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Executive Summary 

 

 Organophosphate flame retardants (OPFRs) are increasingly being used in the home 

environment as replacements for the phased out polybrominated diphenyl ethers (PBDEs). 

Several studies utilizing hand wipes and dust samples in concert with urine samples have 

illustrated that human exposure is occurring in the home environment. While exposure has been 

measured across age groups and locations, few epidemiological studies have investigated the 

potential health effects of these individual compounds and their mixtures. Preliminary animal 

research indicates their potential for endocrine disruption, with a particular emphasis on thyroid 

hormone dysregulation. Additionally, particular OPFRs may bind with the PPARγ, a nuclear 

receptor involved in adipogenesis, or the formation of fat cells. 

         The present study uses passive air and urine samples collected from a central North 

Carolina toddler cohort to explore, for the first time, associations between air and biomarkers of 

OPFR exposure (i.e. urinary metabolites). This will help to assess inhalation as a potentially 

important exposure pathway for OPFRs. In addition, associations between levels of OPFR 

metabolites measured in urine and growth measures are assessed. Few epidemiological studies 

have explored OPFRs and health outcomes such as weight; therefore, this study provides 

relevant and new information about specific metabolites and their relationship with BMI 

percentile. 

Univariate analyses revealed statistically significant differences in urinary metabolite 

concentrations between children whose mothers had a college degree compared to those that did 

not. The urinary metabolites DPHP and tbutylDPHP were significantly correlated with OPFR 

compounds measured in indoor air. One urinary metabolite, ip-DPHP, was found to have a 

statistically significant relationship with BMI percentile, suggesting exposure might be affecting 

growth. Limitations of the present study include the measure of exposure being limited to one 

time point, and the cohort being limited to the central North Carolina area. 
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Introduction 
 

Flame retardants are chemicals that are added to certain consumer products, such as 

furniture, baby products, electronics, and textiles, in order to reduce the spread of fire and 

suppress combustion. One of the largest drivers of flame retardant use in furniture has been 

Technical Bulletin 117 (TB 117), a standard regulated by the state of California. TB 117 was 

established in 1975 and requires that polyurethane foam in furniture withstand a 12 second open 

flame test (Stapleton et al., 2012). In 2013, TB 117 was amended to remove the open flame test 

and instead require products to withstand a smolder test. While the updated standard enables 

certain fabrics to comply without the addition of flame retardants, they may still be applied to 

meet the standard or to avoid altering the supply chain. Furthermore, existing products will serve 

as a continuous source of flame retardants until the end of their life cycle, and car upholstery, 

plane upholstery, and electronics may remain sources or exposure (Brandsma et al., 2014; Allen 

et al., 2013). In addition to their more commonly discussed use to discourage fires, several of 

these compounds have additional uses as plasticizers and have been found in consumer products 

such as nail polishes (Mendelsohn et al., 2016; van der Veen and de Boer, 2012). 

Specific chemicals used as flame retardants have shifted over the last few decades in 

response to concerns over toxicity and environmental persistence of several classes. 

Polybrominated diphenyl ether (PBDE) flame retardants were once a popular choice for use in 

furniture and electronics. Common PBDEs included PentaPBDEs, primarily used in furniture, 

OctaPBDES, used in plastic, and DecaPBDEs, used in electronics (ATSDR, 2004). Due to public 

health concerns as well as their persistence in the environment, U.S. manufacturers voluntarily 

phased out penta and octa BDE in 2004 and decaBDE in 2013 (EPA, 2014). Following the phase 

out of PBDEs, the demand for alternatives such as organophosphorus flame retardants (OPFRs) 
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has increased (Stapleton et al., 2011). Because of this rapid increase in production and use, 

OPFRs have become ubiquitous in the environment and widespread human exposure to these 

chemicals has been indicated by various studies (van der Veen and de Boer, 2012). 

The phosphorus atom central to OPFRs is essential to its function as a flame retardant. 

During combustion the phosphorus helps form a char that impedes further burning. In addition, 

the phosphorus radical released to the atmosphere during combustion disrupts oxidation of 

hydrocarbons leading to flame inhibition. However, an adverse effect of flame inhibition is 

increased production of carbon monoxide, which is also a hazard (Schartel, 2010). OPFRs vary 

in structure and physiological properties and are generally separated into three types: chlorinated 

OPFRs, aryl-OPFRs, and alkyl-OPFRs (Hou et al.; 2016).  Various OPFR chemicals, and their 

urinary metabolites, are listed in Table 1, with their chemical structures shown in Figure 1. 

 

Table 1: OPFR parent compounds and metabolites. (Butt et al.; 2014). 

Parent Name Abbreviation Metabolites Type 

triphenyl phosphate TPHP DPHP alkyl 

isopropyl triphenyl 
phosphate 

ip-TPHP ip-DPHP aryl 

t-butyl triphenyl 
phosphate 

tbutyl-TPHP tbutyl-DPHP aryl 

Tris(1,3-dichloro-2-
propyl) phosphate 

TDCIPP BDCIPP chlorinated 

Tris(2-chloroethyl) 
phosphate 

TCIPP BCIPP, BCIPHIPP chlorinated 
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Figure 1: OPFR parent compounds and metabolites. (Butt et al., 2014) 
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Exposure 

Baby products have been investigated to determine whether OPFRs are used in these 

products to meet flammability standards and at what concentrations these additive chemicals 

may be in the polyurethane foam. One study found TDCIPP to be the most commonly detected 

flame retardant in the products examined, with a 34% detection frequency (Stapleton et al., 

2011). Associations between baby products and infant exposures to OPFRs have been examined 

with use of questionnaires and urine samples (Hoffman et al., 2015). In this study, TDCIPP and 

TPHP urinary metabolites were the most often detected, with percent detection greater than 93%. 

Other metabolites, including BCIPP, ip-DPHP, and tbutyl-DPHP were detected less frequently, 

with less than 34% detect. A significant  association was also found between the number of baby 

products owned and the concentration of a TDCIPP metabolite (i.e. BDCIPP) measured in 

infants urine. The detection of OPFRs in baby products as well as the high detection of urinary 

metabolites found in these studies suggests that infants and children may have greater exposure 

to certain OPFR compounds than adults.  

In addition to these compounds being used in baby products, behavioral factors of 

children may contribute to higher levels of exposure compared to adults. For example, children 

may ingest more dust in the home than adults due to their higher hand-to-mouth activity and 

closer contact with the floor (Stapleton et al., 2011). Children who attend day care may also have 

high exposures to these OPFR compounds (Hoffman et al., 2015). 

Products in the home contain OPFR compounds which off-gas and mobilize into the 

indoor environment (Stapleton et al., 2011). These emitted compounds may then sorb to dust in 

the home, which could be a potential source of exposure to these OPFRs. In one study, TPHP 

and TDCIPP were each detected in greater than 96% of house dust samples analyzed (Stapleton 
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et al., 2009). Relationships between levels of OPFRs household dust and air have also been 

investigated, with one study finding that dust can absorb OPFRs from the air in a chamber 

system (Liu, Allen, and Roache, 2016). This suggests that in addition to dust particles, air 

measurements may be used to calculate potential exposures to OPFRs in a household. 

Indoor air levels of OPFRs have been collected and analyzed, with one study finding 

levels of OPFRs in the respirable and inhalable particulate fraction ranging from 97.1 to 1190 

ng/m3 (Schreder et al., 2016). This study also detected TCIPP in 100% of inhalable samples. 

These results suggest that inhalation may be a major route of exposure to OPFRs in the home 

environment, again indicating that air measurements may be used to assess exposures to OPFRs. 

It has been suggested that OPFRs metabolize and are excreted quickly in urine, with a 

half-life of hours (Hoffman et al., 2017a). These urinary metabolites  are used as biomarkers of 

human exposure to OPFRs (Meeker et al., 2013; Hoffman et al., 2017a; Hoffman et al., 2017b). 

One study also shows that exposures to OPFRs are increasing over time, likely due to the 

increased use of OPFRs in consumer products (Hoffman et al., 2017a).  

While studies have examined exposures to OPFRs in the home environment, few 

have been conducted to explore or determine which behavioral or social factors, such as 

sociodemographic status, may contribute to higher levels of exposure to these chemicals. In 

addition, no published studies to date have examined the relationship between indoor air 

levels of OPFR compounds and levels of urinary metabolites in children. 

 

Health Effects  

There are relatively few scientific papers discussing the health impacts associated 

with childhood exposure to OPFRs. Epidemiological and animal studies have indicated the 
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potential for OPFRs to elicit adverse health effects. It is apparent from the current literature 

that both the magnitude and type of effect depends on the specific type of OPFR, or mixture 

of flame retardants. Previous studies suggest that humans are widely exposed to a number of 

OPFRs from various sources and may be related to consumer product use (Hoffman et al., 

2015). 

Among the OPFRs currently used, TDCIPP, also known as “Tris” has been the 

subject of several studies. Once used in children’s pajamas as a flame retardant, TDCIPP 

was removed from children’s clothing in the 1970s following concerns that it could be 

mutagenic (Gold et al., 1978). Subsequent studies have supported its potential for 

mutagenicity and carcinogenicity and its potential for additional health effects (National 

Research Council, 2000). The CPSC has classified TDCIPP as a probable human carcinogen 

based on evidence from several animal studies (Babich et al., 2006). In addition, in 2011 

California added TDCIPP to Proposition 65 as “known to the state to cause cancer” 

(OEHHA, 2011). 

Existing literature on TDCIPP toxicity suggest that it can elicit cytotoxicity at low 

concentrations, alters gene expression, and may disrupt mitochondrial function (Zhang et al., 

2015). A study exposing zebrafish to OPFRs, including TDCIPP and TCIPP, with 

chlorpyrifos as a positive control found that zebrafish exhibited signs of diminished 

neurodevelopmental function at lower exposure than concentrations that caused overt 

toxicity (Dishaw et al., 2014).  

Previous studies on TDCIPP’s potential for endocrine disruption through altering 

thyroid hormones triiodothyronine (T3) and thyroxine (T4) have observed varying effects. A 

study exposing zebrafish embryos to TDCIPP from 2 to 144 hours post fertilization observed 
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an increase in T3 and a decrease in T4 hormones (Wang et al., 2013). A subsequent study 

exposed zebrafish over three months and found decreased levels of T3 and T4. Interestingly, 

although both male and female zebrafish were exposed, the decrease in thyroid hormones 

was only measured in female zebrafish (Wang et al., 2015). Exposing chicken embryos to 

TDCIPP resulted in reduced T4 measured at hatching (Farhat et al., 2013). In contrast, Moser 

et al. found no change in maternal or fetal T3 and T4 levels after dosing mice over a perinatal 

period (2015). Tests for several neurodevelopmental endpoints indicated minimal evidence 

of developmental neurodevelopmental toxicity. Moser et al. found significantly lower body 

weight in the TDCIPP exposed pups compared to the control group that disappeared as the 

pups grew older (2015).  

Initial research for other OPFRs also indicates endocrine effects. Zebrafish embryos 

exposed to TPHP over 7 days immediately after fertilization presented increased T3 and T4. 

This departure from the decreasing thryoid hormone trend seen in TDCIPP studies suggests 

a different pathway of endocrine disruption (Kim et al., 2015). Patisaul et al. evaluated the 

potential endocrine disrupting effects of Firemaster® 550 (FM550), a flame retardant 

mixture containing TPHP, 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB), isopropylated 

TPHPs (ITPs), and bis(2-ethylhexyl)-2,3,4,5-tetrabromophthalate (TBPH) (2013). The study 

exposed rats to FM550 during gestation and lactation and found effects including advanced 

female puberty, weight gain, and increased thyroxine levels in maternal serum. These effects 

suggest that FM550 is an obesogen and an endocrine disruptor. Further research on FM550 

indicates that its components may act as obesogens through binding to a specific nuclear 

receptor, PPARγ, that has been demonstrated to play a key role in adipogenesis (Pillai et al., 

2014; Tontonoz et al., 2008). Computational modeling results indicate that TPHP and (ITPs) 
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can bind effectively to PPARγ (Pillai et al., 2014). In vitro tests demonstrated that TPP and 

ITP could activate PPARγ and that exposure to these compounds could shift osteogenesis to 

adipogenesis (Pillai et al., 2014). A separate in vitro study supported these results, finding 

that TPP and ITP can increase activity of PPARγ (Belcher et al., 2014). These studies 

measured the activity of ITP as a mixture of mono, di, and tri-ITP isomers and FM550 

includes a mixture these isomers as well.  

One epidemiological study assessing exposure to OPFRs and health outcomes 

analyzed the relationships between OPFRs in house dust, thyroid hormones, and sperm 

concentration. TPHP and TDCIPP were measured in nearly all dust samples. Meeker et al. 

found an association between dust levels in TDCIPP and decreased T4 in male study 

participants (2010). Another epidemiological study recruited 26 men and 26 women from 

Massachusetts and collected urine and blood samples to analyze associations between OPFR 

metabolites found in urine and thyroid hormones measured in the blood (Preston et al., 

2017). An association was found between higher DPHP levels in urine and elevated total T4  

(TT4)  measured in women’s blood samples. Interestingly, statistical analysis indicated an 

interaction between sex and DPHP and TT4 . 

Evidence that OPFRs could be endocrine disruptors affecting endpoints such as 

thyroid hormones incentivizes additional studies into the breadth of their potential health 

impacts. Endocrine disruption including altered thyroid hormones are known to affect 

growth (Knudsen et al., 2005; Diamanti-Kandarakis, 2009 ). Therefore, further 

epidemiological studies are necessary to further understand the potential impacts of OPFRs 

on human growth outcomes such as body weight. 
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Objective  

Our research objectives were to evaluate OPFR exposure pathways and potential health 

effects in a toddler cohort. Specifically, we sought to assess the associations between OPFR 

exposures in children with indoor air levels, and behavioral and demographic characteristics. 

Child behaviors such as hand-to-mouth activity were studied based on a questionnaire that was 

distributed to the children’s parents. Demographic factors such as race, socioeconomic status and 

sex were also explored for varying associations with the OPFR metabolites. These factors were 

analyzed in relationship with urine measurements of OPFR metabolites. 

Our second objective was to evaluate relationships between urine levels of OPFRs and 

growth measures in the toddler cohort. Previous literature has demonstrated that some OPFRs 

can disrupt the endocrine system and animal studies have suggested changes in weight gain 

following exposure to OPFRs (Patisaul et al., 2013).  Specifically, relationships between OPFRs 

metabolites in urine and adiposity in the toddler cohort were evaluated. Children’s BMI 

percentile was used as an estimate of adiposity. This analysis provides novel results on OPFR 

exposure and suspected health effects in a human toddler cohort. Considering the inconclusive 

results of previously discussed studies, additional analysis of health effects substantially 

contribute to the available literature. 

 

Methods 

Recruitment 
 

Recruitment for this study involved re-contacting families originally participating in the 

Newborn Epigenetic STudy (NEST). This prospective study was designed to explore how 

prenatal nutrition and exposures influence the child’s health. NEST recruited 2,500 mother-
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infant pairs and initially looked at a potential relationship for epigenetic changes in utero and risk 

for obesity during childhood (Hoyo et al., 2011). The mothers were recruited between 2005 to 

2011 from the central North Carolina region (primarily Durham, Wake, and Orange counties). 

NEST families were invited to participate in the Toddler’s Exposure to Semi-volatile chemicals 

in the Indoor Environment (TESIE) Study. For the TESIE study, a follow-up home visit was 

scheduled for approximately 200 families that agreed to participate. The home visit involved 

collection of several samples in the home, including dust samples, air samples, and urine 

samples, and administering a questionnaire.  In addition, each child’s height, weight, and waist 

circumference were measured during the home visit. All study protocols were reviewed and 

approved by Duke University’s Institutional Review Board prior to recruitment. Prior to 

participation in NEST and TESIE, informed consent was obtained. 

 
Questionnaire 

 

Study questionnaires were completed during a parent interview and were used to collect 

demographic, household, and child behavior information. Questionnaires  questions asked the 

parents about their background, their toddler’s behaviors, and their home environment. Examples 

of questions include how often they vacuum and dust their home, how often their child’s hands 

are washed, and how much time the child spends at home. In addition, a hand-to-mouth activity 

log was distributed to and returned by 148 families. The parents were given instructions to 

monitor their child for 15 minutes and record every time their child touched their mouth with 

their fingers, a toy, a pacifier, or other object. The parents were also asked to complete a feeding 

activity log, where they were instructed to observe their child eating for one meal and record 



 11 

every time their child touched their mouth with a fork or spoon, their whole hand, or their 

fingers. 

 
Air collection and analysis 

 

Indoor air samples were collected from 50 homes with a passive air sampler that was 

placed in the main living area of the home at a height of 4 to 6 feet for approximately 3 weeks. 

Participants were asked not to touch the air samplers. The air sampler was made of sorbent 

impregnated polyurethane foam (SIP) disk in a stainless steel housing unit. Samplers were 

collected in pre-cleaned glass jars and frozen until analysis. To extract the SIPs, the air samplers 

were transferred to a Soxhlet apparatus using pre-cleaned forceps.  Isotopically-labelled internal 

standards were spiked into each Soxhlet, and the SIPS were extracted overnight (approximately 

12-14 hours). Samples were then reduced in volume using a nitrogen evaporation system and 

analyzed for OPFRs using gas chromatography mass spectrometry (GC-MS) (Hammel et al., 

2016). 

 
Urine collection and analysis 

 

Three urine samples collected over a period of 48 hours were provided by children and 

were promptly frozen until analysis. In the laboratory, equal volumes of each individual urine 

sample were pooled to create one sample (n=181 pooled samples). Urinary metabolites of 

OPFRs were measured in these samples using methods reported in Butt et al. 2014. Analyses of 

the extracts were performed with liquid chromatography tandem mass spectrometry (LC-

MS/MS). Laboratory blanks (DI water), and duplicate samples were run for quality assurance 



 12 

purposes. The method detection limit was calculated by multiplying the standard deviation of the 

laboratory blanks by three. 

After measuring raw urine concentrations of metabolites in ng/mL, the levels were 

corrected for specific gravity in order to account for variations in urine dilution (Boeniger et al., 

1993). For statistical analysis, samples with concentrations below the detection limit for a 

metabolite were replaced with the detection limit divided by square root of 2. 

 
Statistical analysis 

Exposure Analysis 

Descriptive analyses were conducted with the data from the urinary metabolites and air 

measurements in order to assess potential influence of outliers and non-normal, or skewed data 

distributions. Shapiro-Wilk tests were performed to examine whether the data were normally 

distributed. All of the urinary metabolites levels and OPFR levels in the air were not normally 

distributed, but were either normal or closer to normal after natural log transformations. Given 

that data was not normally distributed, nonparametric statistical methods were generally used or 

natural log transformed variables were used in regression models. 

In order to assess relationships between air concentrations and urine measurements, as 

well as other OPFR exposure scenarios, Spearman rank order correlation coefficients were 

calculated. Kruskal-Wallis tests were also performed in order to determine if there were any 

statistically significant differences in urine measurements between different demographic groups. 

A p-value <0.05 was considered statistically significant. 

Various linear and multivariable regression analyses were conducted to assess the 

relationships between urinary metabolites and indoor air OPFR concentrations. These variables 

were natural log transformed for these analyses. Urinary metabolites BCIPP, DPHP, BDCIPP, 
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BCIPHIPP, ip-DPHP, and tbutyl-DPHP were the dependent variables in these regression models 

and their corresponding OPFR parent compounds measured in air were included as the 

independent variables. A p-value <0.05 was considered statistically significant. Individuals with 

race designated as “other” were removed from the regression analyses because of their small 

sample size (n=3).  

For the hand-to-mouth analysis, a percent eating with hands variable was calculated by 

dividing the amount of times the child touched their mouth with their whole hand or fingers by 

the amount of times the child brought any object to their mouth while eating. This variable was 

used as the independent variable in multivariable regression analyses, with the natural log 

transformed urinary metabolites as the dependent variables. This percent eating variable was 

coded as high for children who ate their meal ≥50% of the time with their hands, and low for 

children who ate their meal <50% of the time with their hands. A finger to mouth variable was 

also used in multivariable regression analyses as the independent variable with the natural log 

transformed urine metabolites as the dependent variables. This finger to mouth variable was 

coded as either some or none, with 81 children touching their fingers to their mouth and 67 not 

touching their fingers to their mouth within the 15 minute time period. 

Potential confounding variables such as sex, age and race of the child, and education 

level of the parent, were also accounted for in all regression models. These variables were 

included after a correlation analysis was performed to determine which demographic variables 

had an effect on urinary metabolite levels.  
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Health Effects 

 Relationships between growth measures and exposure to OPFRs were explored using 

health data from the cohort and their respective urinary levels of each metabolite. Height 

percentile, weight percentile, height for weight percentile, and BMI percentile, were all 

considered in initial statistical tests. Percentiles were calculated using the CDC normative 

population. BMI percentile was considered to be the most representative of altered health 

outcomes and was used as the dependent variable in statistical analysis.  

Due to the non-normal distributions of metabolites, non-parametric tests were used to 

analyze the data. Spearman rank correlation tests were used to gain an initial sense of 

correlations between metabolite concentrations and changes in BMI percentiles. Kruskal Wallis 

and Wilcoxon Rank Sum tests were used to evaluate differences in metabolite concentrations 

between groups and comparisons between groups were visualized with boxplots. Subsequently, 

linear and multivariable regressions were run with BMI percentile as the dependent variable and 

metabolite levels as an independent variable separated into tertiles. Individuals without data for 

mother’s education were removed prior to regression analyses, as were individuals with race 

categorized as “Other” due to its small sample size (n=3). The multivariable regression models 

adjusted for child’s sex, mother’s pre-pregnancy BMI, child’s age at measurement, mother’s 

race, mother’s education, and mother’s age at delivery. These variables were considered 

potential confounders because they were related to OPFR exposure in past studies or in our 

preliminary analyses (Hoffman et al., 2015; Hoffman et al., 2017b). In addition, socioeconomic 

demographics such as mother’s education and race have been demonstrated to be related to 

children’s BMI in previous studies (Hoffman et al., 2016; Troiano and Flegal, 1998).  
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Previous animal and epidemiology studies indicated possible sex specific outcomes 

(Wang et al., 2015; Preston et al., 2017). Multivariable interaction regression models were 

conducted with sex and metabolite tertile as the interaction term and BMI percentile as the 

outcome. For all metabolites with an interaction variable p-value less than 0.20 a sex stratified 

analysis was conducted to further explore possible sex specific effects.   

The cohort contained several sets of siblings with individual urinary metabolite data and 

presumably similar home exposure. To assess if this violation of independence of data affected 

results a sensitivity analysis was performed in which only one child from each family remained 

in the dataset and linear, multivariable, and interaction regressions were re-run. Similar trends 

were observed in results and conclusions were unchanged, therefore, the full cohort was used for 

the main analyses and results from the main analyses are presented below. 

 
Results 
 
Population Demographics 

 

During the TESIE study, home visits were conducted for 203 families. Urine data 

was collected from 181 children from these homes and indoor air samplers were set up in 50 

homes. One air sampler was compromised during collection, which resulted in a total of 49 

indoor air samples.  

The sample size for the air OPFR levels and urine metabolite univariate regressions 

was 52, as three of the homes that provided indoor air samples included children who were 

siblings. Due to one child not having complete covariate data, the sample size for the air 

OPFR level and urine metabolite multivariable regression analyses was 51. The sample size 

for the urine metabolite and BMI percentile univariate regressions was 167.  As three of 
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these children did not have complete covariate data, the total sample size for the urine 

metabolite and BMI percentile multivariable regressions was 164 (Figure 2). 

 

  

Figure 2: Sample size for indoor air exposure and health effect analyses 

 

As illustrated in Table 2, the cohort represents a diverse population. The study 

captured a wide range of education levels, with members who were college graduates, have 

completed some college, high school graduates, or have completed some high school. 

Mother’s race is well distributed between White, non-Hispanic Black, and Hispanic. The age 

of the toddlers at the time of the home visit and data collection ranged from 38 months to 73 

months with an average of approximately 54 months. The cohort is relatively evenly split 

between male and female (Table 2).  
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Table 2: Sample population characteristics 

Study participants 
with urine samples  
(n = 181) 

n (%) Subset of study 
participants with 
air samples  
(n= 51) 

n (%) 

Child’s Sex 

Male 98 (54%) Male 26 (50%) 

Female 82 (45%) Female 26 (50%) 

Child’s Age  

≤ 54 months 95 (52%) ≤ 54 months 24 (46%) 

> 54 months 81 (45%) > 54 months 28 (54%) 

Mother’s Race 

White 75 (41%) White 21 (41%) 

non-Hispanic 
Black 

63 (35%) Black 18 (35%) 

Hispanic 40 (22%) Hispanic 13 (25%) 

Mother’s Education  

College Degree 87 (48%) College 
Graduate 

25 (49%) 

Some College or 
Less 

88 (49%) Some College or 
Less 

26 (51%) 

  

OPFRs in Urine 

Six OPFR metabolites were measured in the urine samples: BCIPP, BDCIPP, DPHP, ip-

DPHP, tbutylDPHP, and BCIPHIPP. Percent detects for these metabolites were very high 

(≥79%), with BDCIPP and ip-DPHP detected in 100% of samples. OPFR metabolite ip-DPHP 
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was detected at the highest average concentration in urine samples, with a geometric mean of 

6.85 ng/mL. For all six OPFR metabolites measured in the urine samples, there was a wide range 

between the minimum and maximum amount detected (Table 3). 

 

Table 3: Levels of OPFR metabolites measured in urine, corrected for specific gravity. 

Urine (ng/mL) (corrected for specific gravity), n=181 

Metabolite Geo Mean Minimum Median Maximum % Detect 

BCIPP 0.45 0.10 0.46 31.88 79 

DPHP 2.68 0.09 2.34 50.94 99 

BDCIPP 5.64 0.15 6.01 80.72 100 

BCIPHIPP 1.30 0.14 1.29 19.16 97 

ip-DPHP 6.85 0.42 7.05 61.49 100 

tbutylDPHP 0.26 0.02 0.23 11.81 95 

 
 

Geometric mean values of urinary metabolite levels from the TESIE cohort were 

compared to another cohort, where participants were recruited from pediatric clinic offices in 

West Windsor and Princeton, New Jersey (Butt et al., 2014). As shown in Figure 3, the average 

urinary metabolite levels for children are comparable for BDCIPP and DPHP. The ip-DPHP 

average levels from the TESIE cohort were much higher than the levels found in the children 

from the Butt et al., 2014 study. The Butt et al., 2014 study also found that the mother’s levels 

were lower than their children’s levels of OPFR urinary metabolite. 
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Figure 3: Comparison of urinary metabolite levels between cohorts 

 

Univariate Analyses 

Table 4 shows levels of OPFR urinary metabolites between demographic groups. 

There is not substantial variation between sexes. However, there appear to be variations in 

urinary metabolite levels between different ages, races, and education levels. These 

comparisons are explored further through univariate statistical analyses. 

 

Table 4: Geometric Means (GM) of OPFR metabolite levels in urine by demographics  

OPFR 
(ng/mL): 

BCIPP BDCIPP DPHP ip-DPHP BCIPHIPP tbutylDPHP 

Child’s Sex  

Male 0.45 5.19 2.51 7.31 1.29 0.28 

Female 0.45 6.18 2.88 6.35 1.29 0.24 

Child’s Age 

=< 54 months 0.52 5.73 2.76 6.06 0.98 0.20 
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> 54 months 0.40 5.72 2.55 7.88 1.77 0.35 

Mother’s Race 

White 0.50 6.07 2.64 5.46 0.97 0.22 

non-Hispanic 
Black 

0.49 6.86 3.13 8.55 1.71 0.31 

Hispanic 0.35 3.61 2.11 7.27 1.55 0.25 

Mother’s Education  

Some College 
or Less 

0.38 4.66 2.99 8.19 1.77 0.37 

College 
Degree 

0.56 6.38 2.42 5.64 0.93 0.18 

 

Statistically significant differences in ip-DPHP, BCIPHIPP, and tbutylDPHP 

metabolites were observed in children 54 months old or younger and children older than 54 

months, as illustrated in Figure 4. On average the children who were older than 54 months 

had 1.6 times higher levels of these OPFR metabolites.   
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Figure 4: Child’s Age and Urinary Metabolite Levels (  indicates p<0.05) 
 

 

A statistically significant difference in urinary metabolite measured between races 

was observed; however, the differences varied by metabolite with no clear trend (Figure 5). 

For example, children with black mothers and children with white mothers had 

approximately 2.9 times and 2.2 times respectively higher BDCIPP measured in their urine 

compared to children with Hispanic mothers. When considering BCIPHIPP the children of 

white mothers had the lowest levels on average and children of Hispanic mothers and black 

mothers had 1.7 and 1.5 times the levels of the children of white mothers.  
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Figure 5: Mother’s Race and Child’s Urinary Metabolite Levels (  indicates p<0.05) 
 
 

Significant differences in metabolite levels were observed in children whose mothers 

have a college education compared to mothers with some college or less. Metabolites levels 

were significantly different for all metabolites except for BDCIPP. Concentrations were 

significantly lower in children whose mothers had higher educational attainment (college 

degree) for all metabolites except BCIPP, where a college education was associated with 

significantly higher levels of the metabolite (Figure 6). The children whose mothers did not 

have a college degree had on average 1.6 times higher levels of OPFRs than children with 

mothers who had a college education. A 10 percent increase in BCIPP was observed for 

children whose mothers had a college degree. 
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Figure 6: Mother’s Education and Child’s Urinary Metabolite Levels (  indicates p<0.05) 

 
 

The significant findings of the univariate analysis are summarized with the 

significant relationships highlighted green and signified with a checkmark (Figure 7). 

Notably, ip-DPHP and BCIPHIPP have significant relationships with education, race, and 

child’s age.  
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		 BCIPP BDCIPP DPHP ip-DPHP tbDPHP BCIPHIPP 

Education ✓   ✓ ✓ ✓ ✓ 

Race  ✓   ✓   ✓ 

Child’s Age      ✓ ✓ ✓ 

Figure 7: Associations Between Demographic Variables and Metabolites 

 

OPFRs in Air 

Table 5: Levels of OPFR compounds measured in indoor air 

Air (ng), n=49 

OPFR Geo Mean Minimum Median Maximum % Detect 

TCEP 203.5 47.50 218.9 1368 100 

TCIPP 727.4 167.9 722.0 3457 100 

TDCIPP 18.56 8.809 16.49 183.8 57.14 

TPHP 23.42 12.16 22.29 80.29 63.27 

 

 OPFR compounds TCEP, TCIPP, TDCIPP, and TPHP were each detected in greater 

than 50% of all the indoor air samples, with TCEP and TCIPP detected in 100% of samples 

(Table 5). OPFR compounds ip-TPHP and tbutyl-TPHP were not measured due to lack of 

standards. The OPFR with the highest average indoor air levels was TCIPP with a geometric 



 25 

mean of 727.4 ng and a range of 167.9 to 3457 ng. For all four OPFRs detected in the air 

samples, there was a wide range between the minimum and maximum amount detected. 

 

Exposure Analysis 

 Table 6 reports the results of the univariate and adjusted regressions examining 

associations between urinary metabolite levels and OPFR indoor air levels. Univariate 

analysis indicates that increasing levels of TPHP were significantly associated with increases  

in urinary DPHP levels (p=0.02) and tbutyl-DPHP (p=0.002). Univariate analysis also 

suggests that increasing air levels of TDCIPP was associated with increases in urinary 

BDCIPP (p=0.009). Indoor air levels of TDCIPP were not significantly correlated with 

urinary BCIPP or BCIPHIPP. TPHP was also not significantly correlated with BCIPHIPP. 

When adjusting for child’s age, child’s sex, mother’s education, and mother’s race in 

the models, stronger relationships were observed between TPHP air levels and urinary 

DPHP levels and TCIPP air levels and urinary BCIPHIPP levels. Associations between 

TCIPP air levels and urinary BCIPP and TPHP air levels and urinary ip-DPHP were similar. 

The adjusted models also suggested weak associations between TDCIPP/BDCIPP and 

TPHP/tbutylDPHP compared to the univariate models. 

The significant associations indicated by the adjusted regression analyses are 

between TPHP indoor air levels and DPHP urinary metabolite (p=0.004), TCIPP indoor air 

levels and BCIPHIPP urinary metabolite (p=0.03), and TPHP indoor air levels and 

tbutylDPHP urinary metabolite (p=0.02). A negative association between indoor air TCIPP 

levels and urinary BCIPHIPP was observed, and unexpected. Based on the model output, a 

10% increase in TPHP air levels was associated with an expected increase of 6% in urinary 
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DPHP levels. Similarly, for every 10% increase in TPHP air levels, an expected increase of 

9% was observed in urinary tbutylDPHP. 

 

Table 6: Regression analysis of relationship between natural log transformed urine metabolites and 
natural log transformed air OPFR concentrations 

 Univariate,  n=52 Adjusted*,  n=51 

 Coefficient (CI) p-Value Coefficient (CI) p-Value 

BCIPP 

TCIPP 0.096 (-0.35, 0.54) 0.67 0.19 (-0.42,0.46) 0.93 

DPHP 

TPHP 0.53 (0.10, 0.96) 0.02 0.62 (0.20, 1.03) 0.004 

BDCIPP 

TDCIPP 0.46 (0.12, 0.81) 0.009 0.26 (-0.18, 0.70) 0.24 

BCIPHIPP 

TCIPP -0.22 (-0.72, 0.28) 0.37 -0.42 (-0.81, -0.04) 0.03 

ip-DPHP 

TPHP 0.26 (-0.07, 0.59) 0.12 0.13 (-0.22, 0.48) 0.47 

tbDPHP 

TPHP 1.08 (0.41, 1.75) 0.002 0.89 (0.16, 1.63) 0.02 

*Adjusted models account for child’s age, child’s sex, mother’s education, and mother’s race. 
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Hand to Mouth Analysis 

Percent eating: 

 Univariate analysis shows that BCIPHIPP was significantly negatively correlated 

(p=0.086) with the percent of time that the children ate their observed meal with their hands 

or fingers.  

 The adjusted model results from the activity questionnaire are shown below in Table 

7. The urinary metabolite BCIPHIPP was negatively correlated (p=0.05) with the percent of 

time that the children ate with their hands during the observed meal.  All other observations 

were null.  

 

Table 7: Regression analysis of relationship between natural log transformed urine metabolites and 
percent eating with hands variable, n=132 

OPFR Metabolite Coefficient (CI) p-Value 

BCIPP -0.17 (-0.54, 0.21) 0.38 

DPHP 0.23 (-0.12, 0.58) 0.20 

BDCIPP 0.20 (-0.16, 0.56) 0.27 

BCIPHIPP -0.29 (-0.58, 0.003) 0.05 

ip-DPHP 0.0016 (-0.28, 0.29) 0.99 

tbutylDPHP -0.17 (-0.61, 0.26) 0.43 

 Models account for child’s age, child’s sex, mother’s education, and mother’s race. 
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Finger to mouth: 

Univariate analysis shows that DPHP was significantly positively correlated (p=0.01) 

with the number of times the children touched their mouth with their fingers in the 15 

minutes observation time.  

Adjusted model results for activities related to finger to mouth assessments are 

shown below in Table 8. The urinary metabolite DPHP was positively correlated with the 

amount of times the children touched their mouth with their fingers during the observed 15 

minutes (p=0.09); however, results were only marginally statistically significant. 

 

Table 8: Regression analysis of relationship between natural log transformed urine metabolites and finger 
to mouth variable, n=134 

OPFR Metabolite (log 
transformed) 

Coefficient (CI) p-Value 

BCIPP -0.11 (-0.51, 0.30) 0.60 

DPHP 0.32 (-0.045, 0.69) 0.09 

BDCIPP -0.24 (-0.63, 0.14) 0.21 

BCIPHIPP -0.19 (-0.50, 0.13) 0.24 

ip-DPHP -0.01 (-0.31, 0.29) 0.94 

tbutylDPHP 0.057 (-0.40, 0.51) 0.80 

 Models account for child’s age, child’s sex, mother’s education, and mother’s race. 
 

Associations with BMI 

 Following initial assessments using correlation analyses, linear and multiple variable 

regressions were used to characterize the relationship between each OPFR metabolite and 

BMI percentile. Results from the linear tertile regressions are provided to represent different 

relative exposure levels observed in the cohort (Table 9). The levels of metabolite measured 
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were divided into tertiles - low, medium, and high. The linear regressions revealed a 

significant relationship between BMI percentile and the highest tertile of ip-DPHP. The 

regression model indicates that individuals with metabolite levels in the high category have 

an estimated 14.61 percentage points higher on the BMI percentile scale compared to the 

low category. No other urinary metabolite was significantly associated with BMI.  

 
Table 9: Linear Regression of BMI percentile and Urinary Metabolites in Tertiles, n = 164  

  Linear Est. p-value 95% CI 

BCIPP       

Med  0.40 0.95 -12.19; 12.99 

High -2.79 0.66 -15.22; 9.63 

BDCIPP       

Med -4.77 0.45 -17.29; 7.74 

High 1.09 0.86 -11.43; 13.60 

DPHP       

Med 2.74 0.66 -9.68; 15.17 

High 3.20 0.61 -9.16; 15.57 

ip-DPHP       

Med 1.85 0.77 -10.46; 14.17 

High 14.09 0.02 * 2.00; 26.17 

BCIPHIPP       

Med -7.82 0.21 -20.10; 4.46 

High 4.47 0.47 -7.82; 16.75 

tbutylDPHP       
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Med 0.21 0.97 -12.35; 12.77 

High 3.95 0.52 -8.24; 16.14 

 
 

A boxplot of the univariate relationship between BMI percentile and ip-DPHP tertiles 

illustrates an increasing trend of BMI percentile from low ip-DPHP to high ip-DPHP 

(Figure 8).  

  
Figure 8: Univariate relationship between BMI percentile and ip-DPHP tertile 

 

To account for potential confounders affecting the relationship between BMI 

percentile and OPFR exposure, further multiple variable regressions were performed (Table 

10).  Notably, the relationship between BMI percentile and the highest tertile for ip-DPHP 

remained significant in the multiple variable regressions. The p for trend analysis indicated 

BMI and metabolite relationships similar to the linear and multiple variable regression 

results. The p for trend regression supports a significant relationship between increasing ip-

DPHP metabolite levels and increased BMI percentile. 
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Table 10: Multivariable Regression of BMI Percentile and Urinary Metabolites in Tertiles, n = 164 

  Multivariable Est. p-value 95% CI P for trend  
 

BCIPP        

Med -2.16  0.74 -14.96; 10.65 0.67 

High -2.74 0.67 -15.59; 10.10 

BDCIPP        

Med -5.32 0.41 -17.93; 7.30 0.71 

High -2.61 0.69 -15.41; 10.20 

DPHP        

Med 1.99 0.76 -10.57; 14.54 0.79 

High 1.71 0.79 -10.85; 14.26 

ip-DPHP        

Med 2.13 0.74 -10.30; 14.55  0.02 * 

High 14.79 0.02 * 2.21; 27.37 

BCIPHIPP        

Med -8.41 0.18 -20.74; 3.92  0.77 

High 2.35 0.72 -10.48; 15.18 

tbutylDPHP        

Med 0.38 0.95 -12.28; 13.05 0.86 

High 1.18 0.86 -11.79; 14.15 

Adjusted for child’s sex, mother’s BMI at last menstrual period, mother’s age (< or >= 30), child’s age at 
measurement, mother’s race, and mother’s education (college graduate or not college graduate) 
 

This adjusted model indicates that individuals with metabolite levels in the highest 

category are an estimated 14.79 percentage points higher on the BMI percentile scale 
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compared to the low category, similar to the linear regression estimate. Again, no other 

metabolite was significantly associated with BMI percentile. 

 To assess the possibility of sex difference in the relationship between BMI 

percentiles and metabolites, regressions were performed including an interaction between 

urinary metabolite tertile and sex. Any metabolite and sex interaction with a p-value of 0.20 

or less was considered further in sex stratified analyses. Interaction regressions indicated 

BDCIPP, BCIPHIPP, and tbutylDPHP should be assessed with sex stratified multiple 

variable regressions.  

Table 11: MALE - Regression of BMI Percentile with Urinary Metabolites in Tertiles, n = 88 

  Multivariable Est. p-value 95 %CI P for trend  
 

BDCIPP        

Med 6.11 0.50 -11.67; 23.89 0.33 

High -10.12 0.29 -29.02; 8.77 

BCIPHIPP        

Med -18.17 0.06  -36.85; 0.50 0.74 

High -1.77 0.85 -20.84; 17.30 

tbutylDPHP        

Med 10.04 0.28 -8.21; 28.28 0.13 

High 15.32 0.13 -4.78; 35.42 

Adjusted for mother’s BMI at last menstrual period, mother’s age (< or >= 30), child’s age at measurement, 
mother’s race, and mother’s education (college graduate or not college graduate) 
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Table 12: FEMALE - Regression of BMI Percentile with Urinary Metabolites in Tertiles, n = 76 

  Multivariable Est. p-value 95% CI P for trend  
 

BDCIPP        

Med -14.92 0.12 -33.80; 3.97 0.27 

High 5.59 0.55 -12.82; 24.0 

BCIPHIPP        

Med 4.13 0.63 -13.16; 21.43 0.56 

High 5.38 0.56 -13.15; 23.92 

tbutylDPHP        

Med -9.96 0.27 -27.64; 7.73 0.12  

High -13.04 0.13 -30.08; 3.99 

Adjusted for mother’s BMI at last menstrual period, mother’s age (< or >= 30), child’s age at measurement, 
mother’s race, and mother’s education (college graduate or not college graduate) 
 

 Sex stratified adjusted models did not reveal any new statistically significant 

relationships. The reduced sample sizes as a result of splitting the cohort by sex may have 

limited power to detect significant relationships. However, the relationship between male 

BMI percentile and BCIPHIPP approached significance with a p-value of 0.06. In addition, 

sex stratification indicates males and females may have different relationships between BMI 

percentile and BDCIPP, BCIPHIPP, and tbutylDPHP. These differences in trends as 

metabolite levels increase are illustrated in the boxplots for sex stratification below (Figure 

9, Figure 10, Figure 11). The boxplot for BDCIPP illustrates what appears to be the 

opposite association between BMI percentile and BDCIPP between males and females as 

well as possibly a non-monotonic curve. Interestingly, BCIPHIPP seems to demonstrate a 

non-monotonic relationship for males and a slightly increasing or no trend with females. The 
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relationship between tbutylDPHP and BMI percentile appears to be positive for males and 

negative for females.  

 
Figure 9: Sex stratified boxplots for BDCIPP tertiles 

 

 
Figure 10: Sex stratified boxplots for BCIPHIPP tertiles 
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Figure 11:  Sex stratified boxplots for tbutylDPHP tertiles 

 

Discussion 

 This is the first study to investigate indoor air OPFR levels and urinary metabolites in 

children. Analyses revealed a number of statistically significant relationships. The children 

older than 54 months of age at the time of measurement had significantly higher levels of 

BCIPHIPP, ip-DPHP, and tbutyl-DPHP than the younger children in univariate analysis. 

Possible explanations for the higher levels observed in older children include differences in 

socioeconomic demographics based on age of the children, or perhaps, differences in 

metabolism. Other possible explanations for this relationship could include older children 

having higher exposures to these compounds due to spending more time in 

microenvironments, such as day care or school (Hoffman et al., 2015). With the exception of 

BDCIPP, the children of college graduates consistently had lower levels of urinary 

metabolite than the children of mothers with some college or less. This could be a result of 

different product use, different behaviors in cleaning and hand washing, or different amounts 

of time spent outside the home such as in day care that is associated with mother’s 
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education. While the levels of three metabolites are significantly different between races, the 

races that differ and the direction of the difference varies by urinary metabolite.  

 The significant associations indicated by the adjusted regression analysis between 

TPHP indoor air levels and DPHP urinary metabolite suggest that for every 10% increase in 

TPHP, we can expect a 6% increase in DPHP. As DPHP is a known direct metabolite of 

TPHP, this relationship is expected. The significant association found by the multivariable 

regression analysis of TPHP air levels and tbutylDPHP urinary metabolites suggest that for 

for every 10% increase in TPHP, we can expect a 9% increase in tbutylDPHP. These results 

are also expected as although tbutylDPHP is not a direct metabolite of TPHP, its parent 

OPFR compound tertbutylphenyl diphenyl phosphate is coapplied with TPHP in certain 

flame retardant mixtures (Stapleton et al., 2012; Cooper et al., 2016). These results suggest 

that air measurements can be used to calculate potential exposures to TPHP in a household.  

 The negative association between urinary BCIPHIPP and air levels of TCIPP in the 

multivariable regression analysis was unexpected, as an increase in OPFR concentrations in 

the air would likely increase children’s exposure and measured urinary metabolites rather 

than decreasing the metabolite measurement. This negative relationship may be explained by 

the lack of development of UDP-glucuronosyltransfersase (UGT) enzymes in children in the 

cohort due to their young age (Miyagi and Collier, 2011; Neumann et al., 2016). This 

enzyme is required to metabolize TCIPP to BCIPHIPP (Van den Eede et al., 2016).  

 For the hand to mouth analysis, the adjusted regression analysis found a significant 

negative association between the percent of time that the children ate with their hands during 

the observed meal and the urinary metabolite BCIPHIPP. This relationship was unexpected, 

as it is believed that the more often children touch their hands to their mouths while eating, 
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the more OPFRs they would ingest. Further research is needed regarding hand to mouth 

activity while eating to help explain this unexpected result. 

Adjusted regression analysis of the finger to mouth assessments found a marginally 

significant positive relationship between the amount of times the children touched their 

mouth with their fingers during the observed time and the urinary metabolite DPHP. These 

results suggest that children that touch their mouth with their hands more often may be 

ingesting greater amounts of TPHP, leading to higher levels of urinary metabolite DPHP.  

 Multivariable analysis of the relationship between the metabolites and BMI 

percentile indicated that the highest tertile of ip-DPHP has a significant positive relationship 

with BMI percentile. This suggests that children with the highest levels of ip-DPHP had the 

highest BMI percentiles. Possible effects of environmental contaminants on childhood BMI 

is important in the context of public health considering the impact childhood BMI can have 

on immediate and long-term health. For example, childhood obesity is associated with 

chronic diseases such as type 2 diabetes as well as adult obesity (Biro and Wien, 2010).  

OPFRs can be used as plasticizers and one possible explanation for the observed 

relationship between ip-DPHP and BMI percentile is the use of ip-TPHP as a plasticizer in 

food packaging (Campone et al., 2010; Hou et al., 2016; van der Veen and de Boer, 2012). 

Children eating more packaged foods and taking in more calories would presumably have 

high BMI percentiles as well as higher ip-TPHP exposure and higher ip-DPHP metabolite in 

their urine and the relationship would be simply a correlation and not causative.  

Alternatively a possible mechanism for this effect is ip-TPHP binding to PPARγ and 

inducing adipogenesis. Computational and in vitro studies have demonstrated that ip-TPHP 

can bind and induce the PPARγ . However, it is important to note that in the present study 
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only the mono ip-TPHP isomer was measured while the studies observed effects of the 

mixture of mono, di, and tri ip-TPHP.  

 Our study is the first to assess the relationship between air levels of parent OPFRs 

and levels of their metabolites in urine in children. Few studies have explored the 

relationship between exposure to OPFRs and health effects. In addition, few studies have 

considered social and behavioral factors in relation to OPFR exposure. This study considered 

the relationship between OPFR metabolites and BMI percentile in a toddler cohort, adding 

new information to the literature.  

 The results of this study are limited by the characteristics of the cohort. All of the 

children included in the analyses were located in the central North Carolina area at the time 

of data collection. The children ranged from approximately 3 to 6 years old and 

extrapolation of results outside of this age range may be inaccurate. Additionally, three urine 

samples collected over 48 hours were pooled; however, the metabolite levels measured from 

the urine samples are only reflective of this one 48 hour period of time.  

 Further research is needed to explore the relationship between OPFRs and endocrine 

disruption. Additional cohort studies looking at associations between OPFRs and adiposity 

especially with respect to ip-TPHP exposure are needed to confirm the relationship observed 

and would provide broader context to the relationship in other locations or age groups. It 

would be interesting to explore the effect of ip-TPHP exposure over time to understand if its 

association with BMI percentile changes as exposure changes or if high ip-TPHP exposure 

has a long term impact of BMI. Similarly, the impact of developmental exposure and long 

term impacts on BMI percentile should be explored. Research to better understand the 

possible mechanism behind ip-DPHP’s observed association with increased BMI percentile 
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is essential to provide plausibility for a causal relationship. In vivo studies with model 

organisms such as mice can demonstrate the effects of ip-TPHP such as increased weight 

gain in a controlled environment that is unattainable in epidemiology studies.  

 

Conclusion  

The results of our study suggest that children of college graduates have lower levels 

of OPFR urinary metabolites than the children of mothers with some college or less, 

indicating that these children may be less exposed to OPFRs in the home environment. Our 

study also found that the older children in this cohort had higher levels of three OPFR 

urinary metabolites, which may be due to metabolism differences or study design.  

Our analysis indicates that air is a relevant source of exposure to OPFRs for children 

and the urine metabolite can be used as a potential biomarker. Specifically, exposures to 

TPHP in a household were assessed with use of air measurements and urinary metabolite 

measurements. Additionally, results suggest ip-TPHP may influence BMI percentile.  
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