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A B S T R A C T

Organophosphate esters (OPEs) are widely used as flame retardants and plasticizers in consumer products, which
contributes to widespread exposure of humans. OPE diester metabolites in urine have been used as biomarkers of
human exposure to these chemicals. Little is known, however, about occurrence and temporal variability in
urinary concentrations of OPE metabolites in humans. In this study, 11 OPE metabolites were measured in 213
urine samples collected from 19 volunteers from Albany, New York, United States, at 3-day intervals for five
weeks to investigate temporal variability in urinary concentrations. Diphenyl phosphate (DPHP) and bis(1,3-
dichloro-2-propyl) phosphate (BDCIPP) were the major OPE metabolites, detected in all urine samples at specific
gravity (SG)-adjusted concentrations (geometric mean, GM) of 1060 and 414 pg/mL and creatinine (Cr)-adjusted
concentration (GM) of 404 and 156 ng/g, respectively. Inter-day variability in urinary OPE metabolite con-
centrations in 19 individuals was evaluated by intraclass correlation coefficients (ICCs). The inter-day variability
in Cr-adjusted OPE metabolite concentrations (ICC: 0.31–0.67) was lower than those of SG-adjusted (ICC:
0.19–0.71) and unadjusted urinary concentrations (ICC: 0.24–0.74). BDCIPP (ICC: 0.68) and bis(2-chloroethyl)
phosphate (BCEP) (ICC: 0.67) concentrations showed a moderate-to-high reliability over the sampling period,
whereas the other nine OPE metabolites exhibited a moderate reliability (ICC: 0.31–0.55). Urine samples were
further stratified by gender, age, ethnicity, and body mass index (BMI). The concentrations of BDCIPP and DPHP
were significantly lower in males with normal BMI (BMI: 18.5–25 kg/m2) than in females and other BMI cate-
gories (p < 0.01). Relatively high ICCs, indicating low inter-day variability, were observed for males (ICC:
0.35–0.71) of 30–40 years of age (ICC: 0.34–0.87) with normal BMI (ICC: 0.28–0.64). The daily exposure doses
to OPEs were estimated from urinary concentrations of corresponding OPE metabolites. The estimated doses of
triphenyl phosphate (TPHP) and triethyl phosphate (TEP), based on median urinary concentrations of their
metabolites, were 19.4 and 24.0 ng/kg bw/day, and the exposure dose to ∑OPEs was estimated at 65.3 ng/
kg bw/day. Overall, our results indicate a high ICC for Cr-adjusted urinary concentrations of 11 OPE metabolites
in urine.

1. Introduction

Organophosphate esters (OPEs) have received considerable atten-
tion in recent years due to their widespread use as flame retardants and
plasticizers in consumer products, including furniture, textile, and
electronics (van der Veen and de Boer, 2012). OPEs are substitutes for
brominated flame retardants (BFRs) (Wei et al., 2015) and have been
reported to occur in indoor air (Fromme et al., 2014; Hartmann et al.,
2004), atmosphere (Rauert et al., 2018), dust (Wang et al., 2018; Xu

et al., 2016; Zheng et al., 2015), soil (Cui et al., 2017; Wang et al.,
2018), sediment (Wang et al., 2017), water (Kim et al., 2017; Kim and
Kannan, 2018; Lee et al., 2016), and biota (Hallanger et al., 2015).
Toxicological studies have linked exposure to OPEs with reproductive
and developmental effects (Behl et al., 2015), genotoxicity (Du et al.,
2016), and endocrine effects (Chen et al., 2015). Due to OPEs' carci-
nogenic and neurotoxic properties (van der Veen and de Boer, 2012),
human exposure to these chemicals is a matter of concern.
Following exposure, OPEs, such as triphenyl phosphate (TPHP) and
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tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), are hydrolyzed in the
human body to yield diester metabolites, which are excreted in urine
(Cequier et al., 2015). Therefore, urinary OPE diester metabolites have
been used as biomarkers of OPE exposure (Dodson et al., 2014;
Hoffman et al., 2014). Recent studies have reported the occurrence of
OPE metabolites in urine from children (Butt et al., 2016; Chen et al.,
2018; Zhang et al., 2018), adults (Meeker et al., 2013; Lu et al., 2017),
and pregnant women (Romano et al., 2017) from around the world.
Diphenyl phosphate (DPHP), diethyl phosphate (DEP) and bis(1,3-di-
chloro-2-propyl) phosphate (BDCIPP) were the dominant OPE meta-
bolites reported in human biomonitoring studies (He et al., 2018;
Ospina et al., 2018; Sun et al., 2018). On the basis of the urinary
concentrations of OPE diester metabolites, daily urine excretion vo-
lume, and molar fraction of the metabolites excreted, human exposure
dose to parent OPE triesters has been estimated (Fromme et al., 2014).
For instance, exposure to tri-n-butyl phosphate (TNBP) in children was
estimated from urinary dibutyl phosphate (DNBP) measurements with
an exposure dose to TNBP at 1.03 μg/kg bw/day (Fromme et al., 2014).
In general, studies that report daily variations in OPE metabolite con-
centrations in urine are scarce. Such studies are needed to assess the
value and interpretability of data from a single-spot urine collected and
analyzed for epidemiologic studies. Interclass correlations (ICC) can be
used in the assessment of consistency or reproducibility of quantitative
measurements made longitudinally over time from the same individual.
The half-life of OPEs in humans is not well known, and the urinary

concentration of OPE diester metabolites can vary in the same in-
dividual, depending on the sampling time. The temporal variability in
such biomarker concentrations can introduce significant uncertainty in
exposure assessment (Perrier et al., 2016). Several studies have ex-
amined reproducibility and inter-day variability in urinary concentra-
tions of bisphenols and phthalates metabolites (Dewalque et al., 2015;
Vernet et al., 2018). Temporal variability in two urinary OPE metabo-
lite concentrations, BDCIPP and DPHP, has been reported (Hoffman
et al., 2014; Hoffman et al., 2015; Meeker et al., 2013). Studies have
reported variability in urinary concentrations of bis(2-chloroethyl)
phosphate (BCEP) (Romano et al., 2017) and bis(methylphenyl) phos-
phate (BMPP) (Tao et al., 2018). Temporal variability in the con-
centrations of DEP, DNBP, bis(butoxyethyl) phosphate (BBOEP), and
bis(1-chloro-2-propyl) phosphate (BCIPP), however, has not been ex-
amined, especially in healthy adult individuals. In this study, 11 OPE
metabolites were analyzed in 213 daily urine samples, collected every
three days for five weeks from 19 volunteers in Albany, New York,
United States (U.S.), to describe inter-day variability in urinary con-
centrations and to estimate exposure doses to OPEs.

2. Materials and methods

2.1. Standards and reagents

DEP was purchased from AccuStandard (New Haven, CT, U.S.).
Dipropyl phosphate (DPRP), DNBP, diisobutyl phosphate (DIBP),
BBOEP, bis(2-ethylhexyl) phosphate (BEHP), BCEP, BCIPP, BDCIPP,
DPHP, and BMPP were purchased from Toronto Research Chemicals
(North York, ON, Canada). Nine deuterated OPE compounds were used
as internal standards, which comprise dibutyl phosphate-d18 (DNBP-
d18), diisobutyl phosphate-d14 (DIBP-d14), bis(butoxyethyl) phos-
phate-d8 (BBOEP-d8), bis(2-ethylhexyl) phosphate-d34 (BEHP-d34),
bis(2-chloroethyl) phosphate-d8 (BCEP-d8), bis(1-chloro-2-propyl)
phosphate-d12 (BCIPP-d12), bis(1,3-dichloro-2-propyl) phosphate-d10
(BDCIPP-d10), diphenyl phosphate-d10 (DPHP-d10), and bis(methyl-
phenyl) phosphate-d14 (BMPP-d14). All internal standards were pur-
chased from Toronto Research Chemicals. All standard solutions were
prepared in HPLC-grade acetonitrile. HPLC-grade water (J. T. Baker,
Center Valley, PA, U.S.), acetonitrile (J. T. Baker), and methanol (Fisher
Scientific, Fair Lawn, NJ, U.S.) were used in the analysis. The physico-
chemical properties of target chemicals are provided in Table S1 of the

Supplementary information (SI).

2.2. Sample collection

De-identified individual samples collected from February to April
2018 from 19 healthy volunteers who were living in Albany, New York,
U.S., were used. Each volunteer provided information regarding gender
(males, n= 11; females, n= 8), age (33.8 ± 12 years), ethnicity
(Asians, n= 13; Caucasians, n= 6), body weight (67.6 ± 17 kg),
height (1.68 ± 0.1m), and smoking habits (none was an active
smoker) (Table S2). Volunteers were well educated with>89% with a
Bachelor's or higher degree and none indicated any occupational ex-
posure to OPEs. The archived samples, originally collected for another
study and stored at −20 °C, were used. Early morning-void urine
samples were collected from each volunteer every three days over five
weeks in polypropylene (PP) containers which were precleaned with
methanol. For personal reasons, the collection intervals of a few sam-
ples ranged from 2 to 10 days, and the number of samples from each
volunteer ranged from 6 to 14. In total, 213 urine samples were ana-
lyzed in this study. The New York State Department of Health institu-
tional review board approvals were obtained for the analysis of sam-
ples.

2.3. Extraction

Urine samples were extracted by following a previously published
method with minor modifications (Sun et al., 2018). Briefly, urine
samples (1mL) were spiked with an internal-standards mixture (2 ng
each), and pH was adjusted by the addition of 1mL of ammonium
acetate buffer (10mM, pH=5.0). After vortexing for 1min, samples
were loaded on a STRATA-X-AW cartridge (60mg 3 cm3; Phenomenex
Inc., Torrance, CA, U.S.) that was conditioned with 2.0mL of methanol
and 2.0mL of water. One milliliter of water was used to wash the
cartridge after loading the sample, and the target chemicals were eluted
by 2mL of 5% ammonium hydroxide in MeOH. The eluents were
concentrated to near dryness under a gentle nitrogen stream and re-
constituted with 100 μL of acetonitrile. After micro-centrifugation
(0.22 μm nylon filter, Spin-X; Costar, Corning Inc., Corning, NY, U.S.),
samples were analyzed by HPLC-MS/MS.

2.4. Instrumental analysis

High-performance liquid chromatography (HPLC, Agilent 1260
series; Agilent Technologies Santa Clara, CA, U.S.), coupled with elec-
trospray triple quadrupole mass spectrometry (API QTRAP 4500, ESI-
MS/MS; Applied Biosystems, Foster City, CA. U.S.), was used in the
identification and quantification of target compounds. Eleven OPE
diester metabolites and 9 internal standards were separated by a HILIC
column (100mm×2.1mm, 5 μm; Thermo, Waltham, MA, U.S.) con-
nected to a Betasil C18 guard column (20mm×2.1mm, 5 μm;
Thermo). The mobile phase consisted of HPLC-grade water (10mM
ammonium acetate): methanol (2:3 v/v) (A) and acetonitrile (B), used
at a flow rate of 200 μL/min. The initial mobile phase flow was set at
96.5% B. After a 2-min hold, Phase B was decreased linearly to 88.5%
in 1.5min and then decreased linearly to 86.0% in 3min, held for
8.5 min before reverting to the initial condition in 0.5 min, and allowed
to equilibrate for 9.5 min, with a total run time of 25min. Electrospray
negative ionization (ESI-) and multiple reaction monitoring (MRM)
modes were used for the identification and quantification of OPE me-
tabolites. Detailed MS/MS parameters used in the analysis of OPE
metabolites are shown in Table S3.

2.5. Quality assurance (QA) and quality control (QC)

Calibration standards at concentrations that ranged from 0.01 to
100 ng/mL (with 20 ng/mL internal standards mixture) were used in
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the calculation of target chemicals' concentration in samples. The re-
gression coefficients of calibration curves were > 0.99. Procedural
blanks were analyzed to check for background levels of contamination.
DEP, DNBP, DIBP, BBOEP, BEHP, and DPHP were found at trace levels
in blanks (2.1–9.8 ng/L). OPE metabolite concentrations in samples
were subtracted from blank values. For those analytes that were not
found in procedural blanks, the method detection limits (MDLs) were
calculated at a signal-to-noise ratio of 10 (of the lowest point of the
calibration standard) by taking into account the sample volume and
concentration factor. For those analytes that were found in procedural
blanks, MDLs were calculated as three times the standard deviation
(SD) of blank values, and sample volume and concentration factors
were taken into consideration. The recoveries of target chemicals
spiked into urine at high (25 μg/L) and low (5 μg/L) levels were
74.8–104% and 84.5–113%, respectively. The recoveries of internal
standards spiked into each of the samples were between 80% and
108%. Further details of the QA/QC parameters are presented in Table
S4.

2.6. Statistical analysis

Urinary OPE metabolite concentrations were corrected by specific
gravity (SG) and creatinine (Cr). Only analytes with detection fre-
quency (DF)> 50% were considered in the statistical analysis. A value
of 1/2 the MDL was used for those compounds that were below the
detection limit (He et al., 2018; Sun et al., 2018) and non-detects (n.d.)
were assigned a value of zero. Nonparametric statistical tests (Mann-
Whitney U test and Kruskal-Wallis H test) were used to compare dif-
ferences in individual OPE metabolite concentrations with demo-
graphic variables such as gender, age, body mass index (BMI; normal:
18.5–25, overweight: 25.1–30, obese:> 30), and ethnicity. Spearman's
correlation rank analysis was used to examine the relationships among

several OPE metabolite concentrations in urine. Statistical significance
was set at p < 0.05. All statistical analyses were performed with SPSS
software (Version 22.0, SPSS Inc., Armonk, NY, U.S.).
Temporal variability in urinary concentrations of 11 OPE metabo-

lites was evaluated by intraclass correlation coefficients (ICCs) using
one-way random-effect ANOVA models (Vernet et al., 2018). All urine
samples from each volunteer (6–14 spot urine samples per person) were
used for ICC calculation. ICC values near zero indicate high inter-day
variability and less reliability for predicting concentrations over a
period, whereas values close to one indicate less variability and high
reliability for predicting concentrations over time (ICCs > 0.80 were
considered as high, 0.40–0.79 as moderate, and< 0.40 as low relia-
bility) (Sakhi et al., 2018). Negative ICCs values were not computable
in the current model (Vernet et al., 2018). To characterize the inter-
individual variability, we defined ICC as the ratio of intra-individual
variance to the total variance (sum of inter- and intra-variance) and
evaluated by the same models as temporal variability evaluation.
The exposure doses of parent OPEs (Dp) were calculated from the

urinary concentrations of OPE metabolites. Studies of toxico-kinetics
and the metabolism of OPEs are limited. Urinary excretion rates of
DNBP and BDCIPP metabolites in orally exposed rats have been re-
ported (Lynn et al., 1981; Suzuki et al., 1984). The molar fraction (FUE)
values of urine-excreted DNBP of 0.18 (Suzuki et al., 1984) and BDCIPP
of 0.63 (Lynn et al., 1981) were used in the calculation of Dp of other
OPE metabolites by following the equation (Eq. (1)) (Chen et al., 2018;
Fromme et al., 2014):

=
× ×

D
MW UV

Fp

C
MW p excr

UE

m
m

(1)

where Cm is the unadjusted concentration of OPE metabolite in urine
(ng/mL), and UVexcr is the daily urine excretion volume at 20mL/
kg bw/day for adults and 22.2mL/kg bw/day for children (Chen et al.,

Table 1
Distribution of specific gravity (SG)-adjusted and creatinine (Cr)-adjusted organophosphate ester (OPE) metabolite concentrations in urine (n= 213) collected every
3 days for 5 weeks from 19 individuals from Albany, New York, United States.

OPE metabolites Percentile Range GM AM DF (%) MDL

5th 25th 50th 75th 95th

SG-adjusted (pg/mL)
DEP 63.6 178 403 689 1500 26.2–3160 348 531 100 1.7
DPRP ND ND 8.7 21.3 77.1 ND-726 15.4 29.9 73 7.2
DNBP <MDL 8.6 18.4 33.6 104 ND-836 16.8 34.8 98 2.9
DIBP <MDL 27.5 45.6 77.1 191 <MDL-721 49.1 70.7 100 25
BBOEP ND 13.8 28.5 55.3 132 ND-284 32.6 47.2 92 11
BEHP <MDL 6.1 14.7 25.8 67.9 ND-148 13.4 22.9 96 2.3
BCEP ND 146 302 534 1580 ND-4250 354 519 87 2.7
BCIPP ND ND 33.2 106 606 ND-1400 83.8 180 64 16
BDCIPP 54.6 199 359 962 2540 21.3–5650 414 737 100 10
DPHP 303 517 919 2060 4890 151–13,500 1060 1630 100 3.5
BMPP ND ND ND ND 70.7 ND-480 42 78.1 19 0.6

Cr-adjusted (ng/g)
DEP 22.1 58.2 147 281 620 5.58–1390 132 216
DPRP ND ND 4.11 9.57 37.9 ND-533 4.85 11.6
DNBP <MDL 3.40 6.63 12.6 31.1 ND-615 6.56 15.5
DIBP <MDL 10.9 16.2 31.8 85.5 <MDL-530 18.7 32.2
BBOEP ND 6.09 10.6 22.0 58.1 ND-157 11.9 18.1
BEHP <MDL 1.97 5.84 11.5 38.3 ND-109 4.83 10.1
BCEP ND 51.7 108 193 719 ND-1900 73.6 182
BCIPP ND ND 18.4 42.6 164 ND-342 19.4 39.2
BDCIPP 24.7 89.6 150 318 887 7.38–1880 156 255
DPHP 106 192 329 850 1980 74.7–3990 404 627
BMPP ND ND ND ND 31.4 ND-184 0.53 6.86

ND=not detected.
GM=geometric mean.
AM=arithmetic mean.
DF=detect frequency.
MDL=method detection limit.
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2018; Wittassek et al., 2011). FUE is the molar fraction of the urine-
metabolite excreted (0.18 for DEP, DPRP, DNBP, DIBP, BBOEP, and
BEHP; 0.63 for BCEP, BCIPP, BDCIPP, DPHP, and BMPP) (Lynn et al.,
1981; Suzuki et al., 1984), and MWp and MWm are the molecular
weights of parent and corresponding metabolites, respectively.

3. Results and discussion

3.1. Urinary concentrations of OPE metabolites

Of the 11 OPE metabolites measured, DEP, DIBP, BDCIPP, and
DPHP were found in all urine samples (DF= 100%), followed by DNBP,
BEHP, BBOEP, BCEP, DPRP, and BCIPP, found at a DF of 64% to 98%
(Table 1). BMPP was found in only<19% of the samples, and, there-
fore, this compound was removed from further statistical analysis.
Urinary concentrations of OPE metabolites reported in previous

studies were either SG-adjusted or unadjusted values. We compared our
SG-adjusted OPE concentrations with those reported in the literature.
The concentrations (geometric mean; GM) of DPHP (1060 pg/mL),
BDCIPP (414 pg/mL), BCEP (354 pg/mL), and DEP (348 pg/mL) were
significantly higher than those of other OPE metabolites measured in
this study (Table 1). BCIPP was found at a concentration of 83.8 pg/mL,
and the remaining OPE metabolites were found below 50 pg/mL. Sev-
eral previous studies reported the predominance of DPHP and BDCIPP
in urine samples (Ospina et al., 2018; Thomas et al., 2017; Tao et al.,
2018). In our study, the urinary concentration of DPHP (1060 pg/mL)
was higher than that reported for adults and children from China
(32.4–280 pg/mL) (Sun et al., 2018; Tao et al., 2018) (Table S5),
comparable to that reported for adults from the U.S. (1200 pg/mL)
(Butt et al., 2016), and children from the U.S. (845 pg/mL) (Ospina

et al., 2018) and Norway (1000 pg/mL) (Cequier et al., 2015). Few
studies reported significantly higher urinary DPHP concentrations in
adults (1800–2990 pg/mL) (Preston et al., 2017) and children
(3000–8200 pg/mL) (Butt et al., 2014; Thomas et al., 2017) from the
U.S. BDCIPP concentration measured in this study (414 pg/mL) was
comparable to those reported previously for adults from the U.S.
(130–408 pg/mL) (Carignan et al., 2013; Meeker et al., 2013) and
children from Central China (230 pg/mL) (Tao et al., 2018) but sig-
nificantly lower than those reported for women (2400–3300 pg/mL)
(Butt et al., 2014; Butt et al., 2016) and children (2700–10,900 pg/mL;
856 pg/mL) (Butt et al., 2016; Thomas et al., 2017; Ospina et al., 2018)
from the U.S. Urinary concentrations of OPE metabolites other than
DPHP and BDCIPP have rarely been reported in the literature. A few
studies reported DEP, DNBP, BBOEP, and BCEP concentrations in urine
samples (Dodson et al., 2014; Petropoulou et al., 2016; Sun et al., 2018;
Ospina et al., 2018). DEP concentrations (348 pg/mL) determined in
our study were similar to those reported from China (376 pg/mL) (Sun
et al., 2018), whereas DNBP (16.8 pg/mL), and BCEP (354 pg/mL)
concentrations were lower than those reported from China (Chen et al.,
2018) and the U.S. (Ospina et al., 2018).
The occurrence of high DPHP concentrations in urine samples

suggests exposure to its parent compound TPHP, and other compounds
that are metabolized into DPHP. TPHP and 2-ethylhexyl diphenyl
phosphate (EHDPP) were found in indoor dust samples from the U.S.
(Clark et al., 2017; Hoffman et al., 2017a). Further, metabolic trans-
formation of several aryl-OPEs, such as t-butylphenyl diphenyl phos-
phate (BPDP), cresyl diphenyl phosphate (CDDP), isodecyl diphenyl
phosphate (IDDP), and resorcinol bis(diphenyl phosphate) (RDP),
which are widely used in polyurethane foams, hydraulic fluids, and
polyvinyl chloride (PVC) plastics (van der Veen and de Boer, 2012), can

Fig. 1. Temporal variation in Cr-adjusted concentrations (ng/g) of DPHP in urine collected every 3 days from 19 individuals grouped by gender, age, ethnicity and
BMI (n= participant number). The dots represent arithmetic means and whiskers represent standard error (SE).
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yield DPHP. In general, tris(2-chloroisopropyl) phosphate (TCIPP) and
tris(2-butoxyethyl) phosphate (TBOEP) were found at the highest con-
centrations in abiotic matrices (Wei et al., 2015), whereas their meta-
bolites, BCIPP and BBOEP, were found at concentrations lower than
those of DPHP in urine. In contrast, triethyl phosphate (TEP) and
TDCIPP were found at moderate concentrations in abiotic matrices, but
their metabolites DEP and BDCIPP were abundant in urine samples.
Aryl-OPEs were hydrolyzed more rapidly than were alkyl- and chlori-
nated ones (Su et al., 2016); further, the fraction of BDCIPP excreted in
urine was (0.63) higher than that of DNBP (0.18) (Lynn et al., 1981;
Suzuki et al., 1984). Therefore, the differences in the profiles of parent
OPEs in abiotic samples and the metabolites in urine suggest vari-
abilities in metabolic transformation and urinary excretion rates.
The Cr-adjusted urinary concentrations of OPE metabolites (Fig. 1,

Fig. 2, Table S6) were compared between gender, ethnicity, age, and
BMI categories. Female urinary concentrations of DPHP (p < 0.001),
BDCIPP (p < 0.001), and DEP (p < 0.001) were significantly higher
than those of males, whereas the concentrations of BEHP (p=0.925)
and BCIPP (p=0.259) were similar between females and males. Ur-
inary concentrations of DPHP (p < 0.001) and BDCIPP (p < 0.001) of
Caucasians were significantly higher than those of Asians. Among the
age groups, individuals between 20 and 30 years old had significantly
higher urinary concentrations of DPHP and BDCIPP (p < 0.05) than
did the other age groups. Similarly, all OPE metabolite concentrations
were significantly different among the three BMI categories
(p≤0.001–0.023). Urinary concentrations of DPHP (p < 0.001),
BDCIPP (p < 0.001), and BCIPP (p < 0.001) in obese individuals
(BMI > 30 kg/m2) were higher than those in individuals with normal
BMI (18.5–25 kg/m2), whereas urinary concentrations of DEP
(p=0.012), BBOEP (p=0.023), and BEHP (p=0.004) in obese

individuals were lower than those with normal BMI.

3.2. Temporal variability of urinary concentrations of OPE metabolites

The ICCs were calculated for OPE metabolite concentrations mea-
sured in urine samples collected longitudinally (every three days) from
19 individuals for over five weeks (Table 2). The inter-day variability
for unadjusted OPE metabolite concentrations was moderate for a
majority of the compounds analyzed (ICCs= 0.40–0.74), except for
DPRP (0.24; 95% CI: 0.09–0.52), DIBP (0.25; 95% CI: 0.10–0.53), and
BEHP (0.20; 95% CI: 0.06–0.48), which showed high variability in
concentrations over the sampling period (Table 2). Much higher ICC
values were observed for BDCIPP (0.69; 95% CI: 0.51–0.87) and BCIPP
(0.74; 95% CI: 0.0.57–0.89), which suggests that concentrations of
these compounds varied little across time.
Overall, these results indicate that OPE metabolites in single-spot

urine for over a period of 5 weeks warrant moderate to high depend-
ability (except for DPRP, DIBP, and BEHP). SG-adjusted and Cr-adjusted
concentrations of OPE metabolites are presented in Table 2. The ICCs of
OPE metabolite concentrations did not improve significantly after ad-
justment for SG, whereas the ICCs of DEP (0.19; 95% CI: 0.05–0.46) and
DIBP (0.16; 95% CI: 0.03–0.42) decreased. Nevertheless, Cr-adjustment
of OPE metabolite concentrations improved the ICCs of DPRP, DIBP,
and BEHP. The significant Spearman's rank correlations between OPE
metabolite concentrations and creatinine explain the reason for im-
provement in ICCs following Cr-adjustment (Table S7). For further data
analysis, we used Cr-normalized concentrations of OPE metabolites, as
discussed below.
Between the two genders, the ICCs of OPE metabolite concentra-

tions in males were>0.35, whereas those of DEP, DPRP, DIBP, and

Fig. 2. Temporal variation in Cr-adjusted concentrations (ng/g) of BDCIPP in urine collected every 3 days from 19 individuals grouped by gender, age, ethnicity and
BMI (n= participant numbers). The dots represent arithmetic means and whiskers represent standard error (SE).
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BEHP in females were between 0.05 and 0.19, indicating that urinary
concentrations of OPE metabolites were more variable in females than
males (Table S8). The urinary concentrations of OPEs in Asians showed
higher variability (ICC: 0.20–0.26) than did those of Caucasians (ICC:
0.32–0.67). There was no significant difference (p=0.437) in varia-
bility in OPE metabolite concentrations between the age groups of
30–40 years (ICC: 0.34–0.87) and>40 years (ICC: 0.17–0.70). DEP
(0.03; 95% CI: 0–0.51), DPRP (0.03; 95% CI: 0–0.52), and BCIPP (0.05;
95% CI: 0–0.56) concentrations, however, exhibited higher variability
in the age group of 20–30 years. Individuals with BMI > 25 kg/m2

showed a low ICC for BBOEP (ICC: 0.04), which suggested that over-
weight or obese individuals show a propensity for high variability in
OPE metabolite concentrations in urine.
A few studies have examined temporal variability in urinary con-

centrations of environmental phenols (Koch et al., 2014; Vernet et al.,
2018) and phthalate metabolites (Dewalque et al., 2015; Fisher et al.,
2015). The calculated variability in OPE metabolite concentrations in
urine is higher than those reported for bisphenol A (ICC: 0.6, 95% CI:
0.3–0.89), methyl paraben (ICC: 0.84, 95% CI: 0.69–1.0), and triclosan
(ICC: 0.89, 95% CI: 0.78–1.0) (Vernet et al., 2018). The temporal
variability in mono-ethylhexyl phthalate (MEHP) (ICC: 0.16–0.22, 95%
CI: 0.15–0.45) (Dewalque et al., 2015; Fisher et al., 2015) was higher
than that found for OPE metabolites in urine. To the best of our
knowledge, no previous study investigated inter-day variabilities in
urinary concentrations of OPE metabolites, except for BDCIPP, DPHP,
and BCEP. The inter-day variabilities calculated for DPHP (ICC: 0.54,
95% CI: 0.37–0.74) were similar to those reported in urine from preg-
nant women (ICC: 0.6, 95% CI: 0.4–0.7) (Hoffman et al., 2014), healthy
adults (ICC: 0.51, 95% CI: 0.43–0.63) (Hoffman et al., 2015), and
women (ICC: 0.42, 95% CI: 0.36–0.50) (Romano et al., 2017) from the
U.S. Similarly, our results for the ICC for BCIPP were comparable to
those reported in the literature (Hoffman et al., 2014; Meeker et al.,
2013; Romano et al., 2017). Overall, urinary OPE metabolite con-
centrations exhibited a moderate temporal reproducibility, and Cr-ad-
justment improved the reproducibility.

3.3. Inter-individual variability and composition of OPE metabolites

The inter-individual variance (Cr-adjusted) and coefficient of var-
iation (CV%) in concentrations of DEP, BDCIPP, and DPHP among the
19 individuals were 207 (98%) ng/g, 270 (107%) ng/g, and 620
(100%) ng/g, respectively (Fig. 3, Table S9). The highest concentrations
of BCIPP (102 ng/g) and DPHP (1540 ng/g) were found in an individual
with the highest BMI (Table S2). The highest concentrations of DEP

(391 ng/g), DPRP (28.3 ng/g), DNBP (24.7 ng/g), DIBP (72.1 ng/g),
and BEHP (17.6 ng/g) were found in a 56-year-old Caucasian female
with a normal BMI. The concentrations of DPHP and BDCIPP accounted
for 30–85% and 5–25%, respectively, of the total concentrations of 11
metabolites (Fig. S1). The composition profile of OPE metabolites was
similar to that reported earlier in urine from the U.S., with DPHP ac-
counting for 35–41% of the total concentrations (Dodson et al., 2014;
Ospina et al., 2018), and Australia (DPHP 84%), (He et al., 2018) but
different from that reported for China, where BCEP (60%) was the most
abundant metabolite (Chen et al., 2018). Regional differences in the
OPE metabolite composition profile in urine may indicate different
exposure patterns.

3.4. Exposure assessment

Exposure doses to parent OPEs were calculated based on unadjusted
urinary metabolite concentrations (Table 3). The median and 95th
percentile ∑OPE exposure doses were 65.3 and 355 ng/kg bw/day, re-
spectively. Females (81.9 ng/kg bw/day), Caucasians (114 ng/kg bw/
day), and obese individuals (BMI > 30 kg/m2) (165 ng/kg bw/day)
had higher ∑OPE exposure doses than did the other corresponding ca-
tegories. The median and 95th percentile exposure doses of TEP were
24.0 and 79.8 ng/kg bw/day, respectively, whereas those of TPHP were
19.4 and 118 ng/kg bw/day, respectively, which were significantly
higher than those of other OPEs analyzed. Nail polish was reported as a
source of TPHP exposure (Mendelsohn et al., 2016), which could con-
tribute to higher exposure in females (24.8 ng/kg bw/day) than males
(15.7 ng/kg bw/day).
The minimal risk levels (MRLs) of 20 μg/kg bw for TDCCIP, 200 μg/

kg bw for tris(2-chloroethyl) phosphate (TCEP), and 80 μg/kg bw for
TNBP have been reported (ATSDR, 2012). Similarly, a reference dose
(RfD) of 50 μg/kg bw has been suggested for TBOEP (NSF, 2012). The
calculated exposure doses in our study for TDCIPP, TCEP, TNBP, and
TBOEP were 3–4 orders of magnitude below the MRLs or RfD.
The calculated median and high ∑OPE exposure doses were lower

than those reported for children from China (Chen et al., 2018). The
median and high exposure doses of TCEP were similar to those reported
for pregnant women from California (Castorina et al., 2017). The esti-
mated dose of TDCIPP was lower than those reported for U.S. infants
(Hoffman et al., 2017b). Similarly, the estimated exposure dose of
TNBP was significantly lower than that reported for children from
Germany (Fromme et al., 2014).
Although this study presents novel information with regard to OPE

exposure levels and temporal variability, the results should be

Table 2
Inter-day variability in urinary organophosphate ester metabolite concentrations in samples collected every 3 days for 5 weeks from 19 individuals.

OPE metabolites Unadjusted SG-adjusted Cr-adjusted

Variance
(pg/mL)

CV (%) ICC 95% CI Variance
(pg/mL)

CV (%) ICC 95% CI Variance
(ng/g)

CV (%) ICC 95% CI

DEP 162 70.0 0.40 0.20–0.67 519 74.9 0.19 0.05–0.46 207 76.3 0.32 0.17–0.54
DPRP 9.78 80.4 0.24 0.09–0.52 23.1 86.4 0.30 0.13–0.58 10.9 96.0 0.31 0.16–0.53
DNBP 17.3 94.9 0.52 0.32–0.76 32.7 92.4 0.49 0.28–0.74 14.3 94.8 0.39 0.23–0.61
DIBP 20.2 57.4 0.25 0.10–0.53 69.9 62.6 0.16 0.03–0.42 31.0 74.7 0.39 0.23–0.61
BBOEP 17.6 77.0 0.42 0.23–0.69 44.7 66.1 0.36 0.17–0.64 17.4 68.3 0.35 0.19–0.57
BEHP 6.21 69.9 0.20 0.06–0.48 21.6 76.8 0.28 0.12–0.56 9.76 84.6 0.44 0.27–0.65
BCEP 202 94.2 0.65 0.46–0.84 427 85.2 0.64 0.45–0.84 170 89.7 0.67 0.52–0.83
BCIPP 58.6 78.5 0.74 0.57–0.89 122 66.9 0.71 0.53–0.88 38.2 70.8 0.55 0.38–0.74
BDCIPP 260 77.1 0.69 0.51–0.87 712 65.4 0.70 0.52–0.87 245 60.3 0.68 0.52–0.83
DPHP 660 71.1 0.44 0.24–0.70 1622 54.9 0.58 0.38–0.80 616 54.0 0.54 0.37–0.74

All urine samples were collected every 3 days for 5 weeks from 19 individuals.
ICCs (intraclass correlation coefficients) are calculated from log10-transformed OPE metabolite concentrations.
CV= coefficient of variation.
SG= specific gravity.
Cr= creatinine.
CI= confidence intervals.
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interpreted with caution. All urine samples collected in this study were
from only 19 individuals. In addition, there were no intra-day urine
samples for the calculation of intra-day variabilities in OPE metabolite
concentrations. Further, due to the lack of information on urinary molar
excretion fraction of OPE metabolites, the exposure dose calculation
should be considered an estimate. It is also worth to note that we did
not use glucuronidase enzyme during extraction of samples and there-
fore our results may reflect freely available forms of OPE metabolites in
urine. A few earlier studies measured OPE metabolites without enzy-
matic deconjugation of urine (Butt et al., 2014; Sun et al., 2018; Tao
et al., 2018). Although pilot studies were conducted in our laboratory to
compare two methods of extraction (with and without enzyme), we did
not find a significant difference in the OPE metabolite concentrations
between the two methods, although DNBP, DIBP and BBOEP con-
centrations in urine were slightly higher after enzymatic conjugation,

but that difference between two methods was below 30%. Other OPE
metabolite concentrations in urine were comparable between the two
methods of extraction. Thus, enzymatic deconjugation of samples or
lack thereof, did not significantly affect the reported OPE metabolite
concentrations.

4. Conclusions

Overall, the collection of urine samples from 19 individuals long-
itudinally over five weeks permitted the analysis of inter-day variability
in 11 OPE metabolite concentrations. DEP, BDCIPP, and DPHP were the
predominant OPE metabolites found in urine. The ICC of OPE meta-
bolites showed lower inter-day variability and higher reproducibility of
Cr-adjusted concentrations. Age, gender, and BMI have an effect on
inter-day variations in OPE metabolite concentrations. The estimated

Fig. 3. Cr-adjusted concentrations (ng/g) of DEP, DNBP, DIBP, BBOEP, BDCIPP and DPHP in urine collected every 3 days for five weeks from 19 individuals. The
black horizontal line inside each box represents median, the boxes represent 25th and 75th percentiles, whiskers represent a value of 1.5 ∗ SD and the dots represent
outliers.

Table 3
Estimated daily exposure dose to organophosphate esters (OPEs) calculated from urinary concentration of metabolites in the United States.

Exposure dose
(ng/kg bw/day)

TEP TNBP TIBP TBOEP TEHP TCEP TCIPP TDCIPP TPHP ∑OPEs

Percentile 5th 3.47 0.20 1.81 0.85 0.17 0.06 0.34 0.93 4.14 12.5
25th 13.4 0.54 1.81 0.85 0.57 2.34 0.34 3.36 9.92 33.6
50th 24.0 1.09 2.49 2.10 1.01 5.97 0.34 8.51 19.4 65.3
75th 39.0 2.43 5.10 4.95 1.61 11.9 2.39 21.9 44.4 135
95th 79.8 9.59 11.9 11.4 3.20 38.6 14.4 61.9 118 355

Gender Male 21.1 0.91 2.56 1.80 1.02 4.35 0.34 5.56 15.7 53.9
Female 27.4 1.27 2.14 2.66 0.98 7.82 0.81 13.4 24.8 81.9

Ethnicity Asians 23.0 0.73 1.80 1.87 1.03 4.59 0.34 5.30 14.6 53.7
Caucasians 29.1 2.41 4.08 2.74 0.97 8.72 1.76 19.7 44.2 114

Age < 20 25.5 0.66 2.98 6.11 1.32 5.89 0.34 6.24 10.4 59.9
20–30 18.5 0.82 1.80 0.85 0.96 5.24 0.76 15.5 28.9 73.8
30–40 17.2 1.46 3.62 1.74 0.81 2.46 0.88 8.55 28.9 66.1
> 40 32.0 1.27 2.98 2.31 1.17 9.61 0.34 7.50 14.5 72.1

BMI < 25 24.0 0.94 1.80 2.06 1.06 5.77 0.34 6.24 15.7 58.5
25–30 23.7 1.11 1.80 0.85 0.79 6.67 0.98 31.7 79.6 148
>30 20.9 5.84 4.31 5.38 0.43 4.11 14.1 45.3 64.1 165

Estimated dose for gender, ethnicity, age and BMI was calculated based on median urinary concentrations (unadjusted).
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exposure doses of OPEs suggest minimal risks from the current exposure
levels.
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