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Abstract

The use of alternative chemical flame retardants in consumer products is increasing as the result of 

the phase-out of polybrominated diphenyl ethers. Today, the most commonly detected alternatives 

in residential furniture include the organophosphate flame retardants (PFRs) and the Firemaster 

550® mixture (FM550). Urinary levels of dialkyl and diaryl phosphate esters, and 2-ethylhexyl 

tetrabromobenzoate (EH-TBB) have been used as biomarkers of human exposure to PFRs and 

FM550, respectively. In a previous study, we demonstrated that toddlers had significantly higher 

levels of PFRs relative to their mothers in a cohort from New Jersey; however, it is unclear if there 

are regional differences in exposure. It is possible that exposure to PFRs may be higher in 

California relative to other US States due to the California flammability standard, as was seen 

previously observed for PBDEs. In the current study, we examined urinary levels of PFR 

metabolites and TBBA in 28 mother-child pairs from California, USA, collected in 2015, and 

compared them with levels measured in our previous study from New Jersey. Urine samples were 

extracted using solid-phase extraction and analyzed by liquid chromatography tandem mass 

spectrometry (LC-MS/MS). Diphenyl phosphate (DPHP), isopropyl-phenyl phenyl phosphate (ip-

PPP), bis(1,3-dichloro-2propyl) phosphate (BDCIPP) and BCIPHIPP conjugates were detected in 

100% of mother and child urine samples, while bis(1-chloro-2-propyl) phosphate (BCIPP), tert-
butyl-phenyl phenyl phosphate (tb-PPP) and TBBA were detected in <50% of samples. 

Interestingly, BCIPHIPP conjugates were detected in 100% of the urine samples, suggesting 

ubiquitous exposure to the parent compound, tris(1-chloro-2-propyl) phosphate (TCIPP). The 

current study found significantly higher BDCIPP levels in California toddlers and higher and ip-

PPP levels in mothers as compared to the New Jersey cohort, which may be reflective of 

California’s furniture flammability standard. For example, BDCIPP levels in California children 

were 2.4 times higher than those in New Jersey children. Consistent with our previous work, the 
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current study showed higher PFR and EH-TBB exposure in children, likely due to increased hand-

mouth behavior. Children’s DPHP and BDCIPP levels, on average, were 5.9 times and 15 times 

those of their mothers. Positive correlations between paired mothers and their children were shown 

for DPHP and BCIPHIPP conjugates but not BDCIPP or ip-PPP. In the children, several predictors 

of hand-mouth behavior were associated with BDCIPP, DPHP and ip-PPP urine levels, but no 

associations were observed with BCIPHIPP conjugates.
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INTRODUCTION

In recent years the use of chemical flame retardants (FRs) in foams, polymers and textiles 

has undergone significant evolution. Specifically, the penta-, octa- and deca-polybrominated 

diphenyl ether (PBDE) mixtures were phased-out in the US as of the mid-2000s (penta- and 

octaBDE) and 2013 (decaBDE). In the European Union penta- and octa- have been banned 

and deca- has been restricted1. As a result, there is evidence of declining PBDE levels in 

consumer products2, abiotic media3–5, wildlife6, 7 and humans8–10. Further, California 

Technical Bulletin 117 (TB 117) underwent revision in 2014 such that it no longer requires 

open flame tests for upholstered furniture11. The change to TB 117 is anticipated to reduce, 

but not eliminate, chemical FR use.

As the chemical FR market continues to shift away from the PBDEs, an increasing diversity 

of alternative FRs are being employed to meet flammability standards. As such, knowledge 

about the human health and environmental risks of FR alternatives is essential. A significant 

class of alternative FRs are the organophosphate flame retardants (PFRs) which are 

composed of chlorinated alkyl phosphates [e.g. tris(1,3,-dichloro-2-propyl) phosphate 

(TDCIPP)] and nonhalogenated aryl phosphates [e.g. triphenyl phosphate (TPHP)]. TPHP 

has also been used as a plasticizer and lubricant12 and thus has multiple exposure sources, 

complicating source apportionment. Another major FR alternative is the Firemaster® 550 

mixture (FM 550) which is comprised of TPHP, isopropylated TPHP isomers, 2-

ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), and bis(2-ethylhexyl)2,3,4,5-

tetrabromphtalate (BEH-TEBP). Other fire retardant mixtures containing PFRs are also on 

the market (e.g. Fyrol HF-513).

In vitro studies show that PFRs are readily metabolized to their diester metabolites as well as 

various phase II conjugate metabolites14, 15. Predominately detected diester metabolites 

include diphenyl phosphate (DPHP) and bis(1,3-dichloro-2propyl) phosphate (BDCIPP). As 

well, recent work has identified conjugates of bis(1-chloro-2-propyl) 1-hydroxy-2-propyl 

phosphate (BCIPHIPP) as significant metabolites of tris(1-chloro-2-propyl) phosphate 

(TCIPP)14, 15. Further, studies from our group have shown that EH-TBB is metabolized to 

2,3,4,5-tetrabromobenzoic acid (TBBA)16. Therefore, urinary levels of diester PFR 

metabolites, BCIPHIPP and TBBA have been used as biomarkers for PFR and EH-TBB 

exposures17–20.
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In our previous study, we showed that BDCIPP levels in toddlers living in New Jersey were 

approximately 5 times greater in children, on average, as compared to their mothers. DPHP 

and isopropyl-phenyl phenyl phosphate (ip-PPP) were also greater in children but these 

relationships were not statistically significant. In addition, elevated BDCIPP and DPHP 

levels in children were associated with several predictors of hand-mouth exposure, 

suggesting the importance of hand-mouth behavior for PFR exposure. Further work by our 

group showed that infants (age 6–18 months) also had elevated BDCIPP and DPHP urinary 

levels as compared to adults. Additional studies, from other regions of the world, have 

corroborated these findings18, 20.

As mentioned earlier, California has had strict flammability standards, and residential use of 

chemical flame retardants was primarily driven by TB 117 and the revised TB 117–2013. As 

a result, studies have generally observed higher PBDE levels in California house dust and 

human serum as compared to other US regions and the world21, 22. For example, one study 

found elevated PBDE serum levels (2–9 times) in California toddlers as compared to other 

US regions22. In response to the pentaBDE phase-out in the mid-2000s, research suggests 

that as PBDE dust levels have decreased from 2006–2011, PFRs and Firemaster® 550 

components have increased23. Further, PFR and Firemaster® 550 levels in California dust 

were shown to be higher than nearly all other global regions. Therefore, the primary aim of 

this study was to determine if PFR and Firemaster® 550 exposure levels, as measured by 

urinary metabolites, were higher in individuals from California compared to levels recently 

reported in a New Jersey cohort24. To accomplish this, we used the same experimental 

design as our previous study and recruited mother-toddler pairs living in California to 

measure urinary metabolite levels. In addition, our analyte list was expanded to include the 

TCIPP metabolite, BCIPHIPP. Figure 1 shows the chemical structures of all target analytes 

investigated in this study. We tested the hypothesis that a California cohort would have 

higher PFR metabolite and TBBA levels, as compared to our previously reported New Jersey 

cohort, due to the flammability regulations in California that were met by the use of fire 

retardant chemicals. Revised regulations became effective only recently in 2014. As well, 

consistent with our previous work, we hypothesized that children would have higher PFR 

exposure levels due to increased hand-mouth activity.

EXPERIMENTAL SECTION

Study Group

The cohort consisted of 28 pairs of mothers and their children. In most pairs only one child 

was sampled, but two children were sampled for 5 adult participants (i.e. total mothers = 28, 

total children = 33). In addition, mothers completed a questionnaire to evaluate factors that 

may contribute to PFR/EH-TBB exposure for both themselves and their children (e.g. hand-

mouth contact and the presence of furniture that may contain chemical flame retardants). A 

convenience cohort was recruited by email to targeted lists between February and August 

2015. All participants lived in California and had a child 5 years of age or younger. Overall, 

our cohort was highly educated, of high socioeconomic status and primarily Caucasian 

(Table 1). Mothers were older than 18 and the mean age for children was 44 months (range: 

2–70 months). Most of the mothers had a moderate awareness of chemical FR issues, but 4 
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of those mothers had extensive knowledge. Informed consent was obtained from all mothers 

and the mothers provided consent for their children. The study design, consent forms, and 

recruitment materials were approved by Chesapeake Research Review, Inc (Chesapeake 

IRB).

Urine spot samples were collected in-home by study participants in sterile urine specimen 

collection cups. Urine samples were collected before 9 am for the majority of the 

participants (84%) for which sample collection time was recorded (56 out of 61 

participants). Thus, sample collection time was not likely a confounder for urinary 

metabolites levels. Samples were immediately frozen at −20°C and shipped overnight to 

Duke University in insulated containers with ice packs. Samples were kept frozen until 

extraction and chemical analysis.

Materials

BDCIPP, d10-BDCIPP, and d12-tris(chloroethyl) phosphate (d12-TCEP), TBBA and 13C6-

TBBA were purchased from Wellington Laboratories (Guelph, ON). Bis(1-chloro-2-propyl) 

phosphate (BCIPP) and d10-DPHP were synthesized by the Max Planck Institute for 

Biophysical Chemistry (Goettingen, Germany). The ip-PPP, tert-butyl-phenyl phenyl 

phosphate (tb-PPP), 13C2-DPHP were synthesized by the Small Molecule Synthesis Facility 

at Duke University (Durham, NC). 1-hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate 

(BCIPHIPP) was a gift from Professor Adrian Covaci, University of Antwerp (Antwerp, 

Belgium).

Ammonium acetate, trimethylamine, pyrrolidine and 2,3,5-triiodobenzoic acid (TIBA), β-

glucuronidase from limpets (>1M units/g) and sulfatase from Helix pomatia (>10,000 

units/g) were purchased from Sigma-Aldrich (St. Louis, MO). StrataX-AW (60 mg, 3 ml) 

solid phase extraction columns (SPE) and the Luna C18(2) (2.5 µm, 50 × 2 mm) analytical 

column were purchased from Phenomenex (Torrance, CA, USA). Methanol and acetonitrile 

were HPLC grade (EMD Millipore Corporation, Bellerica, MA).

Extraction and Instrumental Analysis

Extraction methods for the PFR metabolites were adapted from previously published 

methods20, but adjusted for 5 ml of urine. Briefly, urine was thawed, 5 ml was transferred to 

a clean glass tube and spiked with the internal standard mixture (10 ng of d10-BDCIPP, 8.8 

ng of d10-DPHP; 25 ng of d12-TCEP). After the addition of 1.75 ml of sodium acetate (pH 5, 

1 M) and 250 µl of enzyme solution (1000 units/ml of β-glucuronidase, 33 units/ml of 

sulfatase in 0.2 M sodium acetate buffer), the samples were vortexed and incubated 

overnight at 37°C in a water bath. Samples were cleaned and concentrated using SPE 

techniques as previously described20 with the exception that the extracts were reconstituted 

in 500 µl of methanol:water. Internal standard recovery was quantified by spiking with 13C2-

DPHP. Samples were transferred to Mini-UniPrep vials (GE Healthcare Life Sciences) 

immediately prior to instrumental analysis. Specific gravity measurements were taken with a 

digital refractometer (Atago USA, Inc., Bellevue, WA) prior to analysis.

Extracts were analyzed by electrospray ionization (ESI) liquid chromatography tandem mass 

spectrometry (LC-MS/MS) as previously described24, but with the addition of BCIPHIPP 
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and d12-TCEP. Data were acquired under multiple reaction monitoring conditions using 

optimized parameters24, 25. BCIPHIPP (quantification: m/z 309.0 > 99.1; qualification: m/z 

309.0 > 81.1) and d12-TCEP (m/z 297.1 > 67.2) were monitored in positive ESI mode. 

Analyte responses were normalized to internal standard responses. BCIPP and BDCIPP 

were normalized using d10-BDCIPP, DPHP, ip-PPP and tb-PPP were normalized using d10-

DPHP and BCIPHIPP was normalized using d12-TCEP.

TBBA was isolated and cleaned by liquid-liquid extraction techniques as previously 

described19. However, the internal standard was 0.5 ng of 13C6-TBBA and internal standard 

recovery was was quantifying by spiking with TIBA after reconstituting with 1:1 

MeOH:water, at end of sample preparation. Similar to our previous study24, extracts were 

analyzed by ESI(-)-LC-MS/MS.

Quality assurance/quality control

The mean recovery of the mass-labelled standards in the urine samples (n=61) was 125% 

(standard error = 2.2%) for d10-BDCIPP, 104% (2.8%) for d10-DPHP, 13% (0.8%) for d12-

TCEP and 82% (1.3%) for 13C6-TBBA. The low d12-TCEP recovery is presumably related 

to quantification issues resulting from matrix suppression since the d12-TCEP recovery was 

65–80% in the blank samples (clean water). Further, the 13C2-DPHP is likely not a good 

surrogate for d12-TCEP since these compounds are structurally different (e.g. presence of 

OH-group on 13C2-DPHP) and experience different ionization in the electrospray source 

(positive ionization for d12-TCEP and negative ionization for 13C2-DPHP). One replicate 

and one laboratory blank sample (5 mL Milli-Q water only) was extracted with every batch 

(n=5 batches). Replicate values were generally within 15%. Low levels of DPHP (mean = 

0.34 ng) and ip-PPP (0.10 ng) were consistently detected in the laboratory blanks. Analyte 

values were blank corrected using the mean laboratory blank levels. Method detection limits 

(MDLs) were calculated as three times the standard deviation of the laboratory blanks, 

normalized to the blank volume (5 mL). MDLs were 78 pg/ml for BCIPP, 55 pg/ml for 

DPHP, 79 pg/ml for BDCIPP, 48 pg/ml for ip-PPP, 122 pg/ml for tb-PPP and 7 pg/ml for 

BCIPHIPP.

Statistical Analyses

Descriptive statistics were calculated for PFR metabolites measured in urine samples from 

children and adults. Summary statistics and statistical tests were only performed on analytes 

with >50% detection frequency and value of MDL/2 was used for all values <MDL. These 

data indicated that the distributions of PFR metabolite levels were log-normally distributed. 

Thus, either non-parametric statistical tests or log10-transformed values were used in 

analyses. Paired t-tests were used to investigate differences in the geometric mean PFR 

metabolite levels in urine samples collected from children and mothers. Association between 

maternal and child BDCIPP, DPHP, ip-PPP, and BCIPHIPP levels were assessed with 

Spearman (non-transformed values) and Pearson correlations (log-transformed values). To 

evaluate whether there were independence concerns resulting from including multiple 

children from the same family, we also used the average urinary metabolite levels of the 

siblings in analyses (t-tests and correlations). The results are not reported because the 

regression coefficients and statistical significance did not change from the results including 
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all pairs. Generalized estimating equations (GEEs) were used to examine relationships 

between continuous measures of PFRs in urine and children’s hand washing and hand-to-

mouth behaviors. GEEs are an extension of linear regression models that account for 

potential residual within-family correlations that may arise from including multiple children 

from the same family in analyses. For mothers, general linear models were used to examine 

relationships between continuous measures of PFRs in urine and hand washing frequency. 

Beta coefficients from regression models were exponentiated (10β), producing an estimate of 

the multiplicative change in urinary PFR levels relative to the reference group (or for a one 

unit increase in continuous variables). All statistical analyses were performed in SAS 

(version 9.2; SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

Geographic trends in urinary PFR metabolites

The current study cohort (California) showed overall higher BDCIPP and ip-PPP urine 

levels in both mothers and children as compared to our previous study from Princeton, New 

Jersey24 (Table 2). Note that for the comparison between study cohorts, to prevent potential 

age bias, the California children were restricted to the same age range as the New Jersey 

cohort (30–42 months). The spatial trends were particularly pronounced for BDCIPP in 

children, in which levels in the California cohort were 2.4-fold greater than in the New 

Jersey cohort. However, the elevated BDCIPP and ip-PPP levels in the California cohort 

were only significant for BDCIPP in children and ip-PPP in mothers, whereas the other 

relationships were only suggestive. DPHP urine levels in California were actually lower than 

in New Jersey, but the results were not significant. Overall, the results suggest greater 

TDCIPP and ip-PDPP exposure in California as compared to New Jersey, which may be 

driven by the stricter California flammability regulations. This trend has also been observed 

in elevated serum PBDE levels from California as compared to other states21. While it is 

possible that urinary levels can vary throughout the day, we do not expect that the 

differences in the sample collection time will be a confounding factor in our analyses. It has 

previously been shown the BDCIPP urinary levels are strongly consistent, and DPHP 

urinary levels are moderately to strongly consistent, over a 5 day period, respectively26. 

However, potentially confounding the trends are the fact that the current study cohort was 

recruited from February–August 2015, whereas the New Jersey cohort was recruited from 

August 2013-January 2014. There is evidence of increasing PFR use2 and thus the more 

recent sampling time frame may partially explain the higher California cohort levels.

A comparison of global DPHP and BDCIPP urine levels was recently presented by Cequier 

et al.18, but was expanded to include several recent studies14, 17, 26–29 (Table 3). DPHP 

levels in the current study were similar to those recently published for North American 

adults and children19, 24, 25, 27–29. In general, DPHP urine levels in North American appear 

to be higher than in Europe18, 30, but much lower than from Australia20. However, given the 

limited studies in Europe and Australia, these trends need to be verified. Overall, BDCIPP 

urine levels in the current study were similar to those from recent studies24, 27 (i.e. 

post-2013) but higher than older studies (i.e. pre-2013)12, 18–20, 25. The increasing use of 

TDCIPP as a flame retardant may explain the higher BDCIPP urine levels in the most recent 
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samples. However, due to the relatively small number of research groups performing PFR 

metabolite analyses, instrumental systematic bias is a possible confounder. The only other 

study that reported BCIPHIPP urine levels20 did not present age-stratified summary statistics 

and thus comparisons were only possible when considering both mothers and children. 

Considering all age groups, the geometric mean BCIPHIPP level in our cohort (1.88 ng/ml, 

non-specific gravity normalized) was very similar to those from the north-eastern Australia 

cohort (geometric mean: 1.74–1.86 ng/ml non-specific gravity normalized). Although very 

limited, this trend suggests similar TCIPP exposures in the United States and Australia.

Urinary concentrations in mothers and children—Considering the entire cohort, 

BDCIPP, DPHP, ip-PPP and BCIPHIPP conjugates were detected in 100% of the mother and 

child urine samples (Table 4, Table S1 for non-specific gravity normalized values). In 

general, previous studies have also shown high detection frequencies of BDCIPP, DPHP and 

ip-PPP and low detection of BCIPP and tb-PPP18, 20, 24, 27. The low detection frequency of 

BCIPP may be due to the formation of other non-dealkylated TCIPP metabolites, namely 

BCIPHIPP, as suggested by an in vitro study14. However, further work by the same research 

group showed that BCIPHIPP formation was 10-fold lower than BCIPP in human liver 

microsomes15. Thus, the low detection frequency of BCIPP may be due to the higher 

detection limits. Interestingly, the only other study to monitor BCIPHIPP also showed 100% 

detection20. However, it should be emphasized that the current and previous study20 are in 

fact reporting levels of the conjugated BCIPHIPP and not BCIPHIPP itself. Therefore, the 

reported values likely represent the sum BCIPHIPP glucuronide and sulfate conjugates, and 

not free BCIPHIPP itself. No attempt was made to specifically identify which BCIPHIPP 

conjugate was present in the urine since we used an enzyme mixture that contained both 

glucuronidase and sulfatase.

TBBA was detected in 36% of adult urine samples and 45% of children urine samples. The 

TBBA detection frequency for mothers was similar to our previous study, but much lower 

for children (70% in the previous study)24. Due to the low detection frequency, geometric 

mean TBBA levels were not calculated. However, the results suggest that TBBA levels are 

1–2 orders of magnitude lower than the PFR metabolites. Additionally, the TBBA 

concentration range was similar to our previous studies19, 24. Overall, these trends suggest 

relatively lower exposure to EH-TBB, inefficient EH-TBB uptake or low biotransformation 

rate of EH-TBB to TBBA.

Correlations between Mothers and Children—Children’s urine levels of DPHP and 

BDCIPP in this California cohort were, on average, 5.9 times (p<0.001, t-test using log-

transformed data) and 15 times (p<0.0001) than those of their mothers (Figure 2). Similarly, 

children’s ip-PPP and BCIPHIPP levels were 1.3 times (p=0.63) and 1.4 times (p=0.31), on 

average, than those of their mothers but these relationships were not statistically significant. 

Our previous study also showed greater DPHP and BDCIPP levels in children as compared 

to their mothers24, but the magnitude of difference was much greater in the current study. A 

cohort of mother-child pairs from Oslo, Norway also showed higher levels in the children, 

relative to their mothers18. Similarly, our study of PFR metabolite levels in infants (age 2–18 

months) from Durham, North Carolina, showed elevated levels as compared to adults27. In 
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addition, a cohort from north-eastern Australia, pooled by age class, showed a negative 

correlation with age for DPHP and BDCIPP20. BCIPHIPP also showed a significant, but 

weak negative association with age. The current results, combined with other published 

studies from different regions of the globe18, 20, 24, 27, show a consistent trend; that is, 

children have elevated levels of exposure to PFR flame retardants. The exception to this 

trend may be TCIPP since children’s BCIPHIPP levels were not elevated in our study and 

the Australian study20, and may suggest an alternative exposure source for TCIPP. For 

example, a recent study showed that inhalation was likely the dominant source of children’s 

TCIPP exposure, but dust ingestion was dominant for TDCIPP31. However, since only two 

studies have reported BCIPHIPP urinary levels, more research is needed for confirmation.

There was a positive correlation in PFR metabolite levels between paired mothers and their 

children for DPHP (rs=0.45, p<0.01; r=0.37, p=0.04) and BCIPHIPP (rs=0.40, p=0.02; 

r=0.48, p<0.01) but not BDCIPP (rs=0.17, p=0.33; r=0.11, p<0.53) or ip-PPP (rs=0.12, 

p=0.50; r=0.21, p=0.24) (Figure 3). These results are in contrast to our previous study which 

showed a statistically significant correlation between moms and toddlers for BDCIPP and 

ip-PPP24. The reason for this discrepancy is not known, but may be related to differences in 

activity patterns or other household characteristics between the cohorts. It was not possible 

to assess mother-child correlations for TBBA due to the high frequency of <MDL values in 

the data set – specifically, 16 out of 33 pairs showed <MDL values for both mothers & their 

children. However, in the remaining 17 pairs, children had higher TBBA concentrations in 

13 pairs. This trend suggests that that EH-TBB exposure is greater in children, consistent 

with our findings from the New Jersey cohort24.

Predictors of PFR Metabolite Levels in Urine—A questionnaire was used to assess 

various predictors of PFR exposures (i.e. demographic, behavior and home characteristics). 

Demographic factors could not be evaluated since the cohort was predominately 

homogeneous with regards to education, race and socioeconomic status. However, there was 

sufficient variability in children’s age and it was shown that age was a significant predictor 

for BDCIPP (p<0.0001) and DPHP (p<0.0001), but not for ip-PPP (p=0.62) or BCIPHIPP 

(p=0.39) (Table 5). Specifically, BDCIPP levels decreased by ~5%/month (10β= 0.95, 95% 

confidence interval (CI): 0.92, 0.99) and DPHP levels decreased by ~6%/month (10β= 0.94, 

95% CI: 0.94, 0.96). These results are consistent with increased hand-mouth activity in 

younger children, which results in increased PFR exposures.

In the children, several predictors of hand-mouth behavior were associated with BDCIPP, 

DPHP and ip-PPP urine levels, but no associations were observed with BCIPHIPP (Table 5). 

For example, children with “frequent” handing washing before eating had BDCIPP levels 

that were 0.46 times (95% CI: 0.22, 0.95, p=0.04) those of children reporting “sometimes/

hardly ever”. Interesting, the effect of hand washing on BDCIPP levels was similar to our 

previous study (~50% reduction with more hand washing)24. In addition, increased 

frequency of hand-to-mouth contacts was significantly associated with higher BDCIPP 

levels (p=0.001) and DPHP levels (p=0.0002). Specifically, children with >6 hand-to-mouth 

contacts per day had BDCIPP and DPHP levels that were 7.9 times (95% CI: 2.2–27.8) and 

3.3 times (95% CI: 1.8, 6.2), respectively, those of children with 0–6 hand-to-mouth 

contacts. Finally, children with reported “sometimes/frequent” thumb sucking had ip-PPP 
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levels that were 1.8 times (95% CI: 1.1, 2.9) those reported to “hardly ever” suck their 

thumbs. Conversely, no associations were observed with object-to-mouth contacts. As noted 

above, age was strongly correlated with BDCIPP and DPHP levels and thus age is an 

apparent confounder for these metabolites. However, it was not possible to control for age 

due to the limited sample size as well as the fact that the behavior characteristics likely are 

correlated with age.

In general, adults did not exhibit sufficient variability to adequately evaluate behavioral 

predictors. Further, two behavioral characteristics that were evaluated (hand washing: 0–4 

times day versus >4 times per day, and working outside of the home) did not show 

associations with BDCIPP, DPHP, ip-PPP or BCIPHIPP urine levels. These trends are 

consistent with our previous study which did not find any associations between hand-mouth 

behavior and adult PFR metabolite levels24.

Environmental Implications—In summary, the current study suggests that Californians 

have greater TDCIPP and ip-PDPP exposure, as compared to New Jersey. The elevated PFR 

exposure is consistent with the higher PBDE levels in California, as relative to other states, 

and may be a result of stricter California flammability standards. Future research is needed 

to determine if these trends will persist after the 2014 TB 117 revision. Further, the current 

paper corroborates our previous studies, and those from other research groups, which show 

children are ubiquitously exposed to PFRs, that children’s urinary metabolite levels are 

greater than adults and that this appears to be an international trend. The elevated children’s 

levels are consistent with other chemical flame retardants (i.e. PBDEs), and are most likely 

associated with increased hand-mouth activity in children. For example, in the current study 

we showed that some PFR metabolites were associated with hand-mouth behaviors. This is 

supported by previous studies showing that urinary PFR metabolite levels are correlated with 

their parent PFR levels in indoor dust and hand wipes18, 26, 32, 33. However, this study did 

not investigate relationships between the observed metabolite levels and health effects. A 

growing body of literature has indicated that PFR and EH-TBB compounds are potential 

carcinogens12, 34, endocrine disruptors35–37 and neurodevelopmental toxicants38, 39, thus 

justifying future human health studies and exposure reduction strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Urinary BDCIPP levels higher in California children than New Jersey 

children

• Regional differences in exposure may be driven by California 

flammability standard

• Urinary DPHP and BCIPHIPP were correlated between mother-child 

pairs

• Hand-to-mouth frequencies were significantly associated with exposure
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Figure 1. 
Chemical structures of target PFR metabolites and TBBA.
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Figure 2. 
Box and whisker plot for urinary DPHP, BDCIPP, ip-PPP, BCIPHIPP levels (ng/ml, specific 

gravity normalized) for mothers (n=28) and their children (n=33).
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Figure 3. 
Relationship between DPHP, ip-PPP, BDCIPP, BCIPHIPP (ng/ml, specific gravity 

normalized) in mothers and their children.
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Table 1

Demographic characteristics of the study cohort.

Mothers (n=28)

Race

Asian 1

Hispanic 1

White 23

Multiracial 3

Education

College Graduate 7

Graduate Degree 21

Income (1000s)

<50 1

50–99 8

100–149 6

>150 13

Children (n=33)

Age (months) Range: 2–70 Mean=43.9

<24 4

24–35 7

36–47 8

48–59 4

60–70 10

Environ Int. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Butt et al. Page 18

Ta
b

le
 2

G
eo

gr
ap

hi
c 

re
gi

on
 (

C
al

if
or

ni
a 

or
 N

ew
 J

er
se

y)
 a

s 
a 

pr
ed

ic
to

r 
of

 u
ri

na
ry

 B
D

C
IP

P,
 D

PH
P,

 ip
-P

PP
 a

nd
 B

C
IP

H
IP

P 
co

nc
en

tr
at

io
ns

 (
sp

ec
if

ic
 g

ra
vi

ty
 c

or
re

ct
ed

) 

in
 m

ot
he

rs
 a

nd
 c

hi
ld

re
n 

(C
I 

=
 c

on
fi

de
nc

e 
in

te
rv

al
, S

G
 =

 s
pe

ci
fi

c 
gr

av
ity

).

B
D

C
IP

P
 (

SG
 n

or
m

al
iz

ed
)

D
P

H
P

 (
SG

 n
or

m
al

iz
ed

)
ip

-P
P

P
 (

SG
 n

or
m

al
iz

ed
)

ex
po

ne
nt

ia
te

d
be

ta
 (

95
%

 C
I)

p-
va

lu
e

ex
po

ne
nt

ia
te

d
be

ta
 (

95
%

 C
I)

p-
va

lu
e

ex
po

ne
nt

ia
te

d
be

ta
 (

95
%

 C
I)

p-
va

lu
e

M
ot

he
rs

C
al

if
or

ni
a

1.
34

 (
0.

83
, 2

.1
6)

0.
23

0.
61

 (
0.

35
, 1

.0
7)

0.
08

1.
85

 (
1.

07
, 3

.2
1)

0.
03

N
ew

 J
er

se
y

re
fe

re
nc

e
re

fe
re

nc
e

re
fe

re
nc

e

C
hi

ld
re

n

C
al

if
or

ni
a

2.
43

 (
1.

08
, 5

.5
0)

0.
03

0.
82

 (
0.

38
, 1

.7
6)

0.
61

1.
75

 (
0.

75
, 4

.0
9)

0.
24

N
ew

 J
er

se
y

re
fe

re
nc

e
re

fe
re

nc
e

re
fe

re
nc

e

Environ Int. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Butt et al. Page 19

Ta
b

le
 3

U
ri

na
ry

 P
FR

 m
et

ab
ol

ite
 le

ve
ls

 f
ro

m
 N

or
th

 A
m

er
ic

a,
 A

us
tr

al
ia

 a
nd

 E
ur

op
e 

(n
g/

m
l, 

sp
ec

if
ic

 g
ra

vi
ty

 n
or

m
al

iz
ed

).
 N

on
-S

G
 n

or
m

al
iz

ed
 v

al
ue

s 
sh

ow
n 

in
 

pa
re

nt
he

si
s.

 G
M

 =
 g

eo
m

et
ri

c 
m

ea
n.

 a  
ng

/g
 b  

co
ho

rt
 in

cl
ud

es
 c

hi
ld

re
n 

an
d 

ad
ul

ts
. c  

no
n-

sm
ok

er
s 

on
ly

.

R
eg

io
n

Y
ea

r
D

P
H

P
B

D
C

IP
P

R
ef

er
en

ce
m

ed
ia

n
G

M
m

ed
ia

n
G

M

A
du

lt
s

N
or

th
 A

m
er

ic
a

C
al

if
or

ni
a,

 U
SA

 (
n=

28
)

20
15

1.
2 

(0
.8

0)
1.

2 
(0

.7
5)

2.
8 

(1
.9

)
3.

3 
(2

.0
)

T
hi

s 
st

ud
y

C
an

ad
a 

(n
=

12
 p

oo
ls

, 4
 in

di
vi

du
al

s)
20

14
(0

.6
3)

 a
(0

.3
9)

 a
Su

 e
t a

l. 
(2

01
5)

N
ew

 J
er

se
y,

 U
SA

 (
n=

22
)

20
13

–2
01

4
1.

9
2.

4
B

ut
t e

t a
l. 

(2
01

4)

N
or

th
 C

ar
ol

in
a,

 U
SA

 (
n=

53
)

20
12

1.
0

0.
37

H
of

fm
an

 e
t a

l. 
(2

01
5)

N
or

th
 C

ar
ol

in
a,

 U
SA

 (
n=

39
)

20
11

–2
01

2
(1

.6
)

(1
.9

)
(1

.1
)

(1
.3

)
H

of
fm

an
 e

t a
l. 

(2
01

4)

C
al

if
or

ni
a,

 U
SA

 (
n=

16
)

20
11

(0
.4

4)
(0

.0
9)

D
od

so
n 

et
 a

l. 
(2

01
4)

U
ni

te
d 

St
at

es
 (

n=
9)

20
11

1.
8 

(0
.8

0)
3.

0 
(1

.1
)

0.
37

 (
0.

08
)

0.
41

 (
0.

15
)

C
oo

pe
r 

et
 a

l. 
(2

01
1)

O
nt

ar
io

, C
an

ad
a 

(n
=

24
)

20
10

–2
01

2
(2

.9
)

(2
.9

)
(0

.2
6)

(0
.2

7)
K

os
ar

ac
 e

t a
l. 

(2
01

6)

M
as

sa
ch

us
et

ts
, U

SA
 (

n=
29

)
20

09
0.

41
C

ar
ig

na
n 

et
 a

l. 
(2

01
3)

M
as

sa
ch

us
et

ts
, U

SA
 (

n=
45

)
20

02
–2

00
7

0.
27

0.
31

0.
12

0.
13

M
ee

ke
r 

et
 a

l. 
(2

01
3)

A
us

tr
al

ia

Q
ue

en
sl

an
d,

 A
us

tr
al

ia
 (

n=
72

)
20

10
–2

01
1

(2
4.

4)
 b

(1
.0

0)
 a

V
an

 d
en

 E
ed

e 
et

 a
l. 

(2
01

5)

Q
ue

en
sl

an
d,

 A
us

tr
al

ia
 (

n=
23

)
20

12
–2

01
3

(6
3.

4)
 b

(0
.6

6)
 a

V
an

 d
en

 E
ed

e 
et

 a
l. 

(2
01

5)

E
ur

op
e

0.
63

0.
61

O
ls

o,
 N

or
w

ay
 (

n=
48

)
20

12
(0

.5
1)

(0
.4

6)
0.

08
 (

0.
12

)
0.

15
 (

0.
13

)
C

eq
ui

er
 e

t a
l. 

(2
01

5)

B
el

gi
um

 (
n=

59
)

20
09

–2
01

2
(0

.8
2)

 c
V

an
 d

en
 E

ed
e 

et
 a

l. 
(2

01
3)

G
er

m
an

y 
(n

=
19

)
no

t r
ep

or
te

d
(1

.3
)

R
ee

m
ts

m
a 

et
 a

l. 
(2

01
1)

G
er

m
an

y 
(n

=
30

)
no

t r
ep

or
te

d
<

0.
5

Sc
hi

nd
le

r 
et

 a
l. 

(2
00

9)

C
hi

ld
re

n

N
or

th
 A

m
er

ic
a

C
al

if
or

ni
a,

 U
SA

 (
n=

33
)

20
15

2.
5 

(1
.9

)
2.

9 
(2

.0
)

7.
4 

(7
.7

)
10

.9
 (

7.
6)

T
hi

s 
st

ud
y

N
or

th
 C

ar
ol

in
a,

 U
SA

 (
n=

43
)

20
14

–2
01

5
3.

2 
(1

.0
)

7.
3 

(2
.3

)
H

of
fm

an
 e

t a
l. 

(2
01

5)

N
ew

 J
er

se
y,

 U
SA

 (
n=

26
)

20
13

–2
01

4
3.

0
5.

6
B

ut
t e

t a
l. 

(2
01

4)

Environ Int. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Butt et al. Page 20

R
eg

io
n

Y
ea

r
D

P
H

P
B

D
C

IP
P

R
ef

er
en

ce
m

ed
ia

n
G

M
m

ed
ia

n
G

M

E
ur

op
e

O
ls

o,
 N

or
w

ay
 (

n=
54

)
20

12
1.

0 
(1

.1
)

1.
1 

(1
.1

)
0.

23
 (

0.
23

)
0.

23
 (

0.
22

)
C

eq
ui

er
 e

t a
l. 

(2
01

5)

G
er

m
an

y 
(n

=
31

2)
20

11
–2

01
2

(0
.8

)
Fr

om
m

e 
et

 a
l. 

(2
01

4)

Environ Int. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Butt et al. Page 21

Ta
b

le
 4

Pa
ir

ed
 m

ot
he

r-
ch

ild
re

n 
ur

in
e 

co
nc

en
tr

at
io

ns
 o

f 
PF

R
 m

et
ab

ol
ite

s 
(n

g/
m

l, 
sp

ec
if

ic
 g

ra
vi

ty
 n

or
m

al
iz

ed
) 

an
d 

T
B

B
A

 (
pg

/m
L

, s
pe

ci
fi

c 
gr

av
ity

 n
or

m
al

iz
ed

) 
a .

M
ot

he
rs

 (
n=

28
)

de
te

ct
io

n
fr

eq
ue

nc
y 

(%
)

ge
om

et
ri

c 
m

ea
n

(9
5%

 C
I)

m
in

m
ax

25
%

50
%

75
%

95
%

B
C

IP
P

11
N

A
<

0.
08

4.
0

N
A

N
A

N
A

N
A

B
D

C
IP

P
10

0
3.

3 
(2

.5
, 4

.2
)

0.
98

14
.3

2.
2

2.
8

5.
1

12
.2

D
PH

P
10

0
1.

2 
(0

.9
7,

 1
.5

)
0.

39
3.

5
0.

79
1.

2
1.

9
3.

5

ip
-P

PP
10

0
2.

0 
(1

.5
, 2

.5
)

0.
56

14
.8

1.
3

2.
0

2.
6

10
.2

tb
-P

PP
7

N
A

<
0.

12
0.

37
N

A
N

A
N

A
N

A

B
C

IP
H

IP
P

10
0

3.
4 

(2
.1

, 5
.6

)
0.

42
10

4
1.

7
2.

4
4.

5
80

T
B

B
A

36
N

A
<

6.
0

21
N

A
N

A
N

A
N

A

C
hi

ld
re

n 
(n

=3
3)

de
te

ct
io

n
fr

eq
ue

nc
y 

(%
)

ge
om

et
ri

c
m

ea
n 

(9
5%

 C
I)

m
in

m
ax

25
%

50
%

75
%

95
%

B
C

IP
P

9
N

A
<

0.
08

3.
4

N
A

N
A

N
A

N
A

B
D

C
IP

P
10

0
10

.9
 (

6.
8,

 1
7.

6)
1.

7
79

8
4.

6
7.

4
16

.7
41

3

D
PH

P
10

0
2.

9 
(1

.9
, 4

.4
)

0.
36

82
.0

1.
2

2.
5

5.
1

52
.1

ip
-P

PP
10

0
1.

8 
(1

.3
, 2

.4
)

0.
44

8.
5

0.
92

2.
1

3.
6

7.
3

tb
-P

PP
9

N
A

<
0.

12
0.

78
N

A
N

A
N

A
N

A

B
C

IP
H

IP
P

10
0

2.
5 

(1
.8

, 5
,5

)
0.

37
23

.2
1.

3
2.

0
5.

1
16

.5

T
B

B
A

45
N

A
<

6.
0

22
5

N
A

N
A

N
A

N
A

a M
D

L
 v

al
ue

s:
 B

C
IP

P 
=

 0
.0

8 
ng

/m
l, 

B
D

C
IP

P 
=

 0
.0

8,
 n

g/
m

l, 
D

PH
P 

=
 0

.0
6 

ng
/m

l, 
ip

-P
PP

 =
 0

.0
5 

ng
/m

l, 
tb

-P
PP

 =
 0

.1
2 

ng
/m

l, 
B

C
IP

H
IP

P 
=

 0
.0

1 
ng

/m
l, 

T
B

B
A

 =
 6

 p
g/

m
l. 

N
A

 =
 n

ot
 a

pp
lic

ab
le

, C
I 

=
 

co
nf

id
en

ce
 in

te
rv

al
.

Environ Int. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Butt et al. Page 22

Ta
b

le
 5

Pr
ed

ic
to

rs
 S

pe
ci

fi
c-

G
ra

vi
ty

 C
or

re
ct

ed
 U

ri
na

ry
 B

D
C

IP
P,

 D
PH

P,
 ip

-P
PP

 a
nd

 B
C

IP
H

IP
P 

in
 C

hi
ld

re
n 

(n
=

33
).

SG
-C

or
re

ct
ed

B
D

C
IP

P
SG

-C
or

re
ct

ed
D

P
H

P
SG

-C
or

re
ct

ed
ip

-P
P

P
SG

-C
or

re
ct

ed
B

C
IP

H
IP

P

B
eh

av
io

r
n

ex
po

ne
nt

ia
te

d
be

ta
 (

95
%

 C
I)

p
ex

po
ne

nt
ia

te
d

be
ta

 (
95

%
 C

I)
p

ex
po

ne
nt

ia
te

d
be

ta
 (

95
%

 C
I)

p
ex

po
ne

nt
ia

te
d

be
ta

 (
95

%
 C

I)
p

H
an

d 
w

as
hi

ng
 b

ef
or

e 
ea

tin
g*

So
m

et
im

es
 o

r 
ha

rd
ly

 e
ve

r
22

re
fe

re
nc

e
--

re
fe

re
nc

e
--

re
fe

re
nc

e
--

re
fe

re
nc

e
--

Fr
eq

ue
nt

ly
10

0.
46

 (
0.

22
, 0

.9
5)

0.
04

0.
68

 (
0.

31
, 1

.4
6)

0.
32

1.
55

 (
0.

08
, 2

.9
9)

0.
19

1.
74

 (
0.

89
, 3

.4
1)

0.
11

H
an

d-
to

-m
ou

th
 c

on
ta

ct
s

0–
6 

pe
r 

da
y

17
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--

>
6 

pe
r 

da
y

16
7.

86
 (

2.
22

, 2
7.

83
)

0.
00

1
3.

31
 (

1.
78

, 6
.1

8)
0.

00
02

0.
50

 (
0.

19
, 1

.2
9)

0.
15

0.
57

 (
0.

24
, 1

.3
2)

0.
27

O
bj

ec
t-

to
-m

ou
th

 c
on

ta
ct

s*

0–
3 

pe
r 

da
y

20
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--

≥4
 p

er
 d

ay
12

1.
44

 (
0.

72
, 2

.9
0)

0.
30

1.
43

 (
0.

65
, 3

.1
4)

0.
37

0.
68

 (
0.

44
, 1

.0
5)

0.
08

0.
76

 (
0.

46
, 1

.2
4)

0.
27

T
hu

m
b 

su
ck

in
g*

H
ar

dl
y 

ev
er

26
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--
re

fe
re

nc
e

--

So
m

et
im

es
 o

r 
fr

eq
ue

nt
ly

6
1.

47
 (

0.
72

, 2
.9

9)
0.

29
1.

11
 (

0.
43

, 2
.8

6)
0.

83
1.

79
 (

1.
11

, 2
.8

8)
0.

02
0.

97
 (

0.
59

, 1
.6

1)
0.

92

A
ge

 (
co

nt
in

uo
us

)
0.

95
 (

0.
92

, 0
.9

9)
0.

00
5

0.
94

 (
0.

94
, 0

.9
6)

<
0.

00
1

1.
01

 (
1.

00
, 1

.0
3)

0.
06

1.
01

 (
0.

99
, 1

.0
2)

0.
45

* no
t r

ec
or

de
d 

fo
r 

th
e 

pa
rt

ic
ip

an
t t

ha
t w

as
 2

 m
on

th
s 

of
 a

ge
.

Environ Int. Author manuscript; available in PMC 2017 September 01.


	Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Study Group
	Materials
	Extraction and Instrumental Analysis
	Quality assurance/quality control
	Statistical Analyses

	RESULTS AND DISCUSSION
	Geographic trends in urinary PFR metabolites
	Urinary concentrations in mothers and children
	Correlations between Mothers and Children
	Predictors of PFR Metabolite Levels in Urine
	Environmental Implications


	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

