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Abstract

Children are considered a vulnerable subpopulation for exposure to emerging
contaminants such as organophosphate flame retardants (PFRs). However, in some
countries, only limited data on PFR exposure in children are available. Therefore, this study
investigated exposure to 8 PFRs by analysis of urinary levels of 13 PFR metabolites in
children (n = 502, 6-14 years) from specific regions in Egypt, Bangladesh, Thailand,
Indonesia, and South Korea. Overall, more than half of the children showed exposure to
triphenyl phosphate (TPHP), tris (1,3-dichloro-2-propyl) phosphate (TDCIPP), tris (1-
chloro-2-propyl) phosphate (TCIPP), and 2-ethylhexyldiphenyl phosphate (EHDPHP), with
South Korean children showing the highest urinary levels for diphenyl phosphate (DPHP,
0.78 ng/mL), bis (1,3-dichloro-2-propyl) phosphate (BDCIPP, 0.27 ng/mL), and 1-
hydroxy-2-propyl bis (1-chloro-2-propyl) phosphate (BCIPHIPP, 0.74 ng/mL). Children in
Bangladesh showed the lowest detection frequencies and urinary metabolite levels for
DPHP (0.27 ng/mL), 2-ethylhexyl phenyl phosphate (EHPHP, < LOQ), and 2-ethyl-5-
hydroxyhexyl diphenyl phosphate (5-HO-EHDPHP, < LOQ). Exposure patterns differed
significantly between countries. Differences in exposure patterns might result from
differences in lifestyle habits such as consumption of canned food, canned beverages, and
microwaved food, and housing characteristics. In addition, country-specific flame-retardant
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regulations might also explain differences between countries. Risk assessment showed only one child with a risk
characterization ratio and hazard index > 1, indicating that the included population was not at acute risk for adverse
effects due to exposure to PFRs.

INTRODUCTION

Flame retardants (FRs) are chemicals added to consumer products such as plastics, furniture, and electronic
devices to decrease the risk of fire spreading'"’. Since the addition of polybrominated diphenyl ethers
(PBDEs) to the Stockholm Convention, the use of organophosphate flame retardants (PFRs) has been
increasing'"?’. Halogenated PFRs, such as tris (1-chloro-2-propyl) phosphate (TCIPP), are widely used in
polyurethane foam, while non-halogenated PFRs, such as 2-ethylhexyldiphenyl phosphate (EHDPHP), are
also applied as FR plasticizers in e.g. polyvinylchloride" . Since PFRs are additive compounds not chemically
bound to the matrix they are in, they can migrate into their surrounding environment through leaching,
volatilization, or abrasion!**..

Currently, knowledge on toxicity and adverse health effects related to PFR exposure is limited, despite PFRs
being marketed as less toxic substitutes for their brominated counterparts'"*. For example, the National
Toxicology Program (NTP) of the United States has conducted a chronic toxicity study in mice and rats to
evaluate the carcinogenicity of TCIPP and concluded that TCIPP causes carcinogenic effects in female
mice'. In epidemiological studies in children, exposure to PFRs was reported to be associated with allergic
symptoms and reduced cognitive abilities””. Additionally, concerns were raised by the European Chemicals
Agency (ECHA) regarding risks in children of exposure to chlorinated PFRs, while triphenyl phosphate
(TPHP, an aryl PFR) was added to the candidate list of substances of very great concern by ECHA""'\.

The presence of PFRs in different environmental and human matrices, such as water, dust, blood, and urine,
has already been demonstrated"*'*. Pathways of PFR exposure include dietary intake, dust ingestion and
inhalation, dermal contact and inhalation"***. Quantification of PFR metabolites in urine is an established
way to assess internal exposure to PFRs, as these compounds are assumed to be readily metabolized in the
human body and mostly excreted through urine>".

Children are especially vulnerable to exposure to emerging contaminants such as PFRs, as they may
experience higher exposure relative to body weight than adults due to a greater intake of air, food and water
per kg body weight and frequent hand-to-mouth behavior**!. In addition, the ongoing physiological
development of children makes them susceptible to possible adverse health effects'”>*. Although several
human biomonitoring studies have previously reported exposure to PFRs in children using urine
measurements of PFR metabolites, these studies have mainly focused on Europe and North America, while
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in Asian children, only reports from Japan, China, and Taiwan are available®*". In addition, most studies on
children have focused on a subset of PFR metabolites, including diphenyl phosphate (DPHP) and bis (1,3-
dichloro-2-propyl) phosphate (BDCIPP), with limited information on EHDPHP metabolites.

Therefore, in this study, we used children’s urine samples from the International Biobank for Children (IBC)
to investigate exposure to a wide range of PFRs in children in countries with scarce PFR exposure data. IBC
is a biospecimen bank of children’s urine samples collected every 3-4 years since 2017 in several countries,
mostly without nationwide biomonitoring programs, e.g., Egypt, Bangladesh, Thailand, Indonesia and South
Koreat'. In addition to the limited availability of human biomonitoring data, these countries represent
different climates, lifestyles, socio-economic characteristics and FR regulation frameworks. These factors
may influence PFR exposure, and the inclusion of these different countries allows for a first comparison of
exposure levels and potential exposure determinants between understudied regions. The archived urine
samples were analyzed for 13 PFR metabolites, and levels were compared with studies conducted in other
parts of the world. To identify possible sources of exposure that can contribute to differences in PFR
concentrations between countries, questionnaire data were used. Lastly, to assess the risk of adverse health
effects resulting from exposure to PFRs, estimated daily intakes (EDIs) were calculated and compared with
derived no-effect levels (DNELSs).

EXPERIMENTAL
Chemicals and materials

An overview of the targeted compounds is presented in Supplementary Table 1, whereas details on used
chemicals and materials for sample extraction and analysis are available in Supplementary Text 1.

Study population

Urine was collected from children aged 6-14 years old between October 2022 and October 2023. Samples
were obtained from children in Giza, Egypt (urban area, n = 98), Rajshahi, Bangladesh (urban area, n = 100),
Suphan Buri, Thailand (rural area, n = 114), Kendari, Indonesia (urban area, n = 100), and Osan, South
Korea (urban area, n = 90). Participants were recruited from elementary schools in each city, except in
Rajshahi, where children were recruited through home visits within a selected school district. Parents or
guardians of the participating children completed a questionnaire on demographics, socioeconomic status,
lifestyle, and the children’s food habits. As participants were recruited from a specific region in each country,
the study populations reflect regional cohorts rather than nationally representative samples. For readability,
country names are used throughout the manuscript to refer to the sampled region from that country.
Participating children and their parents received a polypropylene specimen cup and a polypropylene 50 mL
tube. First morning urine was collected in the specimen cup, transferred to the 50 mL tube, and brought to
school, where collected urine samples were stored in insulated containers with ice packs until delivery to the
laboratory on the same day, when they were stored at -20 or -80 °C. Samples were then transported to Seoul
National University, South Korea, where they were stored at -80 °C until aliquoted and shipped to the
analyzing laboratory (Toxicological Centre, University of Antwerp, Antwerp, Belgium), where they were
stored at -20 °C until sample extraction. Ethical approval for the study was given by the Research Ethics
Committees of Soonchunhyang University (202204-BR-058-05), Mahidol University (MUTM 2023-017-01,
MUTM 2023-017-02), Indonesian Public Health Association (018/ECHR-IPHA/I/2023), University of
Rajshahi [249(35)/320/TAMEBBC/IBSc] and the Research Ethics Committee of Egypt National Research
Centre (IRB approval No. 03420223).

Measurement of PFR metabolites in urine

Urine samples were analyzed for levels of PFR metabolites using a previously validated extraction and
quantification method”* with instrument-specific parameters optimized for the Agilent 6495 Triple
Quadrupole mass spectrometer [Supplementary Tables 2 and 3]. Briefly, 1 mL of urine was extracted by
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performing solid phase extraction (SPE) on Bond-Elut C18 cartridges, followed by analysis of the extracts on
an Agilent 1290 Infinity liquid chromatography system coupled to a Triple Quadrupole Mass Spectrometer
(ESI-6495, Agilent). Further methodological details of the method used can be found in Supplementary Text
2.

QA/QC measures

Quality control (QC) involved extraction and analysis of urine spiked with a PFR metabolite standard
mixture (10 ng, Supplementary Table 1), while the same urine was extracted without spiking to enable
correction for PFR metabolite levels already present in the urine. In addition, samples provided by the
external quality assessment scheme for organic substances (OSEQAS), in which BDCIPP and DPHP are
included, were extracted and analyzed. Calculated accuracies for spiked urine samples and OSEQAS samples
were generally within the acceptable range of 75%-125% [Supplementary Table 1]. To minimize
contamination, glassware was cleaned with acetone and heated at 400 °C before use, with sample extraction
being carried out in a precleaned flow cabinet. A procedural blank consisting of Milli-Q water was processed
with each analytical batch (n = 21) to establish the background contamination originating from extraction
and analytical procedures. Levels found in the procedural blanks were subtracted from those measured in the
urine samples. Limits of quantification (LOQs) of the investigated compounds ranged from 0.01 to
1.00 ng/mL [Supplementary Table 1].

Data analysis and statistical analysis

Quantification of targeted compounds was done using Agilent Quantitative Software (version 10.0, Agilent
Technologies, Inc., Santa Clara, CA, USA). Measured urine levels of PFR metabolites were corrected for
specific gravity (SG) and creatinine content [Supplementary Text 3]. In the main text, SG-corrected values
are presented and discussed, as SG is thought to be influenced to a lesser extent”* by individual
characteristics such as gender, age, and body mass index (BMI), with the uncorrected and creatinine-
corrected values displayed in the Supplementary Materials.

Statistical analysis was performed for metabolites with an overall detection frequency (DF) > 50%
(considering all included children from all countries). Metabolite measurements that were < LOQ were
substituted by DF¥XLOQ"*. The Shapiro-Wilk test was used to test normality. Due to the non-normal
distribution of the PFR levels, a natural log transformation was applied to SG-corrected metabolite
concentrations to approximate a normal distribution for subsequent statistical analyses". To compare PFR
metabolite levels between countries, a Kruskal-Wallis test with adjusted P-values for pairwise comparison
was performed.

Multiple linear regression was employed to evaluate associations between PFR metabolite concentrations and
possible determinants of exposure. When only one metabolite for a parent compound was detected in more
than 50% of all samples, statistical analysis was performed solely based on that metabolite. For parent
compounds with multiple metabolites showing an overall DF > 50%, the molar sum of these metabolites was
calculated and used in the regression analysis. Determinants of exposure were investigated using variables
from the employed questionnaires, which described demographics, cleaning habits, living characteristics, and
food habits [Supplementary Table 4]. As a first step, univariate analyses were applied to evaluate associations
between each possible exposure determinant and levels of each PFR metabolite or the sum of metabolites.
For categorical variables, Mann-Whitney U and Kruskal-Wallis tests were applied, while continuous
variables were assessed using Spearman correlation. For each compound, variables identified in the
univariate analysis with a P-value < 0.2 and a clear direction of association were retained as candidate
predictor variables for the stepwise multiple linear regression model">*!. A backward stepwise selection
procedure was subsequently applied, starting by addition of all variables identified as candidate predictor
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variables in the univariate analyses'">***”, Variables with the highest P-value were excluded one by one, until
only variables with P-values < 0.05 were left. Lastly, the education level of the parents can be regarded as a
proxy variable for underlying variables that were not included in the employed questionnaire and was
therefore evaluated as a variable of specific interest in the regression model">***"). If the education level was
not included in the regression analysis based on univariate analysis, it was added to the final model to assess
its contribution to the model">***”. Age and sex were retained in all models as covariates, since they might be
possibly associated with both the variables from the questionnaire and the PFR metabolite levels. Likewise,
the SG value was included as a covariate in each model to ensure that estimated associations were
independent of the SG!'>***). Age, sex and SG were treated as a priori confounders and always kept in the
model regardless of the results of the univariate analyses and the stepwise selection procedure. Collinearity
among the variables was evaluated by calculation of the variance inflation factor with a cut-off value of 3.
Since metabolite concentrations were natural log-transformed, regression coefficients (B) and their 95%
confidence intervals [lower bound (LB) and upper bound (UB)] were back-transformed to their original
scale (i.e., %, e'®, e”?). This allowed e® to be interpreted as multiplicative change associated with a one-unit
increase of the independent variable. In this context, e’ > 1 corresponds to an increase in metabolite
concentrations while e® < 1 corresponds to a decrease. The adjusted R-squared reflects the proportion of
variance in metabolite concentrations accounted for by the variables retained in the final model. First,
multiple linear regression was performed considering all samples from the 5 participating countries. To
further investigate possible exposure sources and differences between countries, multiple linear regression
was additionally performed for each country separately. Statistical analyses were done using SPSS version
28.0.1.1 (IBM, Armonk, United States), while figures were prepared using GraphPad Prism 10.0.0 for
Windows (GraphPad Software, Boston, Massachusetts, USA).

Risk assessment
Risk assessment was conducted by calculating EDIs for PFRs for which at least one metabolite showed an
overall DF > 50%, followed by comparison of EDI values with DNELs. When multiple metabolites from the
same parent compound showed an overall DF > 50%, their molar concentrations were summed and used in
the EDI calculations. The EDI was calculated according to the following equation?:

o - (Cozn ) MV

Fug = bw MW,,

In this equation, EDI represents the estimated daily intake in ng/kg bw/day, ¢

reflects the SG-corrected

meta

metabolite concentration in ng/mL, and V,,  represents the daily urinary output, assumed to be 771 mL for

children aged 6-12 years'”. F, is the urinary excretion factor, bw is the body weight in kg, while MW, and
MW, are the molecular weights of the parent compound and metabolite in g/mol, respectively. EDI
calculations and risk assessment were performed for children with available information on body weight (n =
462). Due to limited human toxicokinetic data for PFRs, F, values from in vitro studies were used
[Supplementary Table 5]. Used DNELs were retrieved from the ECHA Chem database!*. For compounds
with no DNEL in the ECHA Chem database, the DNEL was taken from the US EPA CompTox database!*
[Supplementary Table 5]. The risk characterization ratio (RCR) for each PFR was obtained by dividing the
EDI by the DNEL. An RCR below 1 indicates no expected risk under the assessed exposure conditions, while
an RCR above 1 suggests a potential risk for adverse effects of that compound'’). In addition, a cumulative
hazard index (HI) for PFRs for each individual was calculated as the sum of the RCRs of all included parent
compounds™.

RESULTS AND DISCUSSION

Study populations

The study population consisted of 502 children [Table 1]. The median overall age at sample collection was
9.9 years [interquartile range (IQR): 9.0-11.3], with the lowest median age of sample collection in South
Korea (8.8 years old) and the highest median age of sample collection in Indonesia (11.8 years). The
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Table 1. Participant characteristics of children included for analysis of PFR metabolites in urine displayed for all countries together and for each country separately

All countries Egypt Bangladesh Thailand Indonesia South Korea

Sampling year (2022-2023) 2023 2023 2023 2023 2022

n (%) Median (IQR) n (%) Median (IQR) n (%) Median (IQR) n (%) Median (IQR) n (%) Median (IQR) n (%) Median (IQR)
n 502 98 100 na 100 90
Age (years) 449 9.9 (9.0-11.3) 84 9.7 (8.9-10.0) 85 9.2 (9.0-9.5) 102 10.8 (9.7-11.5) 90 1.8 (11.7-12.1) 88 8.8 (8.5-9.2)
Sex
Boy 237 (49.8) 43 (48.9) 51(51) 53(49.5) 41(44.6) 49 (55.1)
Girl 239 (50.2) 45 (51.1) 49 (49) 54 (50.5) 51(55.4) 40 (44.9)
Height (cm) 462 138.3 (132.0-145.0) 75 134.8 (130.0-140.8) 100 136.3 (131.1-141.0) 108 141.5 (134.1-151.3) 92 146.0 (140.0-151.2) 87 133.1(128.8-138.3)
Body weight (kg) 462 33.6 (28.1-42.2) 75 32.0(28.2-39.0) 100 29.8 (25.5-38.8) 108 39.5(29.1-39.5) 92 37.8 (32.6-47.5) 87 31.4 (26.7-39.0)
BMI 462 17.3 (15.4-21.0) 75 17.2 (15.2-20.8) 100 16.2 (14.7-19.3) 108 18.5(16.0-24.4) 92 17.9 (15.7-21.5) 87 17.5(15.7-20.5)
Maternal education
Below high school 125 (29.0) 4 (6.3) 35(36.1) 39 (43.3) 47 (51.1)
High school diploma 82 (19.0) 19 (30.2) 3@D 32(35.6) 9(9.8) 19 (21.3)
Undergraduate degree 165 (38.3) 38 (60.3) 15 (15.5) 16 (17.8) 34 (37.0) 62 (69.7)
Graduate degree or 59 (13.7) 2@3.2) 44 (45.4) 3(3.3) 2(2.2) 8(9.0)
higher
Paternal education
Below high school 148 (34.7) 7 (10.9) 50 (51.5) 38 (45.2) 52 (56.5) 100
High school diploma 72 (16.9) 15 (23.4) 101.0) 39 (46.4) 4(4.3) 13 (14.6)
Undergraduate degree 141 (33.1) 38 (59.4) 16 (16.5) 6 (7.1) 25(27.2) 56 (62.9)
Graduate degree or 65 (15.3) 4(6.3) 30 (30.9) 101.2) 1(12.0) 19 (21.3)

higher

Percentages were calculated using the number of participants with available data for each variable. PFR: Organophosphate flame retardant; IQR: interquartile range; BMI: body mass index.

population consisted of 49.8% boys and 50.2% girls. Half of the participants had parents with an undergraduate degree or higher. Across countries, levels of maternal

and paternal education varied substantially. In Indonesia, most parents had a degree below high school, while in South Korea, most parents had an undergraduate

degree or higher.

Urinary levels of PFR metabolites

Among all samples from the five different countries, DPHP, BDCIPP, 1-hydroxy-2-propyl bis (1-chloro-2-propyl) phosphate (BCIPHIPP), 2-ethylhexyl phenyl
phosphate (EHPHP) and 2-ethyl-5-hydroxyhexyl diphenyl phosphate (5-HO-EHDPHP) were detected in > 50% of samples [Supplementary Tables 6-8]. For other
metabolites, DFs varied across countries. 4-Hydroxyphenyl phosphate (4-HO-DPHP) and tris (chloroethyl) phosphate (TCEP) showed DFs of > 50% in South Korean
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Table 2. Detection frequencies and descriptive statistics of PFR metabolites [geometric mean, median (IQR) and 95th percentile in ng/mL, SG corrected] in children from 5 different countries, displayed for
each country

Egypt Bangladesh Thailand Indonesia South Korea
Parent . DF ) DF ) DF ) DF . DF )
compound Metabolite (%) GM median (IQR) 95th (%) GM median (IQR) 95th (%) GM median (IQR) 95th (%) GM median (IQR) 95th (%) GM median (IQR) 95th
BCIPP 2 <10Q < 1 <1L0Q < 2 <1L0Q < 1 <10Q < 7 <10Q 0.71
LOQ LOQ LOQ LOQ '
TCIPP
on 013 0.22 0.48 0.74
BCIPHIPP 82 012 (oo oo, 046 79 004 (U o 049 92 029 (g 216 96 050 (U 244 100 092 (oo, 514
LA 118 (< < LOQ (< <LOQ (< 1.01(<
4-HO-DPHP 74 A 505 oo 956 41 100-092) 202 42 0008y 22 W <L0Q 107 64 084 |50% a0 15.42
0.61 0.27 (< 0.52 034 0.78
TPHP DPHP 9 06 (uoosn M7 7T 031 50 Gen 1295 053 (5 e 157 87 037 (o 144 98 092 (oo 489
0.01(< <L0Q (<
HO-TPHP 65 001 |50 02 0.04 17 L00-001) 0.05 26 <L0Q 0.03 15 <L0Q 003 21 <L0Q 0.02
012 016 018 0.11 0.27
TDCIPP BDCIPP 86 013 (0o 0. 048 91 019 (D oo 062 94 018 ()0 oo, 081 80 OM oo 03 99 025 (oo 055
0.05 (< 0.05 (< 0.05 (< 0.05
EHPHP 75005 |00 oog 014 22 <L0Q 024 55 005 o5 o 016 52 005 oo oo 017 76 006 (000 025
EHDPHP
0.03 <L0Q (< 0.04 0.02 (< 0.03
5-HO-EHDPHP 90 0.04 (0> 0 ocy 016 29 100-00%) 003 91 004 (Jooooe OT 74 002 o4 S0 009 94 003 (oo 014
BBOEP 0 <10Q < 14 <10Q 009 2 <L0Q < 2 <10Q < 2 <10Q <
LOQ : LOQ LOQ LOQ
TBOEP
< < < <
TBOEP-OH 0O <L0Q oq © <L0Q oq 5 <L0Q 06 0 <L0Q log 2 <L0Q 00
<LOQ (<
TNBP DNBP 1 <L0Q 019 38 043 19 <L0Q 021 14 <L0Q 048 24 <L0Q 0.43
LOQ-0.26)
TEHP BEHP 0 <L0Q N 1 <L0Q < 1 <10Q < 2 <L0Q N 3 <L0Q N
LOQ LOQ LOQ LOQ LOQ
TCEP TCEP 5 <L0Q 003 2 <L0Q < 17 <L0Q 014 9 <L0Q 008 54 003 094C 016
: LOQ : : 2 10Q-0.09) ‘

The geometric mean is displayed for compounds with DF > 50%. PFR: Organophosphate flame retardant; IQR: interquartile range; SG: specific gravity; DF: detection frequency; GM: geometric mean; TCIPP: tris (1-chloro-2-
propyl) phosphate; BCIPP: bis (1-chloro-2-propyl) phosphate; BCIPHIPP: 1-hydroxy-2-propyl bis (1-chloro-2-propyl) phosphate; TPHP: triphenyl phosphate; 4-HO-DPHP: 4-hydroxyphenyl phosphate; DPHP: diphenyl phosphate;
HO-TPHP: hydroxyphenyl diphenyl phosphate; TDCIPP: tris (1,3-dichloro-2-propyl) phosphate; BDCIPP: bis (1,3-dichloro-2-propyl) phosphate; EHDPHP: 2-ethylhexyldiphenyl phosphate; EHPHP: 2-ethylhexyl phenyl phosphate;
5-HO-EHDPHP: 2-ethyl-5-hydroxyhexyl diphenyl phosphate; TBOEP: tris (2-butoxyethyl) phosphate; BBOEP: bis (2-butoxyethyl) phosphate; TBOEP-OH: bis (2-butoxyethyl) 3'-hydroxy-2-butoxyethyl phosphate; TNBP: tri-n-
butyl phosphate; DNBP: di-n-butyl phosphate; TEHP: tris (2-ethylhexyl) phosphate; BEHP: bis (2-ethylhexyl) phosphate; TCEP: tris (chloroethyl) phosphate; LOQ: limit of quantification.
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Figure 1. Median concentrations of PFR metabolites displayed per country (ng/mL, SG-corrected). Metabolites detected in more than 50%
of urine samples across all 5 countries are shown, with the parent compound in brackets. The y-axis is shown on a logarithmic scale. The
box represents the median and IQR, with the whiskers representing the 5th and 95th percentiles. Data points outside the 5%-95% range
are plotted as individual points. Metabolite concentrations arranged per metabolite rather than per country to show differences across
countries for each metabolite are displayed in Figure 2. PFR: Organophosphate flame retardant; SG: specific gravity; IQR: interquartile
range; DPHP: diphenyl phosphate; TPHP: triphenyl phosphate; BDCIPP: bis (1,3-dichloro-2-propyl) phosphate; TDCIPP: tris (1,3-dichloro-2-
propyl) phosphate; BCIPHIPP: 1-hydroxy-2-propyl bis (1-chloro-2-propyl) phosphate; TCIPP: tris (1-chloro-2-propyl) phosphate; EHPHP: 2-
ethylhexyl phenyl phosphate; EHDPHP: 2-ethylhexyldiphenyl phosphate; 5-HO-EHDPHP: 2-ethyl-5-hydroxyhexyl diphenyl phosphate.

samples, and similar DFs were observed for 4-HO-DPHP and hydroxyphenyl diphenyl phosphate (HO-
TPHP) in Egyptian samples [Table 2, Supplementary Tables 9 and 10]. In other countries, these compounds
were detected in < 50% of the samples.

Including samples from all countries, DPHP showed the highest median concentration (0.49 ng/mL),
followed by BCIPHIPP (0.26 ng/mL) and BDCIPP (0.15 ng/mL) [Supplementary Tables 6-8 and
Supplementary Figure 1]. From the included countries, the highest median concentrations for DPHP (0.78
ng/mL), BDCIPP (0.27 ng/mL) and BCIPHIPP (0.74 ng/mL) were detected in South Korea, while for 5-HO-
EHDPHP the highest median level was found in Thailand (0.04 ng/mL) and EHPHP showed similar
concentrations in Egypt, Thailand, Indonesia and South Korea (0.05 ng/mL) [Figures 1 and 2, Table 2,
Supplementary Tables 9 and 10]. In Bangladesh, lower DFs and PFR metabolite concentrations were
observed compared to the other included countries, with DFs < 50% for EHPHP and 5-HO-EHDPHP
[Figures 1 and 2, Table 2, Supplementary Tables 9 and 10].

Exposure patterns for PFR metabolites that were detected in more than 50% of all samples, differed between
countries [Figure 1]. In South Korea and Thailand, DPHP was the predominant metabolite (median
concentrations of 0.78 and 0.52 ng/mL, respectively) followed by BCIPHIPP (0.74 and 0.22 ng/mL,
respectively) [Figure 1, Table 2, Supplementary Tables 9 and 10]. Similarly, DPHP was the predominant
metabolite in Bangladesh and Egypt (median concentrations of 0.27 and 0.61 ng/mL, respectively), while
BDCIPP had the second-highest median concentrations (0.16 and 0.12 ng/mL, respectively). In Indonesia,
the predominant metabolite was BCIPHIPP (median concentration of 0.48 ng/mL) followed by DPHP (0.34
ng/mL). Statistical analysis revealed significant differences in concentrations for all compounds between
countries [Supplementary Tables 11-15].
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Figure 2. Median PFR metabolite concentrations (ng/mL, SG corrected) for each metabolite displayed separately for each country and the
parent compound in brackets. The y-axis is shown on a logarithmic scale. The box represents the median and IQR, with the whiskers
representing the 5% and 95% percentiles. Data points outside the 5%-95% range are plotted as individual points. PFR: Organophosphate
flame retardant; SG: specific gravity; IQR: interquartile range; DPHP: diphenyl phosphate; TPHP: triphenyl phosphate; BDCIPP: bis (1,3-
dichloro-2-propyl) phosphate; TDCIPP: tris (1,3-dichloro-2-propyl) phosphate; BCIPHIPP: 1-hydroxy-2-propyl bis (1-chloro-2-propyl)
phosphate; BCIPP: bis (1-chloro-2-propyl) phosphate; EHPHP: 2-ethylhexyl phenyl phosphate; EHDPHP: 2-ethylhexyldiphenyl phosphate;
5-HO-EHDPHP: 2-ethyl-5-hydroxyhexyl diphenyl phosphate.

The comparison of levels reported in the current study with previously reported concentrations (ng/mlL,
uncorrected for dilution) of PFR metabolite, showed variation across countries and metabolites. In general,
EHDPHP metabolite levels in the present study in all countries were generally lower than reported in Asia,
Australia, and Europe [Table 3]""»*#2>#>49]_For other metabolites, no consistent geographic trend was
observed, with exposure patterns varying by country and metabolite, and each country showing a distinct
exposure profile compared to previously reported data from Asia, Australia, Europe, and the United States.
Therefore, results are compared for each included country individually with previously reported
concentrations in other regions.

In Egypt, DPHP levels were higher than those reported in other Asian studies but lower than those reported
in Europe and the United States. BDCIPP concentrations were comparable to those reported in other Asian
studies but lower than those reported in Australia, Europe and the United States, while BCIPHIPP levels
were lower than those reported in Australia, Asia and Belgium. Bangladeshi children showed lower DPHP
and BCIPHIPP levels than previously reported in Asia, Australia and Europe, with BDCIPP levels
comparable to those in Asian studies but lower than those in Australia, Europe and the United States. Thai
children showed higher DPHP levels than those reported in other Asian studies, but lower than observed in
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Table 3. Comparison of PFR metabolites in the current study with levels reported in literature

Period of Age of TCIPP TPHP TNBP TDCIPP EHDPHP TBOEP TEHP
n Country sample children TCEP
collection included BCIPP BCIPHIPP DPHP 4-HO-DPHP HO-TPHP DNBP BDCIPP EHPHP 5-HO-EHDPHP BBOEP TBOEP-OH BEHP

Currentstudy 98 Egypt 2023 8-10years <LOQ 0.1 062 105 0.01 <L0Q 0 005 003 <L0Q <LOQ <L0Q <L0Q
Currentstudy 100  Bangladesh 2023 7-10years <LOQ 01 017  <LOQ <L0Q <L0Q 0T <L0Q <LlOQ <L0Q <LOQ <L0Q <LOQ
Current study 114 Thailand 2023 6-12years <LOQ 0.25 0.52 < LOQ <LOQ < LOQ 0.16 0.05 0.04 <LOQ < LOQ <LOQ <LOQ
Current study 100 Indonesia 2023 10-14 years <LOQ 0.48 0.33 < LOQ < LOQ <LOQ 0.1 0.04 0.02 <LOQ <LOQ <LOQ <LOQ
Currentstudy 90  SouthKorea 2022 7-10years <LOQ 103 101 115 <L0Q <L0Q 0.3 007 003 <L0Q <LOQ <LOQ 0.06
:,as;'g:;;f]" e 128 Japan 2009-2010  7-12years <LOQ 0.8 032 022 <L0Q <L0Q 007 <L0Q 004 0.2 <L0Q 0.05
Zengetal.,
2023 427 Japan 2017-2020  9-12years <LOQ 0.2 027 <LOQ <L0Q <L0Q 0 024  <LOQ 007  <LOQ <L0Q
Chenetal, ., 1 2020-2022  6-10 0.461 0.00333 0.165 0.182
2023’[26] alwan - - years B B . .
Huetal., 1194  Chi 2018 6-18 0.36 0.23 0.2 017
2022,[27] . Ina - years . . . .
Yuetal, 929 Chi 2018 6-18 0.37 022 <LO 0.19 0.16 027
20221281 ina -18 years . . Q . . X
Queetal., .
2025¢146 Pooled Australia  2022-2023  6-15years <LOQ 2.61 <L0Q <L0Q 168 024 009 <L0Q <LOQ <L0Q
:f"Z%‘;dﬁfﬂft 655  Belgium 2014-2023  4-12years <LOQ 0.45 157 <LOQ <L0Q 018 0.41 017 0.22 <L0Q <LOQ <L0Q <LOQ
:fs;';;;‘jﬁ" ® g2 Belgium 20172018 14-15years <LOQ 0.61 122 <LoQ <l0oQ  <lOQ 029 377 008 <L0Q <L0Q <L0Q
Rosolenetal, , , kK 2017-2019 7 102 0.35
202311 enmar - years . .
Rosolenetal, o ¢ i 2013-2015 1M <LO 3.01 0.21
202311 ovakia - years Q . .
CDC, 20192 331 USA 2017-2018  6-Tlyears 0118 18 3.28

Levels are median levels in ng/mL, uncorrected for SG, unless otherwise stated. Empty cells indicate that the metabolite was not measured in that study. "Mean concentrations. 'SG corrected concentrations were used. #*This
study used pooled samples and the arithmic mean of pools from boys and girls 6-15 years is displayed here. Empty cells indicate that the metabolite was not measured in that study. PFR: Organophosphate flame retardant;
TCIPP: tris (1-chloro-2-propyl) phosphate; BCIPP: bis (1-chloro-2-propyl) phosphate; BCIPHIPP: 1-hydroxy-2-propyl bis (1-chloro-2-propyl) phosphate; TPHP: triphenyl phosphate; DPHP: diphenyl phosphate; 4-HO-DPHP: 4-
hydroxyphenyl phosphate; HO-TPHP: hydroxyphenyl diphenyl phosphate; TNBP: tri-n-butyl phosphate; DNBP: di-n-butyl phosphate; TDCIPP: tris (1,3-dichloro-2-propyl) phosphate; BDCIPP: bis (1,3-dichloro-2-propyl)
phosphate; EHDPHP: 2-ethylhexyldiphenyl phosphate; EHPHP: 2-ethylhexyl phenyl phosphate; 5-HO-EHDPHP: 2-ethyl-5-hydroxyhexyl diphenyl phosphate; TBOEP: tris (2-butoxyethyl) phosphate; BBOEP: bis (2-butoxyethyl)
phosphate; TBOEP-OH: bis (2-butoxyethyl) 3'-hydroxy-2-butoxyethyl phosphate; TEHP: tris (2-ethylhexyl) phosphate; BEHP: bis (2-ethylhexyl) phosphate; TCEP: tris (chloroethyl) phosphate; LOQ: limit of quantification; SG:
specific gravity.
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Europe and the United States. BDCIPP and BCIPHIPP were similar to those reported in other Asian
countries but lower than those reported in Australia and Europe. In Indonesia, DPHP and BDCIPP levels
were comparable to those reported in other Asian studies but lower than those reported in Australia, Europe,
and the United States, whereas BCIPHIPP levels were higher than previously reported in Asian countries,
similar to levels in Belgian children and lower than reported in Australia. Lastly, South Korean children
showed higher DPHP and BDCIPP levels than those reported in other Asian countries, comparable levels to
European studies and lower than reported in Australian children, whereas BCIPHIPP levels were higher than
previously reported levels in Asia and Europe but lower than in Australia.

Determinants of PFR exposure

Results of the univariate analyses of potential PFR exposure determinants are displayed in Supplementary
Table 4. In the multivariate models, country was the only variable that showed a significant contribution to
the variation in concentrations for DPHP, Y EHDPHP and Y PFRs [Supplementary Table 16]. For BDCIPP
and BCIPHIPP, country and hip circumference were revealed to be significant exposure determinants.
Interestingly, hip circumference was negatively associated with BDCIPP concentrations [e® = 0.99
(0.98-1.00), P = 0.003], while it was positively associated with BCIPHIPP levels [e® = 1.02 (1.01-1.03), P <
0.001]. The fact that the country was identified as an exposure determinant for each metabolite indicates that
the exposure sources might be specific for each country. Results from the statistical analysis for each separate
country, including R-squared values, e* values (with 95% confidence intervals), and P-values are displayed in
Supplementary Tables 17-21.

Housing characteristics were associated with DPHP concentrations in Bangladesh and South Korea. In
Bangladesh, children living in a house that had not been renovated within the last year showed 35% lower
DPHP concentrations than children living in recently renovated houses [e® = 0.65 (0.47-0.89), P = 0.008,
Supplementary Table 18]. In contrast, in South Korea, children living in a house built longer than 3 years ago
showed concentrations more than 2 times higher than children living in a recently built house [e® =2.45
(1.29-4.64), P = 0.007, Supplementary Table 21]. In addition, consumption of microwaved food with
plasticware [South Korea, P = 0.027, Supplementary Table 21], canned food (Indonesia, P = 0.043,
Supplementary Table 20), and fermented sauce (Thailand, P = 0.007, Supplementary Table 19) was positively
associated with DPHP concentrations.

In Egypt, a positive association was found between the frequency of consuming Koshary, a traditional local
street food dish (consisting of a mixture of pasta, fried rice, vermicelli, brown lentils, chickpeas, tomato
sauce, garlic vinegar and crispy fried onions) and BDCIPP concentrations (P = 0.011, Supplementary Table
17). In Indonesia and South Korea, the frequency of eating ready-made meals was identified as a significant
exposure variable with positive associations for BDCIPP (P = 0.050 and P = 0.013, Supplementary Tables 20
and 21, respectively). In Thailand, children who did not microwave their food with plasticware showed 33%
lower BDCIPP concentrations than children who ate food microwaved with plasticware [e® = 0.67
(0.48-0.96), P = 0.027, Supplementary Table 19].

Consumption of canned beverages (Indonesia, P = 0.039, Supplementary Table 20), eggs (South Korea, P =
0.011, Supplementary Table 21), and microwaved food with a plastic wrap (Thailand, P = 0.013,
Supplementary Table 19) was positively associated with BCIPHIPP concentrations. Additionally, more
frequent use of humidifiers resulted in lower BCIPHIPP urinary concentrations in South Korea (P = 0.034,
Supplementary Table 21).

For YEHDPHP, children living in a house that was built more than 3 years ago showed higher YEHDPHP
concentrations in Indonesia [e® = 1.43 (1.02-2.01), P = 0.015, Supplementary Table 20] while in South Korea,
the use of an air conditioner (P = 0.039, Supplementary Table 21) was positively associated with Y EHDPHP
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concentrations. Eating food that was stored in the refrigerator with plasticware (South Korea, P = 0.015,
Supplementary Table 21) or with a plastic wrap (Thailand, P = 0.013, Supplementary Table 19) was positively
associated with higher Y EHDPHP metabolites.

For YPFRs, positive associations were observed for the consumption of canned beverages (Indonesia, P =
0.014, Supplementary Table 20), eggs (South Korea, P = 0.005, Supplementary Table 21), food microwaved
with plasticware (South Korea, P = 0.028, Supplementary Table 21), paper packed beverages (Thailand, P =
0.016, Supplementary Table 19) and plastic packaged food (Thailand, P = 0.024, Supplementary Table 19).
Additionally, in South Korea, the use of a humidifier resulted in lower Y PFR levels (P = 0.020,
Supplementary Table 21), while children living in a house that was built more than 3 years ago had 1.6 times
higher Y PFR concentrations [e® = 1.58 (1.03-2.45), P = 0.039, Supplementary Table 21].

In the present study, consumption of different food groups, or of food stored or prepared in specific ways,
was associated with higher PFR concentrations. Different food groups or storage and preparation conditions
were identified as exposure variables across countries. Several studies have investigated the relationship
between food consumption and PFR concentrations. However, results between studies differed, with some
studies not identifying any associations while others found certain food products to be associated only with
concentrations of certain individual PFRs">*»*»**/_ Among the included countries in this study, different
exposure variables were retained as significant determinants of exposure to different PFRs. The variation in
PFR concentrations and exposure sources may be attributed to the differences in climate, food consumption,
and lifestyle habits across countries. In addition, differences in age of included children between countries
might explain the observed differences in metabolite concentrations, with median ages ranging from 8.8
years (South Korea) to 11.8 years (Indonesia). Remarkably, the included children in South Korea were the
youngest, while the reported metabolite concentrations in this country were the highest. Moreover, different
socioeconomic factors might also play a role. According to the United Nations, South Korea is a developed
country, whereas the other included countries are classified as developing countries™*”. This may explain the
higher concentrations of PFRs in South Korea compared to the other countries included in this study.
However, in comparison with other similarly developed Asian and European countries, South Korea showed
higher PFR concentrations than reported in Japan, and higher BCIPHIPP concentrations than both Japan
and Europe!">?***>*]_ Another explanation for differences in PFR concentrations between the included
countries might be the different regulations of FRs in the different countries. Restriction of BFRs may lead to
an increased use of PFRs. In Egypt, PBDEs are banned in line with the Stockholm Convention, while some
PFRs have also been restricted in use. TCEP is prohibited in children’s electrical products, while the use of

50,51

PFRs in food containers is restricted based on migration limits derived from EU benchmarks®>*'. In
Bangladesh, a restriction on PBDE:s in electronics, based on international guidelines, has been proposed but
has not yet been implemented, which may explain the lower concentrations of PFR metabolites detected in
Bangladesh. In Thailand, PBDEs are also restricted in use with certain limits"*’.. In Indonesia, the PBDE
content of safety glass cannot exceed 0.1%, while for other sectors regulations regarding PBDE use have not
yet been developed®. In South Korea, there are strict regulations banning the use of BERs or restricting their
use in specific items to a limited amount”. When the use of BFRs is restricted, it might be necessary to use
other compounds, such as PFRs, to adhere to flammability standards. This could lead to increased use of
PFRs and the higher levels of PFR metabolites observed in South Korea compared to the other included
countries in this study. In addition, the lower age of the South Korean children included might contribute to
the higher concentrations of PFRs in these children, as younger age groups are generally considered to have a
higher exposure to environmental contaminants due to behavioral and physiological factors such as
increased hand-to-mouth activity.
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Figure 3. EDIs (in ng/kg bw/day) of PFR parent compounds for the different countries (A); RCRs and the HI for PFR parent compounds for
children from different countries (B). The y-axis is shown on a logarithmic scale. The box represents the median and IQR, with the
whiskers representing the 5% and 95% percentiles. Data points outside the 5%-95% range are plotted as individual points. EDIs:
Estimated daily intakes; PFR: organophosphate flame retardant; RCRs: risk characterization ratios; HI: hazard index; IQR: interquartile
range; TPHP: triphenyl phosphate; TDCIPP: tris (1,3-dichloro-2-propyl) phosphate; TCIPP: tris (1-chloro-2-propyl) phosphate; EHDPHP: 2-
ethylhexyldiphenyl phosphate.

Risk assessment
The highest median EDI was reported for TPHP (74.1 ng/kg bw/day) [Supplementary Figure 2A], while for
TCIPP the highest median RCR was observed (0.0021) [Supplementary Figure 2B].

For all compounds, median RCR values were more than 2 orders of magnitude below the critical value of 1.
For TCIPP, one child expressed an RCR > 1 (individual from Thailand, value of 2.3). The median HI was
0.003, with only one individual showing an HI above 1 (same individual from Thailand, value of 2.3)
[Supplementary Figure 2B]. In all individual countries, TPHP showed the highest median ED], indicating
that children were exposed to the largest extent to TPHP [Figure 3A]. This is in line with earlier reported
results in Europe">*”, and China**. In this study, the highest median EDI for TPHP (142 ng/kg bw/day), tris
(1,3-dichloro-2-propyl) phosphate (TDCIPP, 17.8 ng/kg bw/day), and TCIPP (69.6 ng/kg bw/day) was
reported in South Korea, while for EHDPHP, South Korea (11.9 ng/kg bw/day) and Egypt showed the
highest EDI (11.7 ng/kg bw/day). South Korea also showed the highest median HI (0.009) [Figure 3B] of the
studied countries. Even though the median and 95th percentile for the HI in Thailand were well below 1
(0.0033 and 0.037, respectively), one individual showed an HI > 1 in this country due to the high
concentration of BCIPHIPP [Figure 3B].

Study limitations

Even though extensive questionnaires were used, resulting R-squared values of the regression models were
relatively low (0.010-0.338), indicating some exposure sources, including specific food products and specific
consumer products, are being missed. Future studies are advised to include specific variables of exposure to
PFRs in their questionnaires when exploring possible exposure determinants for PFRs. In addition, the
current study did not include external exposure measurements (e.g., dust, food) as this was not within the
scope of the current study. External exposure measurements are of high value in future studies assessing the
exposure pathways of PFRs. One limitation of the current study is the relatively small sample size
(approximately 100 per country), which reduced statistical power. Therefore, statistical results should be
interpreted with caution to avoid overinterpretation. However, results from the statistical analysis may
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indicate potential sources of exposure and suggest which variables should be included in future studies with a
larger sample size. Sampling was performed only in one specific location in each country; therefore, the
results reflect exposure in the investigated regions, which may not always be generalizable to the national
population.

As toxicity and toxicokinetic data for PFRs are scarce, the risk assessment was performed using DNEL values
from ECHA and US EPA, which are based on animal studies that did not always assess chronic exposure. In
addition, urinary excretion factors used were derived from in vitro studies. The use of animal and in vitro
data adds uncertainty to the risk assessment. Moreover, some PFRs can be present in the environment as
metabolites rather than as parent compounds (e.g., in food products). When calculating the estimated daily
exposure based on urinary levels, this fact is not accounted for, and therefore the calculated EDI and RCR
might be an overestimation. Another limitation is the cross-sectional design of the study using single-spot
urine samples, collected at a single time point, which might not adequately reflect temporal variability and
therefore might not reflect long-term exposure patterns. Therefore, the EDIs and risk assessment should be
interpreted as indicators of potential acute exposure and risks rather than precise estimations of chronic risk.
To investigate chronic risks of PFR exposure, future studies should consider a longitudinal design with
multiple sampling moments to reflect variability and long-term exposure.

CONCLUSIONS

This study assessed children’s exposure to PFRs in five countries in which data on PFRs are scarce.
Concentrations of PFR metabolites were measured using validated analytical methods supported by internal
and external QC samples to ensure reliable performance. A total of 13 PFR metabolites were analyzed,
including BCIPHIPP, EHPHP, and 5-HO-EHDPHP, for which data are still scarce. This enabled risk
assessments for individual parent compounds and for combined exposure to multiple PFRs by calculating
the HI. The implementation of a harmonized sampling protocol, including consistent questionnaires and the
inclusion of children in the same age group, enabled comparison of the observed PFR levels across the five
included countries. In general, concentrations reported in the current study were lower than those reported
in children in Europe and the United States but similar to those reported in children from China, Japan, and
Taiwan. South Korea was an exception among the studied countries and generally showed higher
concentrations of PFR metabolites than reported in most of the other included countries and other studies.
Differences in PFR concentrations and exposure profiles might be due to differences in lifestyle and different
regulations of FR usage across the studied countries. In general, RCRs and HIs were more than 2 orders of
magnitude below the critical value of 1, with only one individual in Thailand showing an HI above 1 due to
high TCIPP exposure. This indicates that the included population is not at risk of adverse effects from PFRs
based on current acute exposure levels in single spot urine samples. This study can contribute to the limited
data on PFR exposure in Egypt, Bangladesh, Thailand, Indonesia, and South Korea and provide indications
for future studies to identify differences in exposure patterns and exposure sources between different
countries.
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55.  Presidential Decree No. 33514. Enforcement decree of the persistent pollutants control act. 2023. https://elaw.klri.re.kr/eng_mobile/view

er.do?hseq=68807&type=part&key=39. (accessed on 5 Aug 2026).
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