum foil. Hand wipe samples were collected from each participant on the morning of 

day 6 by gloved research personnel by soaking a pre-cleaned twill wipe with about 3 mL of 

isopropyl alcohol and wiping the entire surface area of both of the participant’s hands from 

fingertips to wrist including between the fingers. This hand wipe collection protocol is 

similar to those described in previously published studies.12,30,31 The hand wipe was then 

rewrapped in foil and stored at −20°C until analysis. Four twill wipes prepared as described 

above were stored wrapped in aluminum foil at room temperature to serve as field blanks.

Wristband and Hand wipe Sample Extraction

Wristband and hand wipe samples were extracted and analyzed using previously published 

methods for each matrix for the aforementioned organophosphate flame retardants: TDCIPP, 

TCIPP, TPHP, and mono-ITP.12,28 Each wristband, including the field blanks, was cut using 

solvent-rinsed scissors into two equal pieces to ensure that the wristbands would be 

submerged under the solvent within a Soxhlet apparatus used for extraction. Prior to 
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beginning the extraction, the bands were spiked with d15-TDCIPP (162 ng) and 13C-TPHP 

(100 ng) as internal standards. The wristbands were Soxhlet extracted with 1:1 

hexane:acetone (v/v) for 12 hours, and the extracts were concentrated using an automated 

nitrogen evaporation system (Turbo Vap II, Zymark Inc.). Extracts were filtered with a 

25mm syringe filter with a 0.2 micrometer PTFE membrane to remove larger particles. This 

concentrated extract were later cleaned using a Florisil solid-phase extraction cartridge 

(Supelclean ENVI-Florisil, 6 mL, 500-mg bed weight; Supelco), eluting the F1 fraction with 

10 mL hexane (brominated compounds) and the F2 fraction with 10 mL ethyl acetate 

(PFRs), which was adapted from the method developed by Van den Eede, et. al (2012).32 

Using a nitrogen evaporator system, each fraction was concentrated to about 1 mL then 

transferred to an autosampler vial for gas chromatography-mass spectrometry (GC/MS) 

analysis (Agilent Technologies, Models 6890N and 5975, respectively). The F1 concentrated 

fraction was stored at −20°C for future analysis. To measure recovery of the 

organophosphate internal standards in the wristbands, d9-tris(2-chloroethyl) phosphate (d9-

TCEP; 227 ng) and d15-TPHP (429 ng) were spiked into each sample to measure recovery of 

d15-TDCIPP and 13C-TPHP, respectively. Recoveries of d15-TDCIPP and 13C-TPHP 

averaged 33 ± 5% and 99 ± 6%, respectively, in all samples. Prior to the Florisil cleanup, 

recovery of the d15-TDCIPP was 94 ± 5%, which suggests some of the compound were lost 

with additional processing. It is possible that short oligomers were extracted from the 

wristbands during the Soxhlet extraction which may have sorbed both labeled and unlabeled 

TDCIPP which were retained on the Florisil SPE column. However, due to the use of 

isotope-labeled standards, we still have confidence in the accuracy of our results following 

the cleanup step. Four lab blanks were analyzed alongside the wristbands and field blanks 

for quality assurance and quality controls.

The whole hand wipe samples were each spiked with d15-TDCIPP (180 ng) and 13C-TPHP 

(50 ng) as internal standards and extracted three times via sonication with 1:1 hexane: 

acetone (v/v). The combined extract of roughly 45 mL was concentrated to 1 mL using a 

nitrogen evaporator system, then transferred to an autosampler vial for GC/MS analysis. 

Recoveries of the internal standards in the hand wipes were measured by spiking all samples 

with d15-TPHP (429 ng). Recoveries of d15-TDCIPP and 13C-TPHP averaged 119 ± 14% 

and 97 ± 12%, respectively.

For both wristbands and hand wipes, mono-ITP was quantitated using a commercial mixture 

of FM550 and assuming the percent of mono-ITP in FM550 by mass is 32%.8 All isomers at 

368 m/z were integrated over a retention time of 15.90 minutes to comprise the mass of 

mono-ITP in each sample. PFR concentrations in wristbands and hand wipes were blank 

corrected based on the average concentrations measured in the field blanks (Supplemental 

Table S1). Higher background levels were measured in the wristbands relative to the hand 

wipes for some chemicals. The Soxhlet extraction process may have contributed to the 

higher wristband field blank levels in wristbands; however, the wristband field blanks were 

still significantly lower than levels measured in the wristband samples. Method detection 

limits (MDLs) were calculated as three times the standard deviation of the levels in the field 

blanks. MDLs for the PFRs ranged from 5.7 ng for TPHP to 30.3 ng for TCIPP on 

wristbands and 0.19 ng for TPHP to 11.21 ng for TDCIPP on hand wipes (Table 2).
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Urine Sample Processing

Specific gravity was measured for each pooled urine sample using a digital handheld 

refractometer (Atago) prior to analysis. Urine samples were analyzed for BDCIPP, BCIPP, 

DPHP and ip-PPP following the methods described by Cooper et al (2011) and Butt et al 

(2014) and for BCIPHIPP using methods described by Van den Eede et al (2015).11,13,33 For 

each pooled sample, 5.0 mL of urine was spiked with internal standards d10-BDCIPP (10 

ng), d10-DPHP (8.8 ng), and d9-TCEP (25 ng) and placed with 1 M sodium acetate buffer 

(pH 5) and an enzyme solution (1000 units per mL β-glucoronidase and 33 units per mL 

sulfatase activity in 0.2 M sodium acetate buffer at pH 5) then incubated overnight at 

37°C.13 With the enzyme digestion step, the glucoronide and sulfate conjugates of 

BCIPHIPP cannot be differentiated from any of the free compound that may present in the 

urine. The five analytes (BDCIPP, BCIPP, DPHP, ip-PPP, and BCIPHIPP) were extracted via 

mixed-mode anion exchange solid-phase extraction and measured using atmospheric 

pressure chemical ionization liquid chromatography-tandem mass spectrometry (Agilent 

Technologies, Model 6410).33 Recoveries of the internal standards were evaluated 

using 13C2-DPHP (25 ng) for d10-BDCIPP and d10-DPHP and d15-TDCIPP (25 ng) for d9-

TCEP, both of which were spiked into all of the urine samples. Average recoveries for d10-

BDCIPP, d10-DPHP, and d9-TCEP were 108 ± 77%, 111 ± 22%, and 52 ± 15%. The MDL 

was calculated using three times the standard deviation of the blanks normalized to the 

volume of urine extracted. Lab blanks and a urine Standard Reference Material (SRM 3673; 

National Institute of Standards and Technology, Gaithersburg, MD) were extracted alongside 

the samples for quality assurance and quality control. Specific gravity-normalized 

measurements in SRM 3673 were 1.49 ± 0.15 ng/mL, 0.32 ± 0.01 ng/mL, 0.29 ± 0.02 

ng/mL, and 3.56 ± 0.06 ng/mL for BDCIPP, BCIPHIPP, DPHP, and ip-PPP, respectively. 

These values are similar to levels reported by A. Covaci’s group during an interlab 

comparison exercise with this material (personal communication).

Statistical Analyses

All statistical analyses were performed using SAS statistical software (version 9.4; SAS 

Institute Inc., Cary, NC). Analyses were conducted for analytes in which the detection 

frequency was >70%. For concentrations below the MDL, the concentration was replaced by 

MDL divided by 2. Preliminary examination of the data indicated that the concentrations of 

PFRs and metabolites were log-normally distributed. Thus, Spearman correlation 

coefficients (rs) were calculated to examine the associations between the wristbands, hand 

wipes, and urine.

To further explore associations, linear regression models were performed to determine if any 

of the measured or queried variables were associated with urinary metabolite concentrations 

(log10-transformed concentrations of analytes were used in regression analyses). Beta 

coefficients were exponentiated to facilitate interpretation and represented the multiplicative 

change in the outcome relative to the reference category or to a one-unit increase in 

continuous variables. PFR concentrations on wristbands and hand wipes were split into 

tertile categories to examine associations with the corresponding urine metabolites while 

reducing effects of outliers. Through all analyses, statistical results were assessed at a level 

of α=0.05 for significance.
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Specific gravity was measured in order to account for dilution of the urine samples (range of 

1.0030 to 1.0254). Urine analyses of metabolites and associations with the corresponding 

PFRs on wristbands and hand wipes were assessed with raw metabolite concentrations and 

specific-gravity-corrected values. At least one pooled urine sample had extremely low 

specific gravity, which was unexpected for a mix of three first morning void samples. When 

analyses were run excluding this urine sample, the magnitude of the correlations remained 

unchanged. Analysis results using each set of urine concentrations were essentially not 

differentiable, and the specific-gravity adjusted associations and graphs are presented here.

Results and Discussion

All forty participants completed at least one of the three questionnaires with the majority 

(95%) completing two or more. Approximately two-thirds of the participants were female, 

and the average age of participants at the time of the survey was 29.8 years (range of 20 to 

60 years) (Table 1).

PFRs in Individual Matrices

Wristbands—TDCIPP, TCIPP, TPHP, and mono-ITP were detected in all of the silicone 

wristbands (Table 2). The geometric means of TDCIPP and TCIPP were much higher than 

TPHP and mono-ITP on the bands. The ratio of geometric means of mono-ITP to TPHP 

(1.7:1) on the wristbands is similar to the relative percent compositions of these compounds 

in the FM550 mixture, suggesting that the TPHP concentrations on the wristbands may be at 

least partially attributed to exposure to FM550.8 Mono-ITP has been measured in 

occupational air samples and non-targeted water analyses but to our knowledge has not been 

previously detected and quantified in hand wipes or wristbands.34,35 A recently published 

study also measured PFR compounds on wristbands and verified the stability of these 

compounds on the wristbands through time in storage and temperature changes.36 However, 

levels on the wristbands could not be compared between the two studies because of the units 

in which PFR concentrations were reported. While dust was not collected in this study, 

wristband PFR concentrations in this study reflected the trend of relative geometric means in 

indoor dust from recent studies in central North Carolina, with TCIPP present at higher 

levels than TDCIPP and TPHP.12,23,24,32,37 Given that dust is an important exposure matrix 

and pathway, this could indicate that similar sources of these PFRs are reaching the 

wristbands and settling in dust particles. Additionally, dust particles could be sorbing to the 

wristband through physical contact or settling on the band from the air, which could explain 

the similar observed trend.

Hand Wipes—PFRs were detected in all of the hand wipes except for TDCIPP, which was 

detected in 95% of the samples (Table 2). Geometric mean amounts of mono-ITP and 

TDCIPP were two times higher on the hand wipes than the other two compounds, with 

mono-ITP being detected at levels nearly five times greater than TPHP. Although detection 

frequencies were slightly higher in our current cohort, concentrations of TDCIPP and TPHP 

on the hand wipes were similar to previously reported levels in a small cohort of adults 

recruited in 2012 from central North Carolina.12 TDCIPP was present at higher levels on the 
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hand wipes compared to TPHP and TCIPP which reflects the previously observed trend for 

hand wipes but is dissimilar to the pattern typically observed in U.S. indoor dust.12,31

Specific gravity-corrected urine—The target PFR metabolites were detected in all of 

the urine samples except for BCIPP (18% detection) (Table 2). Therefore, total BCIPHIPP, 

including glucoronide and sulfate conjugates and the free compound, was used as the 

primary metabolite to examine associations with TCIPP. Geometric mean concentrations of 

BDCIPP and DPHP were 2.23 ng/mL and 1.14 ng/mL, respectively. Concentrations of 

DPHP were similar to previously reported levels but BDCIPP within this cohort seemed to 

be two to three times higher than other reported studies of U.S. adult cohorts,12,33 with 

levels most comparable to adult women over age eighteen who were sampled in Butt et. al 

(2014).11 The difference in BDCIPP concentration observed in our cohort may reflect higher 

exposure to TDCIPP, timing and location of the urine sample, or other lifestyle or 

demographic differences within the cohort. As a hypothesized metabolite of mono-ITP, ip-

PPP was measured at two times higher concentrations than previously detected in adults, 

which could suggest increased exposure to FM550 components.11 Our work is the first to 

measure concentrations of BCIPHIPP in a U.S. population; however, concentrations were 

roughly similar to an Australian cohort in which it was first measured.13

Comparing Wristbands and Hand Wipes to Urine

The levels of TDCIPP and TCIPP on wristbands were significantly and positively correlated 

with their corresponding urinary metabolites, BDCIPP and BCIPHIPP [rs=0.59, p<0.0001, 

and rs=0.62, p<0.0001, respectively (Table 3, Figure 2)], suggesting that silicone wristbands 

worn over a five day period do capture personal exposures. TPHP and mono-ITP 

concentrations on wristbands were not correlated with DPHP. DPHP may be a urinary 

metabolite of these two parent compounds; however, other chemicals may also metabolize to 

form DPHP [e.g. 2-ethylhexyl diphenyl phosphate (EHDPP), isodecyl diphenyl phosphate 

(id-DPP)] which may explain the lack of an association.38 Similarly, mono-ITP 

concentrations were not correlated with ip-PPP, as ip-PPP may not be the primary metabolite 

or may be one of several potential metabolites of mono-ITP. Exposures to TPHP could also 

originate from diet or other sources such as nail polish and plastic bottles, which were not 

expected to be captured by the wristbands but would still result in the presence of urinary 

DPHP.39,40

Concentrations of TDCIPP and TCIPP on the hand wipes were also positively associated 

with urinary metabolites (i.e. BDCIPP and BCIPHIPP), although the correlations were 

smaller in magnitude than those for wristbands and urinary metabolites (Table 3). The 

correlation between hand wipe TDCIPP and BDCIPP in urine was similar to a previous 

study with a North Carolina adult cohort, which is generally smaller in magnitude than the 

hand wipe to serum correlations observed in children for PBDEs.12,41 This finding suggests 

that wristbands are likely better metrics of integrated exposure to these two compounds over 

five days compared to the use of hand wipes. DPHP levels in urine were not strongly 

correlated with TPHP and mono-ITP on hand wipes, again suggesting other potential 

sources of exposure to DPHP.40,42 On the wristbands, mono-ITP was positively associated 

with urinary BDCIPP (rs=0.33, p=0.04) which may reflect co-exposure with the parent 

Hammel et al. Page 8

Environ Sci Technol. Author manuscript; available in PMC 2017 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compound, TDCIPP, particularly as the levels of mono-ITP and TDCIPP on the wristband 

were also weakly correlated (rs=0.29, p=0.06) (Table 3, Supplemental Table S2). Within 

each matrix (hand wipes or wristbands), mono-ITP and TPHP levels were highly correlated 

(rs=0.71 and rs=0.77, respectively, p<0.0001 for both), which could indicate that the two 

compounds were co-occurring and may share similar sources. PFRs in wristbands and hand 

wipes were significantly associated between matrices for TDCIPP and TCIPP (rs=0.39 and 

rs=0.69, respectively). Correlations for each PFR within a matrix (hand wipes or wristbands) 

can be found in Supporting Information.

While hand wipes are thought to capture information about multiple microenvironment in 

the short-term from recent exposures, wristbands may be capturing information from 

multiple microenvironments over the course of several days.30,31 Different exposure 

pathways may be captured from the hand wipes compared to the wristbands. Hand wipes are 

more likely to contain exposures from contact with surfaces while wristbands may better 

reflect exposures from the gas phase and airborne particulates. Since hand wipes were 

collected either at home or when participants were coming from home, the hand wipes were 

more likely to reflect these short-term exposures in the home environment. To further 

investigate this possibility, we calculated correlations between PFRs and metabolites 

restricting to participants that spent more time at home (e.g. more time in a single 

microenvironment). TDCIPP and TCIPP on hand wipes and urinary metabolite 

concentrations were more strongly correlated when we restricted to participants who 

reported spending more time in their home (n=18; rs=0.72 and rs=0.67; p<0.01 for both; see 

Supplemental Table S3). Although the correlation between TDCIPP in wristbands was also 

slightly higher in participants who reported spending more time in their home environment 

(rs=0.84), the correlation between TCIPP in wristbands and urinary BCIPHIPP was similar 

regardless of the percentage of time spend in different environments. This finding may 

indicate that wristbands perform better for these compounds because they integrate 

information over a longer time course and from more diverse microenvironments than hand 

wipes taken at a single point in time. However, hand wipes may be the better measure for 

examining exposures from surface contact or absorption from the dermal exposure pathway 

as described by Weschler and Nazaroff (2012), as well as from any hand-to-mouth activity.43 

The dermal absorption pathway, particularly for PFRs, should be considered since models 

may be underestimating absorbed dosages, and handwashing may significantly alter 

absorption.44

Linear regression analyses were also conducted to examine exposure measures categorized 

by tertiles and personal characteristics as predictors of urinary metabolites. These analyses 

were conducted with and without outliers, particularly the one individual with notably low 

BCIPHIPP levels. Exclusion of the outliers did not change the interpretation of the results; 

therefore, we reported the outcomes including outliers. On average, concentrations of the 

three PFR metabolites were significantly higher in participants who had wristbands or hand 

wipes containing higher levels of TDCIPP, TCIPP, and TPHP (Table 4). For instance, 

participants with the highest levels of TDCIPP on their wristbands had urinary concentration 

of BDCIPP 3.34 times those with the lowest levels of TDCIPP (10β=3.34; 95% Confidence 

Interval (CI): 1.70, 6.56; p=0.0009).
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With a few notable exceptions, behavior and activity patterns as well as age and sex were 

generally not associated with measured concentrations of PFRs on wristbands (Table 5). 

However, higher average time spent in a car, categorized dichotomously by the median (1 

hour), was significantly associated with higher BDCIPP levels (10β=2.33; 95% CI: 1.31, 

4.17) (Table 5). More frequent washing behaviors such as more daily handwashing and 

weekly baths or showers, also categorized dichotomously by median, were associated with 

higher levels of BCIPHIPP in urine (10β=2.61; 95% CI: 1.07, 6.31). BCIPHIPP was recently 

identified as a metabolite of TCIPP, and it is uncertain whether other sources related to 

washing may be contributing to BCIPHIPP levels in urine or other participant behaviors may 

be confounding this result.45

Our results should be interpreted in the context of several limitations. Only one paired 

wristband and hand wipe were collected per participant which does not account for 

individual variability. Further studies are needed to examine the utility of wristbands over 

different periods of time (i.e. 1 day, 5 days, 10 days). In this study, we selected 5 days as the 

time period, but it is uncertain whether this is representative of average, longer-term 

exposures which could occur over the course of weeks, months, or even years. Wristband 

samples were collected over a short period of time (June to August) in central North 

Carolina so it is unclear how generalizable these results are to other seasons and climates. 

Our sample size of forty was relatively small which limited the number of variables that we 

could examine using multivariate regression analyses and may have restricted the power to 

detect other meaningful associations in the data. Additionally, first morning void urine 

samples were collected which should serve as a reliable average urine sample; however, 

collecting all urine samples throughout the five-day period would have served as improved 

measure for total exposure to the measured compounds. In our analyses, we assume urine 

PFR metabolites as the gold standard for exposure measurements for our comparisons with 

wristbands and hand wipes although there are still many data gaps in understanding PFR 

metabolism and excretion through urine. Lastly, our sample population included adults 

generally from the local community surrounding Duke University which led to a relatively 

homogenous cohort. This may limit the generalizability of our results to the U.S. adult 

population but does not alter the internal validity of our study.

Overall, our results suggest that wristbands may serve as an additional and improved metric 

of exposure for organophosphate flame retardants compared to hand wipes. This is 

demonstrated by the greater magnitudes of correlations observed for TDCIPP and TCIPP 

with their urinary metabolites compared to those in hand wipes. These PFRs are classified as 

semi-volatile organic compounds, which suggests that they are likely partitioning between 

the gaseous and solid phases and specifically sorbing to multiple surfaces. The volatile 

fraction of compounds may also be a large source of exposure and uptake which may be 

underestimated with current exposure metrics. While hand wipes serve as more of a cross-

sectional, single-time point sample, wristbands may provide some insight into average 

exposures across a longer time period and capture some of the inhalation exposure that is 

currently lacking in measurements. Additionally, with the ability to capture exposures to 

multiple compounds simultaneously, silicone wristbands can improve how we examine 

exposures to mixtures in the environment. It is currently unclear whether the concentrations 

of these PFRs, particularly TDCIPP and TCIPP, are sorbing to the wristbands from the 
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gaseous phase or from particles, which could be contributing to exposure via inhalation, 

ingestion of aerosolized small particles, or slow dermal absorption. Future studies should 

aim to elucidate the sources of TDCIPP and TCIPP on the wristbands and thereby obtain a 

greater understanding of the primary pathway by which people are being exposed to these 

compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Parent compound and urinary metabolites for common organophosphate flame 
retardants. Starred metabolites (*) are considered the primary metabolites for analysis
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Figure 2. Correlation of TDCIPP and TCIPP on wristbands with their urinary metabolites
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