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Abstract

Background: Use of organophosphate flame retardants (OPFRs) including tris(1,3-dichloro-2-

propyl) phosphate, triphenyl phosphate, tris(1-chloro-2-propyl) phosphate, and tris-2-chloroethyl 

phosphate, in consumer products is on the rise because of the recent phase out of polybrominated 

diphenyl ether (PBDE) flame retardants. Some of these chemicals are also used as plasticizers or 

lubricants in many consumer products.

Objectives: To assess human exposure to these chlorinated and non-chlorinated 

organophosphates, and non-PBDE brominated chemicals in a representative sample of the U.S. 

general population 6 years and older from the 2013–2014 National Health and Nutrition 

Examination Survey (NHANES).

Methods: We used solid-phase extraction coupled to isotope dilution high-performance liquid 

chromatography-tandem mass spectrometry after enzymatic hydrolysis of conjugates to analyze 

2,666 NHANES urine samples for nine biomarkers: diphenyl phosphate (DPHP), bis(1,3-

dichloro-2-propyl) phosphate (BDCIPP), bis-(1-chloro-2-propyl) phosphate (BCIPP), bis-2-

chloroethyl phosphate (BCEP), di-n-butyl phosphate (DNBP), di-p-cresylphosphate (DpCP), di-o-

cresylphosphate (DoCP), dibenzyl phosphate (DBzP), and 2,3,4,5-tetrabromobenzoic acid 

(TBBA). We calculated the geometric mean (GM) and distribution percentiles for the urinary 

concentrations (both in micrograms per liter [μg/L] and in micrograms per gram of creatinine). We 

only calculated GMs for analytes with an overall weighted frequency of detection >60%. For those 

analytes, we also a) determined weighted Pearson correlations among the log10-transformed 

concentrations, and b) used regression models to evaluate associations of various demographic 

parameters with urinary concentrations of these biomarkers.

Results: We detected BDCIPP and DPHP in approximately 92% of samples, BCEP in 89%, 

DNBP in 81%, and BCIPP in 61%. By contrast, we detected the other biomarkers much less 

frequently: DpCP (13%), DoCP (0.1%), TBBA (5%), and did not detect DBzP in any samples. 

Concentration ranges were highest for DPHP (<0.16–193 µg/L), BDCIPP (<0.11–169 µg/L), and 

BCEP (<0.08–110 µg/L). Regardless of race/ethnicity, 6–11 year old children had significantly 
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higher BCEP adjusted GMs than other age groups. Females had significant higher DPHP and 

BDCIPP adjusted GM than males, and were more likely than males to have DPHP concentrations 

above the 95th percentile (odds ratio = 3.61; 95% confidence interval, 2.01–6.48).

Conclusions: Our results confirm findings from previous studies suggesting human exposure to 

OPFRs, and demonstrate, for the first time, widespread exposure to several OPFRs among a 

representative sample of the U.S. general population 6 years of age and older. The observed 

differences in concentrations of certain OPFRs biomarkers by race/ethnicity, in children compared 

to other age groups, and in females compared to males may reflect differences in lifestyle and 

exposure patterns. These NHANES data can be used to stablish a nationally representative 

baseline of exposures to OPFRs and when combined with future 2-year survey data, to evaluate 

exposure trends.

1. Introduction:

Flame retardants are substances added to plastics, furniture, upholstery, electrical equipment, 

electronic devices, textiles and other consumer goods to reduce product flammability and to 

comply with strict government fire safety standards and regulations. Polybrominated 

diphenyl ethers (PBDEs) were the most popular flame retardants used in the United States 

(EPA 2014); (de Wit 2002) until recently, when the pentaBDE and octaBDE products were 

voluntarily withdrawn from the U.S. market (2004); and the production, import, and sale of 

decaBDE ended in 2013 because of concerns related to persistence, bioaccumulation, and 

potential adverse health effects (Tullo 2003; EPA 2009; Betts 2008). Alternative 

replacements to PBDEs include chlorinated and non-chlorinated organophosphate flame 

retardants (OPFRs) such as tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), tris(1-chloro-2-

propyl) phosphate (TCIPP), tris(2-chloroethyl) phosphate (TCEP), triphenyl phosphate 

(TPHP), tricresyl phosphates (TCPs), tributyl phosphate (TNBP), and tribenzyl phosphate 

(TBzP) (van der Veen and de Boer 2012; Bergman et al. 2012; EPA 2015). Of interest, some 

OPFRs can also be used as plasticizers or lubricants (van der Veen and de Boer 2012; 

Covaci et al. 2011; Solbu et al. 2007; Andresen et al. 2004). Furthermore, OPFRs are often 

used together and in combination with other non-PBDE brominated chemicals (e.g., 2-

ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB)) in popular commercial formulations of 

contemporary flame retardants such as Firemaster® 550 and Firemaster® BZ-54 (Bearr et 

al. 2012; Carignan et al. 2013; EPA 2015).

OPFRs and other contemporary flame retardants have been detected in indoor environments, 

including dust (Ali et al. 2012; Ali et al. 2013; Stapleton et al. 2008; Stapleton et al. 2009; 

Mizouchi et al. 2015), hand wipes (Hoffman et al. 2015b; Stapleton et al. 2014), baby 

products (Stapleton et al. 2011), and furniture foam (Stapleton et al. 2009). Ingestion, 

inhalation, and dermal contact are potential routes of human exposure to OPFRs (Hou et al. 

2016; Schreder et al. 2016). Reported OPFR levels in indoor environments are comparable 

or higher than levels of PBDEs (Dodson et al. 2012).

In laboratory studies, OPFRs readily metabolize to their dialkyl or diaryl phosphates and to a 

variety of hydroxylation products (Van den Eede et al. 2013; Van den Eede et al. 2015; Van 

den Eede et al. 2016; Su et al. 2014); EH-TBB rapidly metabolizes to 2,3,4,5-
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tetrabromobenzoic acid (TBBA) in humans and rats (Roberts et al. 2012). Urinary 

metabolites of several flame retardants, which have been detected in American adults and 

children (Hoffman et al. 2014; Hoffman et al. 2015b; Jayatilaka et al. 2017; Butt et al. 2014), 

have been used as biomarkers of exposure to these contemporary flame retardants. Data 

collected from several epidemiological studies suggest that urinary concentrations of 

bis(1,3-dichloro-2-propyl) phosphate (BDCIPP), a metabolite of TDCIPP, have increased 

considerably since 2002 (Hoffman et al. 2017b); samples collected in 2014 and 2015 had 

BDCIPP concentrations that were more than 15 times higher than those collected in 2002 

and 2003. These studies also showed significant increases in diphenyl phosphate (DPHP) 

urinary concentrations albeit much smaller than for BDCIPP (Hoffman et al. 2017b). 

Worldwide organophosphate esters production volumes increased from ~100,000 tonnes/

year in 1992 to 341,000 tonnes/year in 2007 (Greaves and Letcher 2017). For example, in 

the United States, production of TCPP, TDCPP and TCEP increased from below 14,000 

tonnes/year in the mid-1980s to ~38,000 tonnes/year in 2012 (Schreder et al. 2016).

Little is known about the potential health effects of these emerging contaminants. OPFRs 

have been associated with adverse reproductive/developmental and neurological effects in 

animals (van der Veen and de Boer 2012; Dishaw et al. 2011; Baldwin et al. 2017). For 

example, studies in zebrafish suggest that OPFRs have a role in developmental neurotoxicity 

and altered behavior at early life stages perhaps because of their structural similarities to 

organophosphate pesticides (Dishaw et al. 2011; Dishaw et al. 2014; Oliveri et al. 2015) . In 

vitro, exposure of PC12 cells to TDCIPP and TCEP decreased cell growth, increased 

apoptosis, altered morphology and produced significant changes in the gene and protein 

levels (Ta et al. 2014). Of interest, TDCIPP and TCEP are included in the Proposition 65 list 

of chemicals known to cause cancer (OEHHA 2016a) and The European Chemicals Agency 

has designated TCEP as a “substance of very high concern” because of its reproductive 

toxicity, chronic and acute aquatic life effects, and suspected carcinogenicity (ECHA 2017).

Furthermore, certain OPFRs may also affect human health (Hoffman et al. 2017c). For 

example, higher dust levels of TCEP were associated with increased odds of papillary 

thyroid cancer (Hoffman et al. 2017c); several OPFRs in floor dust were associated with 

higher prevalence of atopic dermatitis (TDCIPP), or of asthma and allergic rhinitis (TNBP) 

(Araki et al. 2014). Furthermore, TPHP exposure may be associated with increased levels of 

total thyroxine, especially in women (Preston et al. 2017). OPFR exposure was also 

associated with measurable differences in social behaviors among 3–5 year old children 

(Lipscomb et al. 2017); children with higher OPFR exposures exhibited poorer social skills, 

as measured by externalizing behavior and responsibility, which play an important role in a 

child’s ability to succeed academically and socially. Therefore, it is important to know how 

much of these compounds or their metabolites are present in humans.

Because of the increased use of contemporary flame retardants in consumer products and the 

chemicals potential adverse health effects, interest exist in understanding the extent of 

human exposure. Biomonitoring of contemporary flame retardants will help us understand 

the extent of exposure to these chemicals and will provide the information needed to set up 

reference ranges which may be used to evaluate future exposures. In this manuscript, we 

report for the first time the urinary concentrations of nine contemporary flame retardant 
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metabolites in a representative sample of the U.S. general population 6 years of age and 

older, stratified by age group, sex, and race/ethnicity.

2. Materials and Methods

2.1. Study Population:

The National Health and Nutrition Examination Survey (NHANES) is the result of the 

National Health Survey Act of 1956, which granted legislative authorization for a continuing 

survey to provide current statistical data on the amount, distribution, and effects of illness 

and disability in the United States (CDC 2014). NHANES, conducted continuously since 

1999 by the National Center for Health Statistics (NCHS) at the Centers for Disease Control 

and Prevention (CDC), includes direct household interviews with demographic, 

socioeconomic, dietary, and health-related questions, physical examinations and collection 

of clinical samples. Some of these samples are used to assess exposure to environmental 

chemicals.

For this study, we analyzed 2,666 spot urine samples collected from a random one-third 

subset of 2013–2014 NHANES participants six years of age and older to maintain the 

representative design of the survey. NCHS Research Ethics Review Board reviewed and 

approved the study protocol. All respondents gave informed written consent to participate in 

the survey; parents or guardians provided consent for participants younger than 18 years 

(CDC 2017).

2.2. Urinary Concentrations of OPFRs and Other Alternative Flame Retardant 
Biomarkers:

The urine specimens were collected, aliquoted, and shipped on dry ice to the CDC`s 

National Center for Environmental Health where they were stored at −70 ⁰C until analysis. 

We quantified nine urinary biomarkers: BDCIPP, bis(1-chloro-2-propyl) phosphate (BCIPP), 

bis(2-chloroethyl) phosphate (BCEP), DPHP, di-p-cresylphosphate (DpCP), di-o-

cresylphosphate (DoCP), dibutyl phosphate (DNBP), dibenzyl phosphate (DBzP), and 

TBBA. The analytical method, described in detail elsewhere (Jayatilaka et al. 2017), relies 

on an enzymatic hydrolysis of urinary conjugates of the target biomarkers in 400 µL urine, 

automated off-line solid phase extraction, separation by reversed phase high-performance 

liquid chromatography, and detection by isotope dilution-electrospray ionization tandem 

mass spectrometry (Jayatilaka et al. 2017). Calibration standards, reagent blanks, and 

NHANES study samples were analyzed with urine-based quality control (QC) materials. 

The approximate concentrations of the target analytes were 4 ng/mL (QCL) and 15 ng/mL 

(QCH)(Jayatilaka et al. 2017). The limits of detection (LODs) were 0.05 μg/L (DoCP, DpCP, 

DNBP, DBzP, and TBBA), 0.08 μg/L (BCEP), 0.10 μg/L (BCIPP), 0.11 μg/L (BDCIPP), and 

0.16 μg/L (DPHP). The precision of measurements, expressed as the relative standard 

deviation of multiple measures of the QC materials, ranged from 2.7% to 7.5%, depending 

on the target biomarker and concentration range. The method accuracy, calculated from the 

recovery at three spiking levels (0.5; 5.0 and 25 ng/mL), ranged from 93.5% to 108%, 

depending on the analyte and concentration (Jayatilaka et al. 2017).
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2.3. Statistical Analysis

We analyzed the data using Statistical Analysis System (SAS) (version 9.3; SAS Institute 

Inc., Cary, NC) and SUDAAN (version 11, Research Triangle Institute, Research Triangle 

Park, NC). SUDAAN incorporates sample weights and design variables to account for the 

complex, clustered design of NHANES. For concentrations below the LOD, we imputed a 

value equal to the LOD divided by the squared root of 2 (Hornung and Reed 1990).

We stratified age, self-reported in years at the last birthday, in four groups: 6–11, 12–19, 20–

59, and ≥60 years. Based also on self-reported data we defined four race/ethnicity groups: 

non-Hispanic black, non-Hispanic white, all Hispanic, and Other. We calculated the 

geometric mean (GM) and distribution percentiles for the urinary concentrations (both in 

micrograms per liter [μg/L] and in micrograms per gram of creatinine [μg/g creatinine]) 

using the survey sampling weights, which account for unequal selection probabilities caused 

by the cluster design and the oversampling of certain groups. We only calculated GMs for 

analytes with an overall weighted frequency of detection >60%. For those same analytes, we 

also determined weighted Pearson correlations among the log10-transformed concentrations 

(not corrected for creatinine).

We used analysis of covariance to examine the associations of age group (6–11, 12–19, 20–

59, ≥60), sex, race/ethnicity (four above categories), log10 creatinine, and all possible two 

way interaction terms on the log-transformed concentrations of the target analytes detected 

in >60% of participants. We calculated the adjusted GM concentrations of these five 

biomarkers (in μg/L). We log-transformed the concentrations of the target analytes and 

creatinine because their distributions were right-skewed.

For each analyte, to reach the final multivariate logistic regressions model, we used 

backward elimination including all the two-way interaction terms, with a threshold of P < 

0.05 for retaining the variable in the model, using Satterwaite-adjusted F statistics. We 

evaluated for potential confounding by adding back into the model each of the excluded 

variables one by one and examining changes in the β coefficients of the statistically 

significant main effects. If addition of one of these excluded variables changed a β 
coefficient by ≥ 10%, the variable was re-added to the model.

Last, we conducted weighted multiple logistic regressions to examine the likelihood of 

having concentrations above the 95th percentile (an arbitrary value we selected as example 

of higher than average concentrations) for the five biomarkers detected in >60% participants 

with sex, age group, race/ethnicity, and creatinine, variables selected on the basis of 

statistical, demographic, and biologic considerations.

3. Results

We quantified urinary concentrations of nine contemporary flame retardant metabolites in 

2,666 NHANES 2013–2014 samples. In Tables 1–5, we present the GM concentrations, 

select percentiles, and detection frequencies stratified by age group, sex, and race/ethnicity 

for BDCIPP, DPHP, BCEP, DNBP, and BCIPP. We detected BDCIPP and DPHP in 

approximately 92% or participants, BCEP in 89%, DNBP in 81%, and BCIPP in 61%. By 
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contrast, we detected the other biomarkers much less frequently: DpCP (13%), DoCP 

(0.1%), TBBA (5%), and did not detect DBzP in any samples (Tables S1-S4). We also 

detected BDCIPP, DPHP and BCEP at the highest concentrations with concentrations 

ranging from <0.11 µg/L to 169 µg/L, <0.16 µg/L to 193 µg/L, and <0.08 µg/L to 110 µg/L, 

respectively. DNBP and BCIPP concentrations were not as high and ranged from < 0.05µg/L 

−70.3 µg/L and <0.10 µg/L to 46.7 µg/L, respectively.

Bivariate Pearson`s correlation analysis (Table 6) showed statistically significant correlations 

(P < 0.0001) between the log-transformed concentrations of DPHP and BDCIPP (Pearson 

correlation coefficient (r) = 0.45) and BCEP (r = 0.36), and between log-transformed 

concentrations of BDCIPP and BCEP (r = 0.41), DNBP (r = 0.29), and BCIPP (r = 0.28).

DPHP:

The final DPHP linear regression model included sex, race, age, sex*age (P=0.0157), 

sex*race (P=0.0099) and log creatinine (Table 7). Females had significant higher adjusted 

GM than males, regardless of race and age group (P=0.0262 for 12–19 years old; P<0.001 

for 20–59 years old, ≥60 years, and for all races), except among the 6–11 year olds. Among 

males, non-Hispanic whites had higher adjusted GM concentrations than Hispanics (P=0.03) 

and non-Hispanic blacks (P=0.007). By contrast, among females, Hispanics (P=0.003) and 

non-Hispanic whites (P=0.0004) had higher adjusted GMs than females of Other races. 

Adjusted GMs showed a significant downward trend as age increased. Regardless of sex, 6–

11 year old children had higher adjusted GMs than adolescents 12–19 years of age 

(P<0.001), who, in turn, had higher adjusted GMs than adults 20–59 years (P<0.001). 

However, we observed no differences between adjusted GMs for younger adults (20–59 

years) and older adults (≥60 years).

In the final multivariate logistic analysis, log10 creatinine (P <0.001), sex (P=0.0003), and 

age (P<0.001) were significantly associated with the likelihood of DPHP exceeding the 95th 

percentile (Table S6). Children were 6.6 times more likely than persons 60 years and older 

to have DPHP concentrations above the 95th percentile (adjusted odds ratio [OR] = 6.6; 95% 

CI, 2.5–17.2); we observed no other statistically significant differences by age. Females 

were 3.6 times more likely than males to have concentrations of DPHP above the 95th 

percentile (adjusted OR = 3.61; 95% CI, 2.01–6.48).

BDCIPP:

The final BDCIPP linear regression model included race, sex (P=0.004), age, age*race 

(P=0.0037), and log creatinine (P<0.001) (Table 7). Females had significant higher adjusted 

GMs than males (P=0004). Adjusted GMs showed a significant downward trend as age 

increased. However, between Hispanics and non-Hispanic blacks, we observed no 

differences between adolescents and adults 20–59 years old; among persons of Other race, 

we observed no difference between younger (20–59 years) and older (≥60 years) adults. 

Among children and adolescents, non-Hispanic whites had significantly higher adjusted 

GMs than Hispanics (P=0.02, 0.04, for 6–11 years and 12–19 years, respectively) and non-

Hispanic blacks (P=0.0001, 0.014, for 6–11 years and 12–19 years, respectively). By 

contrast, for adults 20–59 years old, Hispanics and non-Hispanic whites had significantly 
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higher adjusted GMs than non-Hispanic blacks (P <0.01 for both Hispanic and non-Hispanic 

whites) and persons of Other race (P<0.01 for Hispanic and P=0.001 for non-Hispanic 

white).

In the final multivariate logistic analysis, log10 creatinine (P <0.0001) and age (P<0.0001) 

were significantly associated with the likelihood of BDCIPP exceeding the 95th percentile. 

Children 6–11 years of age were 10.74 times more likely than adults 60 years and older to 

have BDCIPP concentrations above the 95th percentile (adjusted OR = 10.74; 95% CI, 

(4.42– 26.1); we observed no statistically significant differences among other age groups.

BCEP:

Race, sex, age, sex*age (P=0.004), and age*race (P=0.04) were significant in the final 

BEtCP linear regression model (Table 7). Regardless of race/ethnicity, children had 

significantly higher adjusted GMs than adolescents (P=0.047, 0.005, 0.0343, and 0.015 for 

Hispanics, non-Hispanic whites, non-Hispanic blacks, and persons of Other race, 

respectively) who, in turn, had significantly higher adjusted GMs than adults 20–59 years 

old (P=0.0002, <0.001, 0.0007, and 0.0027 for Hispanic, non-Hispanic whites, non-Hispanic 

blacks, and Other race persons, respectively). Except for people in the Other race/ethnicity 

group, children had significantly higher adjusted GMs than adults 60 years and older 

(P=0.0008, <0.001, 0.01 for Hispanics, non-Hispanic whites, and non-Hispanic blacks, 

respectively).

Among children, non-Hispanic whites (P=0.0056) and Other race persons (P=0.0411) had 

significantly higher adjusted GMs than non-Hispanic blacks. Among adolescents, Hispanics 

had significantly higher adjusted GMs than non-Hispanic blacks (P=0.0435). For the 20–59 

years olds, non-Hispanic whites had higher adjusted GMs than non-Hispanic blacks 

(P=0.0367). Regardless of sex, children and adolescents had significantly higher adjusted 

GMs than adults 20–59 years old (P <0.01). We observed a significant sex difference for the 

20–59 years olds (P=0.0111), but not for the other age groups.

In the final multivariate logistic analysis, log10 creatinine (P<0.001) and age (P<0.02) were 

significantly associated with the likelihood of BCEP concentrations exceeding the 95th 

percentile. Children, but not adolescents or adults 20–59 years of age, were more likely than 

adults 60 years and older to have BCEP concentrations exceeding the 95th percentile 

(adjusted OR = 2.05; 95% CI, 1.07 −3.93).

DNBP:

The final DNBP linear regression model included race (P<0.001), sex (P=0.0005), and age 

(P<0.001) (Table 7). Females had significant higher adjusted GMs than males (P=0.0005). 

Non-Hispanic whites (P=0.0003), non-Hispanic blacks (P<0.001), and Hispanics (P=0.0173) 

had significantly higher adjusted GMs than persons of Other race/ethnicity. Children had 

adjusted GMs significantly higher than all other age groups; other differences did not reach 

statistical significance.

In the final multivariate logistic analysis, log10 creatinine (P<0.001) and age (P=0.001) were 

significantly associated with the likelihood of DNBP exceeding the 95th percentile. 
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Children, but not adolescents or adults 20–59 years of age, were more likely than adults 60 

years and older to have concentrations of DNBP exceeding the 95th percentile (adjusted OR 

= 3.6; 95% CI, 1.98 −6.5).

BCIPP:

Race and age were significant in the final BCIPP linear regression model (Table 7). Non-

Hispanics whites and persons of Other race had higher adjusted GMs than non-Hispanic 

blacks (P=0.0003 and 0.0005 for non-Hispanics whites and Other race, respectively) and All 

Hispanics (P=0.0057 and 0.0169 for non-Hispanics whites and Other race, respectively). 

Children had significantly higher adjusted GMs than all other age groups (all P <0.001); 

differences among the other age groups did not reach statistical significance.

The final logistic multivariate analysis included log10 creatinine (P<0.001) and age 

(P<0.003). Children (OR = 3.57; 95% CI,1.97–6.45) and adults 20–59 years old (OR = 1.58, 

95% CI, 1.03–2.43) were more likely than adults ≥60 years of age to have concentrations of 

BCIPP above the 95th percentile; we observed no other age-related differences.

4. Discussion

For the first time, we present nationally representative data for five OPFRs among 

Americans 6 years of age and older. We detected BDCIPP, DPHP, BCEP, DNBP in >80% 

and BCIPP in >60% of the samples analyzed which suggests widespread exposure to the 

precursors of these OPFRs. Depending on the OPFR metabolite, concentration ranges 

spanned 3–4 orders of magnitude. These results are in agreement with previous research 

involving convenience samples of non-occupationally exposed populations (Jayatilaka et al. 

2017; Cooper et al. 2011; Dodson et al. 2014; Meeker et al. 2013b; Butt et al. 2014), in 

which BDCIPP and DPHP were also the most frequently detected biomarkers. Moreover, in 

U.S. house dust the parent compounds of BDCIPP and DPHP, TDCIPP and TPHP, 

respectively, were detected in 96% and 98% of the samples (Stapleton et al. 2009). 

Similarly, in a recent study, TPHP, TCIPP, TDCIPP and TCEP were detected in more than 

60% of the silicone wristbands worn by preschoolers (Kile et al. 2016); with TPHP and 

TDCIPP detected in more than 89% of the samples. Several studies reported TNBP 

concentrations in dust, and the levels vary considerably (Luongo and Ostman 2016; Ouyang 

et al. 2017; García et al. 2007). Although dust concentrations among countries/studies must 

be compared cautiously because important considerations (e.g., year of sample collection, 

collection protocols, handling and storage of the samples) may differ, the existing data 

suggest that house dust could be a source of human exposure to TNBP and other OPFRs. Of 

interest, we infrequently detected DpCP, TBBA, and DoCP, and we did not detect DBzP in 

any of the samples. These relatively low detection frequencies, even though LODs were the 

same (0.05 µg/L) and the lowest among all nine biomarkers measured, suggest limited 

human exposures to their corresponding parent compounds or that pharmacokinetic factors 

are different (e.g., the measured analytes are not the best biomarkers of exposure).

The lower detection frequency of BCIPP compared to BDCIPP was unexpected considering 

the presence of relatively similar levels of their corresponding precursors TCIPP and 

TDCIPP in house dust (Dodson et al. 2012; Carignan et al. 2013; Stapleton et al. 2009; 
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Stapleton et al. 2014). However, in a recent study of 21 U.S. mother-toddler pairs, BDCIPP 

was detected in all individuals, whereas BCIPP was only detected in 8% (Butt et al. 2014). 

The relatively low BCIPP concentrations compared to BDCIPP may relate to a low yield of 

BCIPP from TCIPP, as suggested by in vitro metabolism studies with human liver 

microsomes and S9 fractions (Van den Eede et al. 2013; Van den Eede et al. 2016). Although 

BCIPP was the major metabolite formed by liver enzymes, Van den Eede et al. suggested 

that detecting BCIPP in urine can be difficult because of analytical challenges and possible 

pharmacokinetic processes interfering with its elimination in urine, such as protein binding, 

storage in tissues or other excretion pathways (Van den Eede et al. 2016). Nevertheless, we 

ruled out analytical difficulties as responsible for the lower detection frequency of BCIPP 

because the detection limits for both BDCIPP and BCIPP in our method are comparable 

(0.11 vs 0.10 µg/L).

The moderate correlation between concentrations of DPHP and DBCIPP and, of interest, 

weaker correlations between DPHP and BCEP, BDCIPP and BCEP, and BDCIPP and 

BCIPP might reflect the ubiquity of the parent compounds for a wide variety of commercial 

applications or the combined use of the parent compounds in commerce. TDCIPP is the 

most common flame retardant for polyurethane foam used in upholstered furniture, 

automotive products, carpet padding and gymnastic equipment (EPA 2015; Cooper et al. 

2016), and some children’s products such as toys, strollers, car seats, nursing pillows, and 

sleeping products, including nap mats, sleep positioners, travel beds, bassinets, portable crib 

mattresses, and play pens (OEHHA 2016b). TCEP was identified in upholstered 

polyurethane foam baby products such as car seats, baby carriers, and changing table pads 

(Stapleton et al. 2011). TCEP is also found as a 10% impurity in Albemarle’s Antiblaze V6 

(Stapleton et al. 2012), used in automobile foams. On the other hand, TCIPP, the parent 

compound of BCIPP, is mainly used as a flame retardant in rigid and flexible polyurethane 

foam (FPUF) used in upholstered FPUF baby products such as car seats, baby carriers, and 

changing table pads (Stapleton et al. 2011). TCIPP is often used as replacement of TCEP. 

Besides being a component of several flame retardant mixtures including Firemaster® 550, 

TPHP is predominantly used as an additive in hydraulic fluids and to regulate pore size in 

concrete (Andresen et al. 2004; Solbu et al. 2007). TPHP was also identified in a 

computerized indoor office environment with the computer video display units as the source 

of emission (Carlsson et al. 2000). Additionally, TPHP is often listed as ingredient in nail 

polish to increase flexibility and improve adhesion on the nail (Mendelsohn et al. 2016). 

DPHP is the main metabolite of TPHP (Sasaki et al. 1984) but is also a metabolite of 

multiple OPFRs, including 2-ethylhexyldiphenyl phosphate (Nishimaki-Mogami et al. 1988) 

and tert-butylphenyl diphenylphosphate (Heitkamp et al. 1985), and DPHP itself has been 

used as an additive in industrial applications, typically as a catalyst for resin manufacturing 

(Makiguchi et al. 2011; Makiguchi et al. 2013). Therefore, the detection of DPHP in a 

person’s urine can result from exposure to several OPFRs as well as direct contact with 

DPHP.

Differences in exposure sources may explain the weak correlations we observed between 

BDCIPP and DNBP. TNBP is predominantly used as plasticizer in the manufacture of 

plastics and vinyl resins, as an antifoam agent for concrete (Andresen et al. 2004), and as 

additive in hydraulic fluids to enhance their properties (Solbu et al. 2007). TNBP is also 
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used as an additive in concrete and glue, and may be present in putty (Marklund et al. 2005). 

We speculate that DNBP in urine might be associated with exposure to TNBP from recent 

renovations.

Conclusions about particular exposures are hard to draw from the correlations among 

urinary biomarkers because there are many possible household sources of flame retardants 

and limited information is available on OPFRs exposure sources and metabolism. 

Biotransformation and kinetics studies of several organophosphate triesters are limited to 

one in vitro study in herring gulls using a hepatic microsomal metabolism assay that 

suggested the fastest depletion rate for TNBP followed by TCIPP, TPHP, and lastly by 

TDCIPP (Greaves et al. 2016). The same investigators also reported that halogenated OP 

triesters hydrolyze to their respective diesters more efficiently (TDCIPP (90%) and TCIPPP 

(56%)) than non-halogenated OP triesters (TPHP (15%) and TNBP (14%)) (Greaves et al. 

2016); these differences may reflect dissimilarities in metabolism pathways.

We note that concentrations of DPHP, BDCIPP, DNBP, and BCIPP differ by sex. In general, 

females had higher adjusted GMs of these OPFR metabolites than males, which may reflect 

differences in exposure patterns and/or metabolism by sex. Of interest, not only did females 

had higher adjusted GM concentrations of DPHP, but females were also 3.6 times more 

likely than males to have concentrations of DPHP above the 95th percentile. Together, these 

findings suggest that females experience higher exposures to TPHP, perhaps from higher use 

of nail polish by women compared to men because TPHP is a known ingredient in nail 

polish (Mendelsohn et al. 2016). The higher concentrations of TPHP among NHANES 

females agree with the results from recent studies in which DPHP urinary concentrations in 

women were 43% higher than (Preston et al. 2017) or almost twice (Hoffman et al. 2015b) 

those of men; however, concentrations of BDCIPP were not (Hoffman et al. 2015b).

We also observed that concentrations of certain OPFRs differed by race/ethnicity. Racial 

differences may relate to lifestyle, diet, and use of OPFRs-containing products. Last, the 

detection of OPFR metabolites in children suggests that exposure occurs at young ages. 

Additionally, higher concentrations of OPFRs in children compared to other age groups 

suggest that exposures in children are higher than in adults, assuming there are no 

differences in pharmacokinetics. This finding is in agreement with other studies in which 

concentrations in children were higher than in adults, particularly for BDCIPP and DPHP 

(Butt et al. 2014; Van den Eede et al. 2015; Cequier et al. 2014; Cequier et al. 2015; Butt et 

al. 2016; Hoffman et al. 2015a; Hoffman et al. 2017a). Several studies in the United States 

showed detectable and variable levels of various flame retardants in indoor dust (Stapleton et 

al. 2009; Meeker et al. 2013b; Hoffman et al. 2015b; Schreder and La Guardia 2014). In 

fact, one of these studies showed that household dust might be an important source of 

exposure to TDCIPP but not TPHP (Meeker et al. 2013a). Others showed mean TCIPP dust 

levels three times higher than those of TDCIPP and TCEP (Schreder and La Guardia 2014), 

while Stapleton et al. showed that TPHP dust concentrations were 5–11 times higher than 

TDCIPP and TCIPP (Stapleton et al. 2009). The higher likelihood of children 6–11 years of 

age having BDCIPP, DPHP, BCEP, DNBP and BCIPP concentrations above the 95th 

percentile compared to other age groups can be related to children’s playing patterns and on 

their relatively low body weights which result in higher exposures. Because of children’s 
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play habits, many opportunities exist for exposure through dermal adsorption, inhalation, 

and ingestion of dust containing OPFRs.

5. Conclusion

We present the first nationally representative assessment of exposure to several 

contemporary flame retardants among Americans 6 years of age and older. We found that 

exposure to several OPFRs is widespread with BDCIPP, DPHP, BCEP, DNBP, and BCIPP 

detected in the majority of the samples analyzed. These data can be used to stablish a 

nationally representative baseline of exposures to OPFRs and when combined with more 2-

year survey data, to evaluate trends in exposure. Adjusted GMs of OPFR metabolites were 

higher in females than males, which may reflect lifestyle differences affecting exposure 

patterns. The detection of OPFR metabolites in children suggests that exposure occurs at 

young ages. Higher concentrations of OPFRs in children compared to other age groups 

might reflect that exposures in children are higher than in adults.
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