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ARTICLE INFO ABSTRACT

Keywords: Pesticides have been extensively used worldwide for agricultural, public health, veterinary or domestic purposes.
Hun}a_n biomonitoring Because children are among the most vulnerable and exposed populations to pesticides, the monitoring of their
Pesticides exposure is of primary importance. However, only few currently used pesticides are usually included in bio-
Children . . . . X .

Utine monitoring studies, while for a large number, data are sparse or inexistant. To partly fill this gap, several classes
Exposure of currently used pesticides, namely pyrethroids, organophosphorus (through dialkylphosphates and tri-

chloropyridinol), neonicotinoids, dithiocarbamates (through ethylenethiourea), chlormequat chloride and
glyphosate were measured in the urine of 84 Belgian children aged from 2 to 15 years and recruited in 2019.
Most of the pyrethroid metabolites studied showed detection frequencies ranging between 63 and 99% with
median concentrations from 0.36 to 1.54 pg/L, while trichloropyridinol and diethylphosphate (respectively
specific and common metabolite to several organophosphorus including chlorpyrifos) were the most frequently
measured among organophosphorus in 100% and 98% of the samples (P50 = 1.25 and 1.83 pg/L). Among
neonicotinoids, acetamiprid desmethyl and imidacloprid metabolites (hydroxyled and olefin) were the most
abundant confirming the relevance of their measurement compared to the corresponding parents. Ethyl-
enethiourea and chlormequat chloride were positively detected in most samples (68% and 100% respectively)
with median levels of 0.40 pg/L and 6.7 pg/L demonstrating the widespread exposure of the Belgian children,
while glyphosate and aminomethylphosphonic acid were detected in 25% and 19% of the samples confirming the
low levels usually found in urine. To our knowledge, this is the first study reporting biomonitoring data of
neonicotinoid, ethylenethiourea and chlormequat chloride in a Belgian population.
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1. Introduction

Pesticides have been used since ancient times to struggle against
pests mainly within the field of agriculture to protect crops among
others from harmful insects, weeds, mold, bacteria, nematodes, but also
for public health protection for instance by controlling disease vector
insects, for veterinary purposes (use on domestic pets), for indoor or
outdoor domestic uses, for the protection of wood building materials,
etc. With the modernisation of the civilizations, natural mineral sub-
stances such as sulphur or arsenic, or plant-based substances like rote-
none or aconit have been supplanted by synthetic chemicals within the
20th century and the development of organochlorine pesticides. Since
then, the pesticide market has been continually evolving with regular
shift to new chemicals as an adaption to new regulations implemented
(Cequier et al., 2016; Donley, 2019; Shekhar et al., 2024). Although
currently used pesticides are supposed to exhibit lower acute toxicity to
non-targeted species including Human than their historical predecessors
(e.g. organochlorines), their extensive uses have led to the ubiquitous
contamination of the environment and evidence of potential chronic
adverse effects on Human health and biodiversity have been growing.
Long term exposure has been associated among others with neurological
disorders, reproductive impairments, developmental issues, endocrine
disruption, hepatotoxicity, or cancers (Cimino et al., 2017; Han et al.,
2018; Saillenfait et al., 2015; Shekhar et al., 2024; Zhang and Lu, 2022).
Children are of particularly susceptibility to their adverse health effects
because of the different metabolic rate compared to adults, the imma-
turity of the blood-brain barrier, and the critical stages of organ devel-
opment especially the brain (Au, 2002; Osaka et al., 2016; Oulhote and
Bouchard, 2013). Moreover, they used to experience higher pesticide
exposure due to their specific diet favouring fresh food more susceptible
to containing pesticides (fruits and fruit juices, milk, water), the higher
amount of food and water ingested compared to their body weight, and
their particular behaviours (hand-to-mouth activities, time spent play-
ing on the floor) increasing the unintentional ingestion of contaminated
dust or items (Aprea et al., 2000; Au, 2002; Roberts and Karr, 2012).
Therefore the assessment of children exposure to pesticides is of primary
importance.

Human biomonitoring consisting the measurement of exposure
markers in human biological samples has been become these past de-
cades an essential tool for the assessment of chemical exposure, with the
main advantage of integrating all sources and routes of exposure (Jones,
2020; Needham et al., 2005; Vorkamp et al., 2021). Some currently used
pesticides have already been extensively studied within biomonitoring
surveys such as organochlorine, organophosphorus or pyrethroid in-
secticides (Glorennec et al., 2017; Govarts et al., 2023; Health Canada,
2024; Katsikantami et al., 2019; Li et al., 2020; Pirard et al., 2020).
However, for some others (e.g. glyphosate, neonicotinoids), the expo-
sure has only begun to be investigated very recently and even if data are
currently emerging, they remain scarcely available (Buekers et al.,
2022a; Wrobel et al.,, 2025). Finally, the internal exposure for a
numerous of pesticides is still undocumented (e.g. trazines, triazoles,
carbamates, thiocarbamates, benzofurans, chloroacetamides, etc). The
main difficulties encountered would include among others the lack of
available toxicokinetic data ensuring the selection of the proper
markers, the limited number of reference materials, or the analytical
challenge for the reliable measurement of chemicals showing a wide
range of different physicochemical properties.

In the present study, we quantitatively measured makers of exposure
of organophosphorus, pyrethroids, glyphosate, neonicotinoids, di-
thiocarbamates, and chlormequat chloride in the urine of 84 Belgian
children recruited in 2019. The aims were, on one hand, to increase the
existing biomonitoring data on well documented pesticides and to study
time and geographical trends as well as the impact of regulations
recently implemented in Europe, and on the other hand, to explore the
children exposure to emerging pesticides for which data are still scarce
or even non-existent.
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2. Materials and methods
2.1. Study population

During May 2019, 84 Belgian children aged between 2 and 15 years
old were recruited through one of the biggest Belgian non-profit con-
sumer protection organizations. Parents among members and workers of
the organization were invited to participate to this study via website and
internal communication supports, by collecting a random sport urine
sample of their child in a previously distributed polypropylene vessels,
answering to a small questionnaire about some general dietary habits
and domestic uses of pesticides. The inclusion criteria were: living in
Belgium at the time of the recruitment and being aged under 18 years
old. The urine samples were aliquoted in glass tubes before storage at
—20 °C until analysis. This study and protocol were performed in
compliance with relevant laws and institutional guidelines and have
been approved by the Hospital Faculty Ethics Committee of the Uni-
versity of Liege (2019/144) in June 2019. The privacy rights of children
have been observed and informed consent was obtained for experi-
mentation with human subjects and signed by their respective parents.
The individual results were not sent to the parent of the participant, but
global results were publicly available on the website of the consumer
protection organization.

2.2. Analytical procedures

The metabolites of pyrethroid pesticides included cis- and trans-3-
(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acids (c- and
t-DCCA), 3-phenoxybenzoic acid (3-PBA) and 4-fluoro-3-phenoxyben-
zoic acid (4F-3-PBA). The exposure to organophosphorus pesticides
was assessed by measuring 5 dialkylphosphate metabolites (DAP),
namely, dimethylthiophosphate (DMTP), dimethyldithiophosphate
(DMDTP), diethylphosphate (DEP), diethylthiophosphate (DETP),
diethyldithiophosphate (DEDTP), and trichloropyridinol (TCPY) as
specific metabolite of chlorpyrifos (methyl and ethyl). Glyphosate and
chlormequat chloride (CCC) were analysed as parent pesticides, while
aminomethylphosphonic acid (AMPA) was measured as the degradation
product of glyphosate. Ethylenethiourea (ETU) was measured to eval-
uate the exposure to ethylene bis-dithiocarbamates (EBDC) such as
mancozeb, maneb, or zineb. Finally, the neonicotinoid pesticides and
related metabolites investigated were clothianidin (CLO), clothianidin
desmethyl (CLO-DM), acetamiprid (ACE), acetamiprid desmethyl (ACE-
DM), imidacloprid (IMI) and two imidacloprid metabolites: 5-hydroxy-
imidacloprid (50H-IMI) and imidacloprid-olefin (IMI-OLE).

For pyrethroids, trichloropyridinol, and dialkylphosphates, the lab
has successfully participated to the German External Quality Assessment
Scheme (G-EQUAS) on a yearly basis (twice a year). Note that at the time
of the analysis, glyphosate was not included in the G-EQUAS, and no
other QA/QC scheme was organized including the other targeted pes-
ticides (for ETU, CCC nor neonicotinoids).

2.2.1. Analysis of pyrethroids and trichloropyridinol

The measurement of pyrethroid metabolites and TCPY was previ-
ously detailed elsewhere (Pirard et al., 2020). Briefly, urine samples (3
mL) were enzymatically hydrolysed overnight, diluted in a sodium
dihydrogen phosphate solution (0.2 M), and extracted using diethyl
ether. After evaporation, the extract was derivatized with N-tert-butyl-
dimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) at 70 °C for 30
min, and injected into a gas chromatograph coupled to tandem mass
spectrometer (GC-MS/MS) equipped with a 30 m HP5-MS column (0.25
mm X 0.25 pm, Agilent). The mass spectrometer operated in electronic
impact (EI) using 2 multiple reaction monitoring (MRM) transitions for
each compound to ensure specificity. Labelled isotopes of t-DCCA, TCPY
and 3-PBA were used for quantification. Each sequence included a 7-
point calibration curve (synthetic urine spiked with increasing levels
from 0.1 pg/L to 20 pg/L) extracted as real samples, 1 reagent blank, 2
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quality controls (QC) consisting in materials from previous German
External Quality Assessment Scheme (G-EQUAS) from Institute and Out-
Patient Clinic for Occupational, Social and Environmental Medicine of
the University Erlangen-Nuremberg, and 40 unknown samples.

2.2.2. Analysis of dialkylphosphates

The DAP metabolites of organophosphorus pesticides were analysed
according to the procedure fully described in Pirard et al. (2020).
Briefly, after acidification, urine samples were extracted using Oasis
WAX cartridge (from Waters), before being derivatized using chlor-
oiodopropane (CIP) (65 °C for 2 h). The derivatized extracts were
evaporated nearly to dryness, reconstituted in nonane, and injected into
GC-MS/MS operating in positive chemical ionization mode (PCI). The
quantification was performed by isotope dilution using for each DAP its
deuterated labelled homologue. The 6-point calibration curve was built
in synthetic urine and extracted as real samples, along with 1 reagent
blank, 2 QC from previous G-EQUAS, and 40 unknown samples.

2.2.3. Analysis of glyphosate

Internal standard (glyphosate —1,2-'3C3°N and AMPA !3C!°N?D)
was added to 1 mL of urine, 3 mL of 9-fluorenylmethyl chloroformate
(FMOC) dissolved in acetone (20 g/L), and 1 mL of disodium tetraborate
solution (5%), and let derivatize at room temperature overnight in the
dark. The acetone was then evaporated under a gentle stream of nitro-
gen, and 5 mL of ethyl acetate were added for the extraction of un-
wanted derivatization reaction residues (shaking for 10 min,
centrifugation at 2500 rpm for 5 min) before being discarded. Then the
remaining aqueous phase was acidified using 100 pL of concentrated
chlorohydric acid and extracted twice using 5 mL of diethyl ether. The
combined organic layers were evaporated until dryness under a gentle
stream of nitrogen at 40 °C, and reconstituted in the initial mobile
phases (80/20 aqueous/organic) for injection (10 pL) on a liquid chro-
matograph (UHPLC Acquity, Waters) coupled to a mass spectrometer
(Xevo TQ-S, Waters) equipped with an Acquity BEH C18 (50 mm x 2.1
mm, 1.7 pm, Waters) kept at 40 °C, with a constant flow of 0.4 mL/min.
The mobile phases consisted in a 5 mM ammonium acetate solution
adjusted to pH 9 as aqueous phase (A), and acetonitrile as organic phase
(B). The initial gradient started with 10% B for 1 min, then increased to
25% in 4 min, increased again to 100% in 0.5 min and maintained for 1
min before the return to initial conditions. The mass spec operated in
positive electrospray (ESI+) with the capillary voltage set at 3 kV, the
source and desolvatation temperatures set at 150 °C and 350 °C,
respectively. Nitrogen was used as desolvatation gas at 800 L/min while
argon was used as collision gas at a flow of 0.15 mL/min. The MRM
transitions 392.0 > 87.6 and 392.0 > 213.8 were monitored for quan-
tification and qualification of glyphosate, respectively, 334.0 > 178.8
and 334.0 > 116.0 were selected for AMPA, whereas 395.0 > 118.9 and
395.0 > 268.9, and 338.0 > 178.8 were monitored for internal standards
of glyphosate and AMPA. Each sequence included a 6-point calibration
curve built in synthetic urine and extracted as real samples (from 0.05
pg/L to 10 pg/mL), a reagent blank, 2 QC from previous G-EQUAS, and
40 unknown samples.

2.2.4. Analysis of chlormequat chloride (CCC)

The measurement method of chlormequat chloride (CCC) in urine
was based on an application note dedicated to diquat and paraquat
determination in drinking water (Van Tran et al., 2019). After the
addition of internal standard (CCC-Dg4), 3 mL of urine were buffered with
3 mL of a 400 mM solution of dipotassium phosphate/monopotassium
phosphate (2/1 w/w) adjusted to pH 7, and loaded to an Oasis WCX SPE
(8 cc, 60 mg) previously conditioned with methanol and phosphate
buffer. The cartridge was then washed with 0.7 mL of an ammonium
formate solution (20 mM, adjusted to pH 8) and 0.7 mL of methanol,
before being eluted by 2-fold 1 mL of a mixture of acetonitrile/iso-
propanol (1/1 v/v) acidified with 10% of formic acid. The extract
collected was evaporated until dryness under a gentle stream of nitrogen
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at 40 °C and reconstituted with 100 pL of mobile phase in the initial
proportions (90% B). Ten microliters of the extract were injected on a
LC-MS/MS (UHPLC Acquity coupled to Xevo TQ-S, Waters) equipped
with an Acquity UPLC BEH HILIC (2.1 mm x 100 mm x 1.7 um, Waters)
maintained at 30 °C. The mobile phase consisted in an ammonium
formate solution (25 mM) adjusted to pH 3 (A) and 0.1% formic acid in
acetonitrile (B). The flow was set at 0.4 mL/min. The following gradient
was applied: 90% B held for 1 min, then decreased to 50% B in 4 min and
maintained for 1 min. The come back to the initial conditions and the
equilibration were achieved in 3 min. The final determination was
performed in ESI+ using the following MRM transitions: 122.0 > 58.2
and 122.0 > 62.7 as quantification and qualification traces, respectively
for native CCC, and 126.0 > 58.3 and 66.8 as quantification and qual-
ification traces for deuterated CCC. The source temperature was set at
140 °C, 13.33 mL/min of nitrogen was used as desolvatation gas at
400 °C, while 0.2 mL/min of argon were introduced in the collision cell.
The quantification was performed using an 8-point calibration curve
consisting in synthetic urine spiked at increasing levels from 0.05 pg/L
to 50 pg/L and extracted as real samples. In addition, 1 reagent blank
and home-made QC (synthetic urine spiked at 1 pg/L) were analysed
with the unknown samples.

2.2.5. Analysis of ethylenethiourea

The analytical procedure to measure ETU was based on followed by
LC-MS/MS analysis and was strongly inspired from (Colosio et al.,
2002). After the addition of internal standard (consisting in ETU-Dy), 5
mL of urine were loaded on a Chem Elut cartridge (diatomaceous earth)
and let equilibrate for 5 min. Elution was carried out using twice 8 mL of
dichloromethane. The combined dichloromethane phases were evapo-
rated under a gentle stream of nitrogen at 40 °C and reconstituted with
100 pL of water. Ten microliters of the final extract were injected on a
LC-MS/MS (UHPLC Acquity coupled to Xevo TQ-S, Waters) equipped
with an Acquity UPLC HSS T3 (2.1 mm x 100 mm x 1.8 pm, Waters)
heated at 40 °C and eluted at a constant flow of 0.4 mL/min. Methanol
(B) and 0.1% formic acid in water (A) were used as mobile phases in the
following proportions: 100% A for 1.5 min, then A decreased to 75% in
1.5 min. The column was then rinsed with 100% B for 1 min before the
return to the initial conditions. The Xevo-TQS was operated in ESI+, at
150 °C and 350 °C for source and desolvatation temperatures respec-
tively, using nitrogen at 800 L/h and argon at 0.20 mL/min as des-
olvatation and collision gas, respectively. The following MRM
transitions were monitored: 102.95 > 44.1 and 102.95 > 86.0 for ETU,
and 107.0 > 48.1 for ETU-D4 for quantification and qualification
respectively. The unknown samples were simultaneously analysed using
a calibration curve (6 points) built in synthetic urine fortified at
increasing levels from 0.1 to 50 pg/L and extracted as real samples, 1
reagent blank, and 2 home-made QC consisting in real urine (from
anonymous donors) spiked at low levels (0.5 pg/L and 1 pg/L). At the
time of the analysis, no external QC was available (i.e. G EQUAS).

2.2.6. Analysis of neonicotinoids

The internal standard solution, containing imidacloprid-D4, clo-
thianidin-D4, acetamiprid-D3, acetamiprid desmethyl—lSCD4, imidaclo-
prid olefin-13C!°N,, and 5-hydroxy-imidaclopride-'3C!°N,, was added
to 3 mL of urine. Then the sample was enzymatically hydrolysed over-
night at 40 °C in an ammonium acetate buffer (0.1 M, pH 5) using beta-
glucuronidase and sulfatase from Helix Pomatia. An acidification of the
hydrolyzate was performed using 200 pL of formic acid (2%) prior a
double liquid-liquid extraction with 2 x 3 mL of ethyl acetate. The
combined organic layers were then evaporated to dryness under a gentle
stream of nitrogen at 40 °C and reconstituted with 100 pL of 50/50 (v/v)
0.1% formic acid in water/0.1% formic acid in methanol solution. The
final determination was carried out using a LC-MS/MS (UHPLC Acquity
coupled to Xevo TQ-S, Waters) equipped with a Kinetex biphenyl col-
umn (2.1 mm x 100 mm x 1.7 pm, Phenomenex) heated at 40 °C. A 0.4
mL/min flow of the mobile phase consisting in 0.1% formic acid in water
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(A) and 0.1% formic acid in methanol (B) was applied using the
following gradient: 80% A held for 1.5 min, then decreased linearly to
67% in 7.5 min, decreased again to 60% in 1 min, and finally decreased
to 0% in 0.1 min and held for 2 min before the coming back to the initial
conditions for 1.5 min. The mass spec was operated in ESI+, with the
source and desolvatation temperatures set at 150 °C and 350 °C,
respectively. Nitrogen (800 L/h) and argon (0.20 mL/min) were used as
desolvatation and collision gas, respectively. The MRM transitions
monitored were detailed in the supplementary material (Table S1). In
addition to the unknown samples, a 6-point calibration curve built in
synthetic urine fortified at increasing levels from 0.05 to 10 pg/L was
extracted as well as 1 reagent blank, and 2 home-made QC consisting in
real urine (from anonymous donors) spiked at low levels (0.8 pg/L and
2.5 pg/L). At the time of the analysis, no external QC were available (i.e.
G EQUAS). Each metabolite was quantified using its own labelled
standard except clothianidin desmethyl for which clothianidin-D4 was
used.

2.3. Statistical analyses

Statistical analyses were performed using Excel 2013 (Microsoft,
Redmond, WA) and RStudio (version 2023.09.1, R Project for Statistical
Computing). When a pollutant was measured below the limit of quan-
tification (LOQ) in a sample, its concentration was replaced by the LOQ
divided by two (Hornung and Reed, 1990). Pesticides with a detection
frequency between 20 and 70% were dichotomised (detected versus
non-detected) and treated as a binary variable. Molecules with a
detection frequency below 20% were not included in statistical analysis.
Due to the right-skewed distribution of urinary pesticide concentrations,
these concentrations were log-transformed (in basis 10) prior to anal-
ysis. First, a univariate linear (or logistic for dichotomized pollutants)
regression model was computed to assess the relationship between the
outcome variable (pesticide contamination) and each of the other var-
iables. Then, a multivariate linear (or logistic) regression model was
built for each molecule. The initial model incorporated all the variables
associated with the outcome in the individual model with a significance
level of p < 0.2, and backward selection was applied. Only variables
with a significance level of <0.1 were kept in the final model.

Mann-Whitney (for continuous variables) and Chi square (for
dichotomized variables) tests were used to compare the pesticide con-
centrations measured in the urine of children recruited in 2016 in
Wallonia (Pirard et al., 2020) with those obtained within the present
study. The p-values were considered as significant when below 0.05.

3. Results and discussion

All the results were treated, discussed and compared with the liter-
ature based on volumetric concentrations thus independently of the
hydration status, because the dilution correction is still controversial
within pesticide exposure assessment (Barr et al., 2004; Mage et al.,
2004; Roggeman et al., 2022), and because the biomonitoring results
with or without dilution adjustment have been observed to be not
drastically different (Wang et al., 2021). It has been indeed demon-
strated that the intraindividual variability for such compounds with
short elimination half-lives would be higher than the concentration
variations due to dilution sample status and thus would be not highly
improve by creatinine or specific gravity adjustment (Egeghy et al.,
2011; Mage et al., 2004; Roggeman et al., 2022). However, since several
major HBM studies included a dilution adjustment (through creatinine
or specific gravity measurement), the conclusions based on comparison
with the literature should be drawn with cautious.

3.1. Study population

The characteristics of the children recruited are gathered in Table 1.
The mean age was 8.9 +/— 3.8 years old, with the 6-11-year-old group a

Science of the Total Environment 1037 (2026) 181881

little bit more represented. The children were roughly equally distrib-
uted between girls and boys (45 and 39 respectively), with a higher
proportion of residents from Flanders (53.6%), Wallonia being under-
represented (17.9%). A fifth of them was reported to bite their nails, 3
children had at least one parent working with pesticides, and 52 were
expected to never be exposed to pesticides at home through domestic
uses (indoor nor in the garden). Most of them used to drink tap water,
eat sometimes organic vegetables or fruits, while all of them used to
always or often wash or peel fruits or vegetables before consumption.
The consumption of some specific foods within the last 48 h are also
presented in Table 1. This convenience child population was intended to
provide a picture of the pesticides exposure within Belgium but couldn't
be considered as representative population. Although the socio-
economical status could be an important factor influencing the pesticide
exposure of the children, this information was unfortunately not
recorded.

Table 1
Characteristics of the studied population.
N (%) N (%)
All 84 (100%)  Dietary habits
Age Organic fruits/vegetables
2-5 years 21 Always 6 (7.1%)
(25.0%)
6-11 years 38 Often 25
(45.2%) (29.8%)
12-15 years 25 Sometimes 42
(29.8%) (50.0%)
Sex Never 11
(13.1%)
Girls 45 Wash and/or peel vegetables/fruits
(53.6%)
Boys 39 before consumption
(46.4%)
Region Always 41
(48.9%)
Brussels 24 Often 43
(28.6%) (51.1%)
Flanders 45 Rarely or never 0 (0.0%)
(53.6%)
Wallonia 15 Consumption in the last
(17.9%) 48 h
Nail biting Organic vegetables
Yes 18 Yes 32
(21.4%) (38.1%)
No 66 No 52
(78.6%) (61.9%)
Recent pesticide use (by Organic fruits
parents)
Occupational use 3 (3.6%) Yes 26
(30.9%)
Outdoor domestical use 25 No 58
(29.8%) (69.1%)
Indoor domestical use 11 Grey bread or whole grains
(13.1%)
Never 52 Yes 57
(61.9%) (67.9%)
Pets at home No 27
(32.1%)
Yes 44 Stone fruits
(52.4%)
No 39 Yes 18
(46.4%) (21.4%)
No answer 1(1.2%) No 66
(78.6%)
Drinking of water Exotic fruits (incl. Banana, kiwi, etc.)
Tap water 45 Yes 46
(53.6%) (54.8%)
Bottled water 17 No 38
(20.2%) (45.2%)
Both 22
(26.2%)
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3.2. Urinary levels of pyrethroid and organophosphorus insecticides

Table 2 gathers the frequency detections (N > LOQ), the geometric
means (GM), the percentiles 5, 25, 50, 75 and 95, and the minimum and
maximum levels measured for each pesticide markers. 3-PBA and t-
DCCA were the most abundant pyrethroids measured in the urine of our
population with a median concentration of 1.54 and 1.40 pg/L respec-
tively (5.64 and 7.16 as respective P95), while 4F-3-PBA was only oc-
casionally detected (3 positive samples out 84). It wasn't unexpected
since 3-PBA and DCCA are common metabolites of several pyrethroids
whereas 4F-3-PBA and DBCA are specific metabolite to respectively
cyfluthrin and deltamethrin. Among organophosphorus metabolites,
DMTP, DEP and TCPY were measured at higher levels, with median
concentrations of 2.11, 1.83 and 1.25 pg/L, respectively. The other DAPs
were detected in less than 30% of the samples, DEDTP never being
measured above the LOQ (0.5 pg/L).

Last decades, an increasing number of studies have investigated
pyrethroid and organophosphorus exposure through human bio-
monitoring, especially in Europe driven among other by projects such as
COPHES/DEMOCOPHES or HBM4EU (reviewed by Andersen et al.,
2022), allowing the comparison of the results and thus bringing some
information about geographical and temporal variations, about specific
exposure of different populations, etc. The Tables 3 and 4 gather the
medians and P95 (expressed in pg/L) of respectively urinary pyrethroid
and organophosphorus metabolite results reported for children in the
most recent large-scale studies carried out in different parts of the world,
with emphasis on Europe. Pyrethroid levels observed in European
studies are rather comparable even if some differences sometimes
occurred with, for instance, lower concentrations reported for 3-PBA in
Slovenia, Italy, Poland or for the Spanish INMA cohorts. On the other
hand, the levels measured in North American populations seemed lower
than in Europe. This would likely be the result of the historical use of

Table 2
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different insecticide families as insect repellents between both conti-
nents, DEET being widely used for prevention of tropical mosquito and
tick bites in America while in Europe pyrethroids like prallethrin, alle-
thrin or transfluthrin would be preferred as domestic insecticides, even
if DEET is not banned but regulated under the European Union's Biocidal
Products Regulation. Contrariwise, urinary levels of organophosphorus
pesticide metabolites varied more within the European countries. Even
if pesticide regulations in terms of authorization uses or maximum res-
idue levels allowed in food are enforced by European directives, thus
similar to all European member states, some variations in the population
exposure between countries could be expected depending on the specific
diet (i.e. Mediterranean diet vs continental diet), the agriculture activ-
ities, the socioeconomic status, etc. Moreover, despite the harmoniza-
tion efforts currently being made (Andersen et al., 2022), some
differences in study design still occurred potentially impacting results (i.
e., population recruitment, urine samples collected, storage, analytical
method used, limits of detection as well as the way how the values below
were treated, etc). From the Table 4, it's not obvious to catch any clear
trend. While DAP levels in the present study seem to be lower than those
from Northern population (Denmark and Norway) recruited before 2012
(Andersen and Dalsager, 2021; Cequier et al., 2017; Mgrck et al., 2016),
the levels reported more recently from French (Tagne-Fotso et al., 2023)
or Spanish children (Pardo et al., 2020) were respectively higher and
lower. For TCPY, urinary levels reported varied even more widely from
very low levels in samples from Spain or Italy to high levels in samples
from Belgium (FLEHS IV) and Cyprus, independently of the year of
collection or of the sampling period (Bravo et al.,, 2019; HBM4EU
dashboard; Schoeters et al., 2022). Note that our recruitment was per-
formed exclusively in May. Although the impact of the sampling season
on pesticide exposure remains unclear and reported results seem
inconsistent from one study to another (Osaka et al., 2016; Sulc et al.,
2022), some differences according to the sampling period could be

Descriptive statistics: limits of quantification (LOQ), detection frequencies (N > LOQ), geometric means (GM), percentiles (P5 to P95), and the concentration ranges
measured (min-max). All concentrations are expressed in pg/L (except detection frequencies in %).

LOQ (pg/L) N > LOQ (%) GM (pg/L) P5 (pg/L) P25 (ug/L) P50 (ug/L) P75 (ug/L) P95 (ng/L) min-max (pg/L)
Pyrethroid insecticides
c-DCCA 0.15 79.8 0.36 0.08 0.18 0.36 0.78 1.76 <0.15-4.12
t-DCCA 0.15 95.2 1.26 0.18 0.68 1.40 3.03 7.16 <0.15-10.1
DBCA 0.30 63.1 0.42 <0.30 <0.30 0.47 0.78 1.98 <0.30-3.14
4F-3-PBA 0.11 3.6 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11-0.82
3-PBA 0.09 98.8 1.29 0.33 0.69 1.54 2.41 5.64 <0.09-7.42
Organophosphorus insecticides
TCPY 0.08 100.0 1.14 0.27 0.70 1.25 1.85 2.89 0.17-9.21
DEP 0.50 97.6 2.12 0.67 1.24 1.83 2.88 11.69 <0.50-24.9
DETP 0.50 10.7 <0.50 <0.50 <0.50 <0.50 <0.50 1.10 <0.50-7.41
DEDTP 0.50 0.0 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 -
DMTP 0.50 92.9 2.12 <0.50 1.27 2.11 3.58 11.0 <0.50-12.1
DMDTP 0.50 29.8 <0.50 <0.50 <0.50 <0.50 0.50 0.60 <0.50-1.24
Neonicotinoid insecticides
CLO-DM 0.05 4.8 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05-0.32
CLO 0.07 28.6 <0.07 <0.07 <0.07 <0.07 0.07 0.47 <0.07-2.86
50H-IMI 0.10 46.4 0.13 <0.10 <0.10 <0.10 0.23 4.26 <0.10-12.4
IMI OLE 0.10 57.1 0.23 <0.10 <0.10 0.19 0.57 4.48 <0.10-15.5
IMI 0.10 10.7 <0.10 <0.10 <0.10 <0.10 <0.10 0.71 <0.10-3.47
ACE-DM 0.05 95.2 0.26 0.06 0.14 0.28 0.43 1.64 <0.05-2.83
ACE 0.10 19.8 <0.10 <0.10 <0.10 <0.10 <0.10 0.12 <0.10-0.44
Dithiocarbamate fungicides
ETU 0.25 68.3 0.40 <0.25 <0.25 0.40 0.80 2.17 <0.25-12.7
Plant growth regulators and herbicides
CCC 0.10 100.0 6.49 1.22 3.40 6.70 13.1 30.0 0.35-66.5
Glyphosate 0.08 25.0 <0.08 <0.08 <0.08 <0.08 <0.08 0.17 <0.08-1.13
AMPA 0.15 19.1 <0.15 <0.15 <0.15 <0.15 <0.15 0.36 <0.15-1.24




C. Pirard et al.

Science of the Total Environment 1037 (2026) 181881

Table 3
Median concentrations and P95 in brackets (expressed in pg/L) reported for pyrethroid metabolites in several recent studies.

Country Years Age N c-DCCA t-DCCA DBCA 3-PBA 4-F-PBA Ref.
Belgium (present study) 2019 2-15 yrs 84 0.36 (1.76) 1.40 (7.16) 0.47 (1.98) 1.54 (5.64) <0.11 (<0.11)

Belgium (Wallonia) 2016 9-12 yrs 240 <0.5 (2.01) 0.66 (4.29) - 0.98 (5.33) <0.11 (<0.11) (€8]
Belgium (FLEHS IV) 2017-2018 14-15 yrs 415 - - - 0.87 (2.77) - @
Belgium (Flanders) 2010-2015 6-8 yrs 133 0.54 (2.44) 1.11 (5.18) 0.54 (3.04) 1.72 (7.05) - 3)
The Netherlands (SPECIMEn) 2020 6-11 yrs 102 0.44 (1.75) 0.62 (2.72) 0.86 (3.84) 1.29 (4.81) - (€))
France (ESTEBAN) 2014-2016 6-17 yrs 499 0.32 (1.89) 0.18 (1.14) 1.16 (5.70) 1.03 (7.30) <0.015 (0.09) @@
Slovenia (PHIME) 2016 7-8 yrs 168 - - - 0.40 (12.0) - (5)
Cyprus (ORGANIKO) 2017 10-11 yrs 177 0.61 (2.22) 0.93 (4.28) 0.60 (3.85) 1.93 (6.59) <0.2 (<0.2) (6)
Italy (PHIME) 2014-2015 7 yrs 199 - - - 0.56 <0.019 @)
Spain (Valencia, BIOVAL) 2016 5-12 yrs 568 - - <1.25 (5.56) 1.63 (11.57) <0.13 (<0.13) (8)
Czech Republic (SPECIMEn) 2019-2020 4-12 yrs 110 Sum (c- & t-): 0.73 (3.23) - 0.38 (1.57) - (©)]
Poland (REPRO_PL) 2014-2019 7-9 yrs 399 - - - 0.44 (3.00) <0.098 (0.11) (10)
Turkey 2017-2018 3-6 yrs 186 <0.025 <0.025 - 0.07 <0.05 an
USA (NHANES) 2015-2016 3-5yrs 504 - <0.6 (7.20) - 0.57 (7.50) <0.10 (0.15) (12)
USA (NHANES) 2015-2016 6-11 yrs 417 - <0.6 (3.70) - 0.57 (7.00) <0.10 (0.15) 12)
USA (NHANES) 2015-2016 12-19 yrs 402 - <0.6 (5.60) - 0.57 (8.00) <0.10 (0.17) 12)
Canada (CHMS) 2018-2019 3-5yrs 512 0.12 (1.40) 0.24 (3.10) 0.04 (0.41) 0.39 (4.00) <0.006 (0.53) (13)
Canada (CHMS) 2018-2019 6-11 yrs 498 0.12 (2.70) 0.25 (5.20) 0.026 (0.23) 0.46 (5.90) <0.006 (0.28) 13)
Canada (CHMS) 2018-2019 12-19 yrs 499 0.14 (0.92) 0.24 (2.50) 0.024 (0.21) 0.38 (5.00) <0.006 (0.05) 13)
Ecuador (Espina cohort) 2016-2022 12-17 yrs 529 - <0.60 (1.96) - 0.37 (2.30) - 14
China (SMBCS) 2016 7 yrs 454 2.19 0.16 3.13 (15)
Korea (KoNEHS) 2015-2017 3-5yrs 570 0.97 (9.34) (16)
Korea (KoNEHS) 2015-2017 6-11 yrs 887 1.29 (7.44) (16)
Korea (KoNEHS) 2015-2017 12-18 yrs 904 1.12 (5.93) (16)
New Zealand 2015-2017 5-14 yrs 501 1.30 (11.0) <0.7 (<0.7) 1.60 (8.00) <0.02 (0.38) a7

(1) Pirard et al., 2020; (2) Schoeters et al., 2022; (3) HBM4EU dashboard; (4) Tagne-Fotso et al., 2023; (5) Bravo et al., 2020; (6) Makris et al., 2022; (7) Bravo et al.,
2019; (8) Pardo et al., 2020; (9) Sulc et al., 2022; (10) Bustamante et al., 2025; (11) Gol et al., 2023; (12) CDC (Center for Disease Control and Prevention), 2024; (13)
Health Canada, 2024; (14) Parajuli et al., 2025; (15) Dai et al., 2025; (16) Jung et al., 2022; (17) Li et al., 2022

expected since some diet habits sometimes evolve with the season (i.e.
eating more fresh fruits in summer) and thus could impact the pesticide
exposure.

To investigate the temporal variation in the children exposure to
pyrethroids and organophosphorus pesticides in Belgium, we compared
the urinary levels of metabolites measured within the present study with
those obtained during a previous study carried out in 2016 (Pirard et al.,
2020), represented in the Fig. 1. During this previous study, 258 chil-
dren aged from 9 to 12 years old and living in some Walloon localities
were recruited via their school. All the details about the recruitment
procedure, the selected Walloon localities, and the characteristics of the
studied population were gathered elsewhere (Pirard et al., 2020).

A drastic and significant decrease was observed between 2016 and
2019 for TCPY levels and DETP frequencies of quantification (from
49.8% to 10.7%, p < 0.0001), both resulting from the metabolism of
chlorpyrifos. This observation is consistent with the decrease in
reporting frequency of chlorpyrifos in Belgian fruits and vegetables from
2014 to 2019 (AFSCA, 2022), likely related to a global decrease of
chlorpyrifos levels in Belgian food, although the European decision of
the non-renewal of the chlorpyrifos authorization was only imple-
mented at the end of 2019, meaning few months after the present sample
collection. A comparable decrease in TCPY urinary levels was already
observed between 2010 and 2016 in Spain (F. Pardo et al., 2020). On the
other hand, the levels of t-DCCA and 3-PBA seemed to slightly but
significantly increase between 2016 and 2019 (borderline significance
for 3-PBA), as well as DMTP levels. An increasing urinary levels of py-
rethroids in children and adolescent with time were already observed
earlier worldwide (Pardo et al., 2020; Lehmler et al., 2022; Norén et al.,
2020), and could possibly be explained by a higher use of pyrethroids in
replacement to organophosphorus and neonicotinoid insecticides which
have seen the restrictions on indoor and/or outdoor uses gradually
increased this last decade. However, this apparent trend should be
interpreted with cautious because of the limited size of the present
population, but also because both Belgian children populations were not
fully similar. Indeed, the geographic distribution of the residence places
was different with 100% of the children living in Wallonia within the
2016 study while most children resided in Flanders (54%) in the present

study, and lower levels of DAP (DMTP) were already previously
observed in the urine of Walloon children vs Flemish adolescents (Pirard
et al., 2020). Note that there are likely other differences between both
populations (recruited in 2016 and 2019) such as the socio-economic
status, the age, the recruitment timing and method, etc., which could
influence the pesticide levels measured and thus maybe also explain
partly the time-related difference.

3.3. Urinary levels of neonicotinoid insecticides

Conversely to pyrethroids and organophosphorus, data on neon-
icotinoid levels in urine have been poorly documented, available data
mainly coming from Asia (Japan and China) which is the world's largest
neonicotinoid user region, far ahead for USA or Europe (Simon-Delso
et al., 2015). To the best of our knowledge, the only European countries
where some data on children exposure have been produced were Poland
and Ireland (Bustamante et al., 2025; Wrobel et al., 2025). Moreover,
the exposure markers measured varied from one study to another,
making the comparison even more difficult. Initially most studies
measured the parent pesticides (imidacloprid, acetamiprid, thiacloprid,
etc.) assuming that they are excreted unchanged in urine (Osaka et al.,
2016; Ueyama et al., 2015; Wang et al., 2024; Zhao et al., 2022). An
increasing number of studies suggested that for some neonicotinoids,
such as acetamiprid or imidacloprid, metabolites are more suitable,
while for some others (i.e. dinetofuran, clothianidine,) the parent sub-
stances would be recommended (Harada et al., 2016; Li et al., 2020;
Suwannarin et al., 2024; Wrobel et al.,, 2022). Additionally, some
analytical methods used in neonicotinoid biomonitoring did not include
hydrolysis step while deconjugation by enzymatic hydrolysis seemed to
be indicated and processed in some others (Ospina et al., 2019; Tu et al.,
2023; Wrobel et al., 2025). Therefore, there are still uncertainties about
the appropriate urinary markers to be measured, making any compari-
son difficult, and demonstrating the need of additional data to perform
relevant harmonization. In the present study, the metabolites of acet-
amiprid and imidacloprid (ACE-DM, IMI-OLE and 50OH-IMI) were the
markers the most frequently detected and the most abundant in the
urine of children with a median level of 0.28 pg/L and 0.19 pg/L for



Table 4
Median concentrations and P95 in brackets (expressed in pg/L) reported for organophosphorus pesticide metabolites in several recent studies.

Country Sampling years Age (yrs) N DEP DETP DEDTP DMTP DMDTP TCPY Ref
Belgium (present study) 2019 2-15 84 1.83 (11.7) <0.50 (1.10) <0.50 (<0.50) 2.11 (11.0) <0.50 (0.60) 1.25 (2.89)

Belgium (Wallonia) 2016 9-12 240 1.8 (30.0) <0.50 (3.50) <0.50 (0.59) 1.01 (13.7) <0.50 (1.31) 3.87 (12.1) 1)
Belgium (FLEHS IV) 2017-2018 14-15 415 4.45 (12.3) (2)
Belgium (3xG) 2019-2020 6-8 133 1.22 (3.24) 3)
The Netherlands (SPECIMEn) 2020 6-11 102 1.13(3.49) 3)
France (ESTEBAN) 2014-2016 6-17 500 <0.6 (6.48) <0.6 (5.64) <0.6 (<0.6) 4.63 (26.5) <0.6 (<0.6) <0.05 (<0.05) 4)
Slovenia (SLO-CRP) 2018 7-10 148 0.61 (3.08) (5)
Cyprus (ORGANIKO) 2017 10-11 177 6.72 (13.7) 3)
Italy (PHIME) 2014-2015 7 199 0.36 6)
Spain (Valencia, BIOVAL) 2016 5-12 568 1.52 (5.9) <0.5 (3.6) <0.5 (<0.5) <0.5(14.7) <0.5(2.51) 1.13(11.1) 7)
Czech republic (SPECIMEn - summer) 2019-2020 4-12 110 2.01 (4.44) 8)
Poland (REPRO_PL) 2014-2019 7-9 399 1.50 (6.30) 9
Denmark (Democophes) 2011 6-11 144 4.80 (19.7) <1 (5.20) <1(<1) 3.20 (23.2) <1(<1) (10)
Denmark (Odense) 2010-2012 10-16 143 2.99 (21.5) <0.3 (5.66) <0.3 (<0.3) 3.35(23.1) <0.3 (<0.3) 1.43 (6.05) a1
Denmark (Odense) 2010-2012 5 1166 1.15 (12)
Norway 2012 6-12 54 3.8 (16) 0.43 (6.43) <0.14 (0.14) 5.3 (41) <0.60 (6.6) 13)
Turkey 2017-2018 3-6 186 <0.025 <0.025 <0.05 0.04 14)
USA (NHANES) 2017-2018 3-5 418 3.55 (24.6) 0.19 (2.64) <0.1 (<0.1) 1.04 (18.2) 0.18 (3.79) (15)
USA (NHANES) 2017-2018 6-11 331 3.41 (30.1) 0.19 (2.2) <0.1(<0.1) 0.92 (16.4) 0.18 (2.5) (15)
USA (NHANES) 2017-2018 12-19 353 2.2 (16.5) 0.12 (1.52) <0.1 (<0.1) 0.62 (10.5) 0.11 (1.96) (15)
Canada (CHMS) 2018-2019 3-5 512 3.8(23) 0.62 (4.2) <0.067 (0.08) 2.6 (49) 0.34 (12) (16)
Canada (CHMS) 2018-2019 6-11 498 3.6 (24) 0.45 (6.0) <0.067 (0.1) 2.3(34) 0.26 (6.9) (16)
Canada (CHMS) 2018-2019 12-19 507 2.6 (14 0.32 (5.2) <0.067 (0.14) 1.1 (15) 0.12 (1.6) (16)
Ecuador (Espina cohort) 2016-2022 12-17 529 2.68 (9.5) a7
China (SMBCS) 2016 7 454 4.04 (18)
New Zealand 2015-2017 5-14 501 1.3(17) 0.5 (6.4) <0.005 (0.06) 3.7 (24) 0.044 (1.3) 13 (63) 19

(1) Pirard et al., 2020; (2) Schoeters et al., 2022; (3) HBM4EU dashboard; (4) Tagne-Fotso et al., 2023; (5) Bravo et al., 2020; (6) Bravo et al., 2019; (7) Pardo et al., 2020; (8) Sulc et al., 2022; (9) Bustamante et al., 2025;
(10) Mgrck et al., 2016 (11); Andersen and Dalsager, 2021; (12) Normann et al., 2025; (13) Cequier et al., 2017; (14) Gol et al., 2023; (15) CDC (Center for Disease Control and Prevention), 2024; (16) Health Canada, 2024;
(17) Parajuli et al., 2025; (18) Dai et al., 2025; (19) Li et al., 2022

" TCPY results from the 2015-2016 cycle.

" TCPY results from the 2014-2015 cycle.
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Fig. 1. Levels measured in the urine of Belgian children in 2016 (Wallonia) and in 2019 (present study) for organophosphate and pyrethroid metabolites. The boxes
represent the 1st and 3rd quartiles, the middle lines are the medians, the vertical lines are the minimum and maximum levels computed without the outliers (not

represented in the graph for more readability). Significant p-values were in italic.

ACE-DM and IMI-OLE respectively (P95 = 1.64 ug/L and 4.26 pg/L). The
40H-IMI recently suggested as suitable marker for IMI in addition to
IMI-OLE and 50H-IMI (Wrobel et al., 2022) was not measured because
of the lack of reference materials at the time of the analysis. The cor-
responding parents were also detected but to a much lesser extent (in
19.8% and 10.7% of the samples for ACE and IMI respectively), con-
firming the higher adequacy of metabolites compared to parents to
assess the exposure of both acetamiprid and imidacloprid. It's note-
worthy that within the European PARC project (Partnership for the
Assessment of Risks from Chemicals), the 3 compulsory markers to
assess neonicotinoid exposure are imidacloprid, acetamiprid and acet-
amiprid desmethyl (Deliverable D4.3 on https://www.eu-parc.eu/del
iverables, last accessed in December 2025). Conversely, CLO-DM was
only sparsely detected in the urine samples compared to CLO, demon-
strating the higher relevance of measuring this parent pesticide, CLO

which may also result from the metabolism of thiamethoxam (Wang
et al., 2020a). Globally, keeping in mind the reserve mentioned above
about the difficulties to compare the different biomonitoring studies, the
exposure of Belgian children to neonicotinoids seemed roughly consis-
tent with those observed for Irish children (Wrobel et al., 2025), Polish
children (Bustamante et al., 2025), and US children (Ospina et al.,
2019), close to the levels reported for Japanese children (Ikenaka et al.,
2019; Oya et al., 2021), and as expected, far lower than the levels
usually reported for children in China or Taiwan (Tao et al., 2019; Wang
et al., 2020b; Wang et al., 2024; Wu et al., 2024).

3.4. Urinary levels of ethylene bis-dithiocarbamate fungicides

Despite the ethylene bis-dithiocarbamate fungicides such as ziram,
maneb, or mancozeb were widely used in agriculture, and ETU has been
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suggested for many years to be a suitable marker for their exposure
assessment (Aprea et al., 1997; Colosio et al., 2006), data on non-
occupationally exposed populations are scarce and mostly carried out
on residents living close to wine-growing activities where particularly
high exposure to ethylene bis-dithiocarbamates was suspected (Stadler
et al., 2022). Compared to the few studies focused on children (Table 5),
the levels of ETU measured in the urine of Belgian children seem more or
less comparable to those reported from New Zealand children recruited
between 2015 and 2017 (Li et al., 2022) or from a set of French children
from the ESTEBAN cohort (2014-2016) (Dereumeaux et al., 2022),
slightly lower than the Canadian children recruited through the
2018-2019 CHMS cycle (Health Canada, 2024), but higher than US
children from the NHANES 2007-2008 cycle (CDC (Center for Disease
Control and Prevention), 2024), or Swedish adolescents (Norén et al.,
2020). However, the median levels obtained from our population are
well below those measured in the urine of children living in areas with
suspected environmental pesticide contamination in Latin America
(Parajuli et al., 2025; van Wendel de Joode et al., 2016) and similarly,
the P95 was well below the one evaluated from an Italian children
population living in a viticultural area where ethylene bis-
dithiocarbamate was known to be used (Sammartano et al., 2020).

3.5. Urinary levels of chlormequat chloride

Chlormequat chloride has been one of the most used plant growth
regulators applied to shorten and strengthen the stem of many cereals
like wheat, oats or barley, and thus facilitate the harvesting (Temkin
et al., 2024). However, literature about human exposure is even rarer
than for ETU. Very few studies reported urinary CCC levels for adults or
general population including adults and children, with median or geo-
metric mean ranging between 1.4 pg/L for Floridan (US) adults recruited
in 2023 (Temkin et al., 2024) and 4 pg/L for Swedes (Lindh et al., 2011),
while Galea and coworkers (Galea et al., 2015) measured CCC at 12.3 to
16.5 pg/g creat in the urine of a UK population living in farms during
pesticide spray events. To our knowledge, only one study published CCC
levels measured in the urine of youths (Table 5), reporting a median
level of 1.17 pg/L for Swedish adolescents (Norén et al., 2020) which is
far lower than the levels observed for our Belgian children population
(6.7 pg/L). This large difference in CCC levels could be likely explain at
least by the different age ranges between both studied populations
because young children have been demonstrated to experience higher
exposure to most pesticides (Aprea et al., 2000; Au, 2002; Roberts and
Karr, 2012). We expected even larger difference according to the age for
pesticides mainly used on cereal crops because young children are more
likely to consume higher proportions of breakfast and snacks based on
ready-to-eat highly sugary cereals as observed for children recruited
within the 2015-2018 NHANES cohort compared to adolescents (Ospina
et al., 2022).

3.6. Urinary levels of glyphosate and AMPA

These last years, several reviews compiled the literature on the
human exposure levels to glyphosate and AMPA, the main environ-
mental glyphosate degradation product, all concluding that data are
limited and insufficient to properly assess the related health risk, espe-
cially for vulnerable population such as children (Buekers et al., 2022a,
2022b; Connolly et al., 2020; Gillezeau et al., 2020, 2019), and this
despite their classification as priority substances within HBM4EU and
PARC programs (Ougier et al., 2021). The Table 5 gathers studies
reporting urinary levels of glyphosate and AMPA for children, including
only those using mass spectrometry as detector for comparability pur-
poses because results produced by ELISA method have been observed to
be up to 10-fold higher than those measured by LC or GC/MS (Knudsen
et al., 2017) questioning the specificity of such methods for the assess-
ment of exposure to some non-persistent substances like glyphosate and
thus making comparisons tricky (Buekers et al., 2022b). As expected, the
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Table 5
Median and P95 concentrations (expressed in pg/L) reported for ETU, CCC,
glyphosate and AMPA in several recent studies.

Country Sampling Age N P50 pg/L P95 Ref
years (yrs) ng/L
ETU
Belgium 2019 2-15 84  0.40 217
(present yrs
study)
Sweden 2017 17-21 196 0.18 1.19 1)
yrs
Sweden 2009 18 yrs 254  0.34 2.02 1)
Italy 2011 3-5yrs 126 0.35 8.0 ?)
(viticultural
area)
France (data set 2014-2016 6-17 61 <1.0 2.3 4)
from yrs
ESTEBAN)
France (from 2011 3-10 96 winter: 5)
schools in the yrs 0.43*
close vicinity summer:
of vineyards) 0.66*
USA (NHANES) 2007-2008 6-11 382 <0.21 0.61 6)
yrs
Canada (CHMS) 2018-2019 3-5yrs 507 0.84 3.8 7)
Canada (CHMS) 2018-2019 6-11 494  0.56 3.1 )
yrs
Canada (CHMS) 2018-2019 12-19 498 0.55 4.3 7)
yrs
New Zealand 2015-2017 5-14 501 <0.5 1.9 ®)
yrs
Ecuador (Espina 2016-2022 12-17 529 1.45 5.84 9)
cohort) yrs
Costa Rica 2017 6-9yrs 140 1.2 (10)
CCcC
Belgium 2019 2-15 84 6.70 30.0
(present yIs
study)
Sweden 2017 17-21 196 1.17 16.8 1)
yrs
Glyphosate
Belgium 2019 2-15 84  <0.08 0.17
(present yrs
study)
Belgium 2017-2018 14-15 415 <0.1 0.39 a1
(Flanders, yrs
FLEHS 1V)
Belgium (3xG) 2019-2020 6-8 yrs 133 0.12 0.41 (12)
France 2014-2016 6-17 498  <0.05 0.57 13)
(ESTEBAN) yrs
Germany (GerES 2015-2017 3-17 2144 0.1 0.51 14
V) yIs
Slovenia 2018 7-15 246  <0.1 0.19 (15)
yrs
Cyprus 2017 10-11 177 <0.1 1.01 (16)
(ORGANIKO) yrs
Morocco 2019 3-12 48  0.72 2.58 a17)
yrs
Japan 2015 4-6yrs 50 <0.03 0.57 (18)
Mexico ? 5-15 192  0.36 (19)
yrs
Ecuador (Espina 2016-2022 12-17 529 0.87 4.7 (C)]
cohort) yrs
USA (NHANES) 2017-2018 3-5yrs 325 0.32 1.43 6)
USA (NHANES) 2017-2018 6-11 245 041 1.95 ©6)
yrs
USA (NHANES) 2017-2018 12-19 297 0.29 1.35 6)
yrs
Canada (CHMS) 2018-2019 3-5yrs 393  0.45 2.1 )
Canada (CHMS) 2018-2019 6-11 388 0.57 3.1 ()
yrs
Canada (CHMS) 2018-2019 12-19 380 0.45 3.3 @)
yrs

(continued on next page)
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Table 5 (continued)

Country Sampling Age N P50 pg/L P95 Ref
years (yrs) pg/L
AMPA
Belgium 2019 2-15 84 <0.15 0.36
(present yrs
study)
Belgium 2017-2018 14-15 415 0.11 0.37 an
(Flanders, yrs
FLEHS 1V)
Belgium (3xG) 2019-2020 6-8 yrs 133 <0.2 0.40 (12)
France 2014-2016  6-17 498 0.17 0.45 13)
(ESTEBAN) yrs
Germany (GerES 2015-2017 3-17 2144 <0.1 0.48 (14)
V) yIs
Slovenia 2018 7-15 246  0.10 0.29 (15)
yrs
Cyprus 2017 10-11 177  0.18 0.65 (16)
(ORGANIKO) yrs
Morocco 2019 3-12 48 0.50 2.65 a7
yrs
Canada (CHMS) 2018-2019 3-5yrs 393 0.39 1.40 (@)
Canada (CHMS) 2018-2019  6-11 388 0.25 1.30 (@)
yrs
Canada (CHMS) 2018-2019 12-19 380 0.16 1.00 @)
yrs

(1) Norén et al., 2020; (2) Sammartano et al., 2020; (3) Dereumeaux et al., 2022;
(4) Raherison et al., 2019; (5) CDC (Center for Disease Control and Prevention),
2024; (6) Health Canada, 2024; (7) Li et al., 2022; (8) Parajuli et al., 2025; (9)
van Wendel de Joode et al., 2016; (10) Schoeters et al., 2022; (11) Buekers et al.,
2022b; (12) Tagne-Fotso et al., 2023; (13) Lemke et al., 2021; (14) Stajnko et al.,
2020; (15) Makris et al., 2022; (16) Berni et al., 2023; (17) Nomura et al., 2022;
(18) Sierra-Diaz et al., 2019.
" Results expressed in pg/g of creatinine.

detection frequencies obtained for glyphosate and AMPA in the present
study were low, 25% and 19%, respectively, consistently with those
usually reported in Europe (from 20 to 50% depending on the study,
with similar limits of quantification), with levels measured quite similar
or slightly lower than those previously measured in Belgium, France,
Germany, Slovenia or Cyprus (Buekers et al., 2022b; Lemke et al., 2021;
Makris et al., 2022; Schoeters et al., 2022; Stajnko et al., 2020; Tagne-
Fotso et al., 2023). As expected, higher levels were reported from
American populations (USA, Canada, Ecuador or Mexico) where higher
amounts of glyphosate are used (USA is considered as one of the largest
users of glyphosate and related products worldwide) (Benbrook, 2016)
and usual agricultural practices consisted in pre-seeding and desiccation
applications directly on genetically modified crops, practices not
approved in Europe (Lemke et al., 2021). One should keep in mind that
these low levels measured in urine samples would not necessarily mean
low exposure level because of the very small fraction of glyphosate
excreted in urine (likely less than 1%) (Faniband et al., 2021).

3.7. Predictors of exposure

Fig. S1 (supplemental material) shows the significant correlations (p-
value <0.05) occurring between markers with detection frequencies
higher than 20%. High correlations were observed between both me-
tabolites of imidacloprid (IMI-OLE and 50H-IMI), between both DCCA
isomers (c- and t-DCCA), between DBCA and 3-PBA, between c-DCCA
and 3-PBA as well as between t-DCCA and 3-PBA, as expected because
coming from the metabolism of common parent pesticides. Moreover,
weaker correlations were highlighted between metabolites coming from
different pyrethroid parents (DBCA and c—/t-DCCA) likely resulting on
the application of pesticide formulations containing mixture of active
substances. TCPY was correlated with all pyrethroid metabolites, sug-
gesting simultaneous uses of both insecticide families for domestic or
agricultural uses. On the other hand, TCPY was only weakly correlated
to DEP, although both being metabolites of chlorpyrifos, but other
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sources of DEP exist such as organophosphate flame retardants. DETP
which is another potential metabolite of chlorpyrifos was not included
because of the too low detection frequency observed. Less expected, CCC
levels were fairly correlated with all pyrethroid metabolites, TCPY and
DEP, and weakly with neonicotinoids (CLO, 50H-IMI, IMI-OLE). This
would support the assumption of a general contamination of diet by a lot
of different pesticides.

Diet used to be considered as the main source of exposure to pesti-
cides for the general population. However, other pathways could be
involved such as dermal contact or inhalation within indoor or outdoor
house environment because of domestic uses at home, in the garden, or
on pets, and this especially for children who could have specific be-
haviours increasing the risk of this exposure (i.e. hand-to-mouth con-
tacts, play on the floor, etc.). Therefore, to investigate the impact of
some potential sources on the exposure and thus on urinary pesticide
concentrations, few questions were administrated to parents about
children's behaviours (i.e. biting nails), domestic uses of pesticides or the
presence of pets at home in addition to some items related to diet habits
and food consumed in the last 48 h (Table 1). The results of the statistical
regression models applied are gathered in Table 6.

The children who used to bite their nails have significantly higher
urinary levels of pyrethroids (c-DCCA, t-DCCA and 3-PBA) and neon-
icotinoids (ACE-DM) compared to those who didn't (Fig. 2). This
observation, already reported for metribuzin only (Pirard et al., 2020),
demonstrates that biting nails and more generally the hand-to-mouth
behaviour would increase the exposure of children to pesticides
through the ingestion of household dust knowing to be contaminated by
pesticides and particularly by pyrethroids (Darney et al., 2018; Heudorf
and Angerer, 2001; Tang et al., 2018). This confirms the assumption
previously suggested (Darney et al., 2018; Saillenfait et al., 2015;
Trunnelle et al., 2014) considering dust ingestion as a particularly
important exposure pathway to pyrethroids for children. No association
was highlighted between the urinary pesticide levels and owning pets,
except for DMTP for which lower concentrations were measured for
children living with pets at home, although higher pyrethroid exposure
were already observed for dog ownership or pet-care product uses (Li
et al., 2022). On the other hand, the recent use of pesticides in the
garden (in the last 2 months) was associated with higher detection fre-
quencies of DBCA and higher levels of CCC. Even if the information
about the identification of pesticides used is missing, these observations
seem to be not senseless for DBCA, the metabolite of deltamethrin which
is used as active ingredient in many insecticide formulations intended to
indoor and outdoor domestic fight against ants, mosquitoes, flies or
cockroaches (among others). Conversely, the positive association with
CCC appears more inconsistent since CCC is dedicated to professional
use in agriculture only. Slight but significant differences were observed
between regions, with higher levels or detection frequencies of several
pesticides (t-DCCA, 3-PBA, DMDTP, and ACE-DM) measured in the urine
of children living in Brussels compared to those residing in Flanders,
except for DMTP which was higher in the urine of Flemish children.
Significance for Walloon children could be missed due to the very low
number of participants in this Region. It's no obvious to attribute these
differences to the different environmental policies implemented in the 3
Belgian regions or to other confounding factors such as socio-
demographic status for instance.

Several studies have already highlighted higher urinary levels of
some pesticides related to the consumption of fruits, vegetables, or other
food items (Andersen et al., 2022; Cequier et al., 2017; Pardo et al.,
2020; Harada et al., 2016; Lu et al., 2008; Rempelos et al., 2022; Sulc
et al., 2022; Tagne-Fotso et al., 2023). However, some inconsistent as-
sociations were reported depending on the food items selected or the
pesticide studied, but the consumption of organic food has been
commonly demonstrated to decrease the pesticide exposure in most
studies (Andersen et al., 2022; Bradman et al., 2015; Curl et al., 2003;
Rempelos et al., 2022; Tagne-Fotso et al., 2023). In the present study,
the consumption of organic fruits or vegetables in the last 48 h were only
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Table 6
Results of the multivariate regression models.
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¢-DCCA (R? = 0.2109)

t-DCCA (R? = 0.2608)

3-PBA (R? = 0.2389)

Variable Estimate (CI inf/sup) p-value Estimate (CI inf/sup) p- Estimate (CI inf/sup) p-
value value

Intercept —0.592 (-0.771/-0.412)  <0.0001 0.167 (—0.044/0.378) 0.1190 0.126 (—0.047/0.300) 0.1510

Region Brussels vs Flanders 0.356 (0.112/0.599) 0.0048 0.257 (0.057/0.457) 0.0127

Region Wallonia vs Flanders 0.100 (—0.195/0.395) 0.5010 0.085 (—0.157/0.328) 0.4850

Nail biting (yes vs no) 0.381 (0.142/0.619) 0.0022 0.356 (0.103/0.608) 0.0065 0.337 (0.129/0.545) 0.0019

Drinking bottled vs tap water —0.340 (-0.610/-0.071) 0.0140

Drinking both vs tap water 0.055 (—0.179/0.290) 0.6400

Pets at home (yes vs no) 0.180 (—0.025/0.385) 0.0851

Consumption of grey bread or whole grains (48 h, yes vs —0.420 (—0.490/-0.191)  0.0005 —0.283 (—0.471/-0.094)  0.0038

no)
DBCA (R* = 0.1518) TCPY (R? = 0.1900) DEP (R? = 0.0998)

Variable OR (CI inf/sup) p-value Estimate (CI inf/sup) p-value Estimate (CI inf/sup) p-value

Intercept 1.288 (0.713/2.359) 0.4040 0.150 (—0.025/0.325) 0.389 (0.282/0.496) <0.0001

Nail biting (yes vs no) —0.192 (—0.930/0.008) 0.0601

Outdoor pesticide use (yes vs never) 5.789 (1.532/30.96)  0.0185

Indoor pesticide use (yes vs never) 7.337 (0.983/163.8)  0.0988 0.217 (—0.014/0.449) 0.0656

Pets at home (yes vs no) —0.133 (—0.284/0.018) 0.0841

Consumption of grey bread or whole grains (48 h, yes vs no) —0.192 (-0.346/—-0.038)  0.0152

Consumption of stone fruits (48 h, yes vs no) 0.141 (0.026/0.561) 0.0105 —0.237 (—0.438/0.036) 0.0214

Consumption of exotic fruits (48 h, yes vs no) 0.132 (—0.017/0.282) 0.0825

DMTP (R* = 0.2207) DMDTP (R? = 0.1144) CLO (R? = 0.0609)

Variable Estimate (CI inf/sup) p-value OR (CI inf/sup) p-value OR (CI inf/sup) p-value

Intercept 0.823 (0.551/1.095) <0.0001 0.337 (0.149/0.692) 0.0049 0.082 (0.015/0.335) 0.0013

Age —0.024 (—0.047/0.00) 0.0459 1.179 (1.026/1.377) 0.0261

Region Brussels vs Flanders —0.327 (—0.477/—-0.071) 0.0089 3.390 (1.06/11.50) 0.0421

Region Wallonia vs Flanders —0.152 (—0.395/0.091) 0.2160 0.330 (0.017/2.115) 0.3210

Pets at home (yes vs no) —0.225 (—-0.400/—-0.050) 0.0124

Wash and/or peel vegetables/fruits (always vs often) —0.167 (—0.341/0.008) 0.0606

Consumption of stone fruits (48 h, yes vs no) 0.232 (0.032/1.042) 0.0876

50H-IMI (R = 0.0620) IMI-OLE (R? = 0.0632) ACE-DM (R? = 0.2352)

Variable OR (CI inf/sup) p-value OR (CI inf/sup) p-value Estimate (CI inf/sup) p-value

Intercept 1.261 (0.731/2.200) 0.4060 2.286 (1.245/4.420) 0.0099 —1.154 (—1.476/—0.832) <0.0001

Age 0.036 (0.090/0.064) 0.0104

Region Brussels vs Flanders 0.253 (0.042/0.465) 0.0197

Region Wallonia vs Flanders —0.118 (—0.380/0.144) 0.3720

Nail biting (yes vs no) 0.244 (0.016/0.471) 0.0360

Consumption of organic fruits (48 h, yes vs no) 0.264 (0.084/0.742) 0.0152

Consumption of organic vegetables (48 h, yes vs no) 0.292 (0.108/0.752) 0.0122

Consumption of exotic fruits (48 h, yes vs no) 0.267 (0.066/0.468) 0.0100

ETU (R? = 0.0727) CCC (R? = 0.0492) GLY (R* = 0.2352)

Variable OR (CI inf/sup) p-value Estimate (CI inf/sup) p-value OR (CI inf/sup) p-value

Intercept 3.333 (1.805/6.639) 0.0003 0.870 (0.696/1.043) <0.0001 - -

Outdoor pesticide use (yes vs no) 0.283 (0.057/0.510) 0.0150

Consumption of organic fruits (48 h, yes vs no) 0.254 (0.088/0.702) 0.0091

associated with lower detection frequencies of imidacloprid metabolites
(IMI-OLE and 50H-IMI) and ETU, all other pesticides or metabolites
studied showed levels or detection frequencies not significantly affected.
Note that the lack of such association have been previously observed
between organic food and pyrethroid and OP levels in the urine of
Belgian children (Pirard et al., 2020). Also surprisingly, while eating
grey bread or whole grains has been already reported to increase the risk
of higher CCC, pyrethroid and OP exposure (Andersen et al., 2022;
Pirard et al., 2020; Rempelos et al., 2022), the opposite trend was
observed for t-DCCA, 3-PBA and TCPY. This statistical result seems
inconsistent with the higher pesticide contamination expected in the

whole flour compared to refined flour because not cleared from the
wheat grain envelope, thus another dietary intake closely related to the
consumption of grey bread or whole grains would likely drive this
negative association. Similarly, the lower DEP levels and DBCA detec-
tion frequencies associated with the recent consumption of stone fruits
would be probably due to the inherent decreased consumption of other
more contaminated fruits. Finally, eating exotic fruits significantly in-
crease the urinary levels of ACE-DM, and children drinking tap water
seemed to have higher c-DCCA urinary levels than those who used to
drink bottled water but because this association only occurred with c-
DCCA and not with the other pyrethroids, one can reasonably assume
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Urinary levels according to biting nails
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Fig. 2. Median urinary levels (and P75 as upper error bars) of some pesticides

according the biting nails behaviour of the children.

that these statistically significance would likely due to confounding
factors or to chance, similarly to the inconsistent relation with age
(DMDTP detection frequencies decrease with increasing age while CLO
and ACE-DM increased).

Note that all these statistical results should be interpreted with
cautious due the low coefficients of determination obtained (from 0.05
to 0.26) meaning that the main sources of exposure were missed.
Moreover, the limited size of the population studied, the use of volu-
metric concentration (without any correction for the potential sample
dilution) and the possible inaccuracy of the parent answers to the self-
administered questionnaire on their child's behaviour or food con-
sumption could bias the results. Finally, high intraindividual variability
in urinary levels has been demonstrated for most pesticides or pesticide
metabolites measured within this study, questioning the reliability of
spot urine samples to accurately assess the pesticide exposure of indi-
vidual child (Cequier et al., 2017; Li et al., 2019; Morgan, 2012).

4. Conclusions

This small-scaled study provides human biomonitoring data on
children exposure to several classes of currently used pesticides in
Belgium. If some of them such as glyphosate, chlormequat chloride or
dithiocarbamates have been so far poorly studied or not at all in chil-
dren's populations, others have been already well-documented in the
past, and thus present data collected also allows the assessment of the
exposure time trend. Some pyrethroids, organophosphorus, and neon-
icotinoids were detected in more than 95% of the samples demon-
strating the widespread exposure to pesticides among Belgian children.
Moreover, on average 10 to 11 markers were detected by sample,
knowing that few pesticides were investigated here compared to large
number of substances authorized in Belgium (Giusti et al., 2018).
Similarly to acetamiprid desmethyl, ethylenethiourea and chormequat
chloride were detected in the urine of a large majority of children (100%
for CCC, 68% for ETU) with median levels ranging from 0.40 pg/L for
ETU to 6.7 pg/L for CCC. Because they have been yet sparsely included
in previous biomonitoring studies, these observations highlight the need
to consider these pesticides as prioritized substances for future studies to
increase the current limited knowledge about their exposure. Glypho-
sate and AMPA showed as expected low detection frequencies and low
levels likely because of the low excretion rate in urine. If the urinary
levels of chlorpyrifos metabolites in Belgian children seemed to decrease
between 2016 and 2019 although the non-renewal of the chlorpyrifos
authorization in Europe was only implemented at the end of 2019, the
exposure to pyrethroid insecticides seemed to slightly, but significantly,
increase. Even if these trends should be considered with cautious due to
the several limitations of the study (i.e. the limited size and the non-
representativeness of the studied population), these time trends are
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supported by statistically significant differences and are confirming
previous observations in Europe reported in the literature. This could be
additional evidence of the pesticide market shift reacting to the recent
implementation of restrictions on some substance uses, for instance
organophosphorus and neonicotinoid insecticides. Thus, the exposure to
pyrethroids should still be monitored in the future. Finally, the present
study highlighted the need of harmonization in the selection of markers
to be measured for the assessment of the neonicotinoid exposure and
suggested imidacloprid metabolites (hydroxy- and olefin-) and acet-
amiprid metabolite (acetamiprid desmethyl) instead of the respective
parent compound.

CRediT authorship contribution statement

Catherine Pirard: Writing — original draft, Methodology, Investi-
gation, Conceptualization. Patrice Dufour: Writing — review & editing.
Corinne Charlier: Writing — review & editing, Supervision, Funding
acquisition.

Funding sources

This work was partly supported by the Belgian non-profit consumer
protection organization Test Achats. In addition to financial contribu-
tion, they performed the recruitment and sample collection. The
remaining part of the work was own funded.

Declaration of competing interest

The authors declare to have no financial interests or personal re-
lationships that could inappropriately influence or bias the work re-
ported in this manuscript.

Acknowledgements

We would like to thank all the parents for their consent concerning
their children, for their involvement and their availability. We would
also like to acknowledge Carine Deschamps from Test Achats for the
efficient recruitment organization.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2026.181881.

Data availability
The authors do not have permission to share data.

References

AFSCA — Agence Fédérale pour la Sécurité de la Chaine Alimentaire, 2022. Chronic
exposure of the Belgian population to residues of plant protection products through
fruit and vegetable consumption (period 2014-2020). Avis 09. (dossier SciCom
2019/05). Report available on. https://scicom.favv-afsca.be/comitescientifique/
avis/2022/_documents/Avis09-2022_SciCom2019-05_ExpositionPPP.pdf.

Andersen, H.R., Dalsager, L., 2021. Pesticide exposure and health risk in susceptible
population groups. Danish EPA. Pesticide Research no. 199. ISBN: 978-87-7038-303-
5.

Andersen, H.R., Rambaud, L., Riou, M., Buekers, J., Remy, S., Berman, T., Govarts, E.,
2022. Exposure levels of Pyrethroids, Chlorpyrifos and glyphosate in EU—an
overview of human biomonitoring studies published since 2000. Toxics 10, 789.
https://doi.org/10.3390/toxics10120789.

Aprea, C., Betta, A., Catenacci, G., Colli, A., Lotti, A., Minoia, C., Olivieri, P., Passini, V.,
Pavan, 1., Roggi, C., Ruggeri, R., Sciarra, G., Turci, R., Vannini, P., Vitalone, V., 1997.
Urinary excretion of ethylenethiourea in five volunteers on a controlled diet
(multicentric study). Sci. Total Environ. 203, 167-179. https://doi.org/10.1016/
S0048-9697(97)00145-9.

Aprea, C., Strambi, M., Novelli, M.T., Lunghini, L., Bozzil, N., 2000. Biologic monitoring
of exposure to organophosphorus pesticides in 195 Italian children. Environ. Health
Perspect. 108, 5.


https://doi.org/10.1016/j.scitotenv.2026.181881
https://doi.org/10.1016/j.scitotenv.2026.181881
https://scicom.favv-afsca.be/comitescientifique/avis/2022/_documents/Avis09-2022_SciCom2019-05_ExpositionPPP.pdf
https://scicom.favv-afsca.be/comitescientifique/avis/2022/_documents/Avis09-2022_SciCom2019-05_ExpositionPPP.pdf
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0010
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0010
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0010
https://doi.org/10.3390/toxics10120789
https://doi.org/10.1016/S0048-9697(97)00145-9
https://doi.org/10.1016/S0048-9697(97)00145-9
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0030
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0030
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0030

C. Pirard et al.

Au, W.W., 2002. Susceptibility of children to environmental toxic substances. Int. J. Hyg.
Environ. Health 205, 501-503. https://doi.org/10.1078/1438-4639-00179.

Barr, D.B., Bravo, R., Weerasekera, G., Caltabiano, L.M., Whitehead, R.D., Olsson, A.O.,
Caudill, S.P., Schober, S.E., Pirkle, J.L., Sampson, E.J., Jackson, R.J., Needham, L.L.,
2004. Concentrations of dialkyl phosphate metabolites of organophosphorus
pesticides in the U.S. population. Environ. Health Perspect. 112, 186-200. https://
doi.org/10.1289/ehp.6503.

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and
globally. Environ. Sci. Eur. 28, 3. https://doi.org/10.1186/512302-016-0070-0.

Berni, 1., Menouni, A., Creta, M., El Ghazi, 1., Duca, R.-C., Godderis, L., El Jaafari, S.,
2023. Exposure of children to glyphosate in Morocco: urinary levels and predictors
of exposure. Environ. Res. 217, 114868. https://doi.org/10.1016/].
envres.2022.114868.

Bradman, A., Quirds-Alcald, L., Castorina, R., Schall, R.A., Camacho, J., Holland, N.T.,
Barr, D.B., Eskenazi, B., 2015. Effect of organic diet intervention on pesticide
exposures in Young children living in low-income urban and agricultural
communities. Environ. Health Perspect. 123. https://doi.org/10.1289/
€hp.1408660.

Bravo, N., Grimalt, J.O., Bocca, B., Pino, A., Bin, M., Brumatti, L.V., Rosolen, V.,
Barbone, F., Ronfani, L., Alimonti, A., Calamandrei, G., 2019. Urinary metabolites of
organophosphate and pyrethroid pesticides in children from an Italian cohort
(PHIME, Trieste). Environ. Res. 176, 108508. https://doi.org/10.1016/j.
envres.2019.05.039.

Bravo, N., Grimalt, J.O., Mazej, D., Tratnik, J.S., Sarigiannis, D.A., Horvat, M., 2020.
Mother/child organophosphate and Pyrethroid distributions. Environ. Int. 134,
105264. https://doi.org/10.1016/j.envint.2019.105264.

Buekers, J., Remy, S., Bessems, J., Govarts, E., Rambaud, L., Riou, M., Halldorsson, T.I.,
Olafsdottir, K., Probst-Hensch, N., Ammann, P., Weber, T., Kolossa-Gehring, M.,
Esteban-Lopez, M., Castano, A., Andersen, H.R., Schoeters, G., 2022a. Glyphosate
and AMPA in human urine of HBM4EU-aligned studies: part B adults. Toxics 10, 552.
https://doi.org/10.3390/toxics10100552.

Buekers, J., Remy, S., Bessems, J., Govarts, E., Rambaud, L., Riou, M., Tratnik, J.S.,
Stajnko, A., Katsonouri, A., Makris, K.C., De Decker, A., Morrens, B., Vogel, N.,
Kolossa-Gehring, M., Esteban-L6pez, M., Castano, A., Andersen, H.R., Schoeters, G.,
2022b. Glyphosate and AMPA in human urine of HBM4EU aligned studies: part a
children. Toxics 10, 470. https://doi.org/10.3390/toxics10080470.

Bustamante, C.M., Polanska, K., Jankowska, A., Jerzynska, J., Grimalt, J.O., Gari, M.,
2025. In-depth screening of pesticide exposure in children from urban and
agricultural settings in Poland. Sci. Total Environ. 964, 178501. https://doi.org/
10.1016/j.scitotenv.2025.178501.

CDC (Center for Disease Control and Prevention), 2024. National Report on Human
Exposure to Environmental Chemicals, Atlanta. Available online: https://www.cdc.
gov/exposurereport/data_tables.html (Last accessed on January 2026).

Cequier, E., Sakhi, A.K., Haug, L.S., Thomsen, C., 2016. Development of an ion-pair
liquid chromatography-high resolution mass spectrometry method for
determination of organophosphate pesticide metabolites in large-scale
biomonitoring studies. J. Chromatogr. A 1454, 32-41. https://doi.org/10.1016/j.
chroma.2016.05.067.

Cequier, E., Sakhi, A.K., Haug, L.S., Thomsen, C., 2017. Exposure to organophosphorus
pesticides in Norwegian mothers and their children: diurnal variability in
concentrations of their biomarkers and associations with food consumption. Sci.
Total Environ. 590-591, 655-662. https://doi.org/10.1016/j.
scitotenv.2017.03.017.

Cimino, A.M., Boyles, A.L., Thayer, K.A., Perry, M.J., 2017. Effects of neonicotinoid
pesticide exposure on human health: a systematic review. Environ. Health Perspect.
125, 155-162. https://doi.org/10.1289/EHP515.

Colosio, C., Fustinoni, S., Birindelli, S., Bonomi, I., De Paschale, G., Mammone, T.,
Tiramani, M., Vercelli, F., Visentin, S., Maroni, M., 2002. Ethylenethiourea in urine
as an indicator of exposure to mancozeb in vineyard workers. Toxicol. Lett. 134,
133-140. https://doi.org/10.1016/50378-4274(02)00182-0.

Colosio, C., Visentin, S., Birindelli, S., Campo, L., Fustinoni, S., Mariani, F., Tiramani, M.,
Tommasini, M., Brambilla, G., Maroni, M., 2006. Reference values for
ethylenethiourea in urine in Northern Italy: results of a pilot study. Toxicol. Lett.
162, 153-157. https://doi.org/10.1016/j.toxlet.2005.09.031 proceedings of the 6th
international symposium on biological monitoring.

Connolly, A., Coggins, M.A., Koch, H.M., 2020. Human biomonitoring of glyphosate
exposures: state-of-the-art and future research challenges. Toxics 8, 60. https://doi.
0rg/10.3390/toxics8030060.

Curl, C.L., Fenske, R.A., Elgethun, K., 2003. Organophosphorus pesticide exposure of
urban and suburban preschool children with organic and conventional diets.
Environ. Health Perspect. 111, 377-382. https://doi.org/10.1289/ehp.5754.

Dai, Y., Ding, J., Wang, Z., Zhang, B., Guo, Q., Guo, J., Qi, X., Chang, X., Wu, C.,
Zhang, J., Zhou, Z., 2025. Biomonitoring, dietary predictors, drinking water
ingestion of 33 endocrine disrupting Chemicals in Primary School Children in China,
towards an Exposome approach. Environ. Int. 203, 109725. https://doi.org/
10.1016/j.envint.2025.109725.

Darney, K., Bodin, L., Bouchard, M., Coté, J., Volatier, J.-L., Desvignes, V., 2018.
Aggregate exposure of the adult French population to pyrethroids. Toxicol. Appl.
Pharmacol. 351, 21-31. https://doi.org/10.1016/j.taap.2018.05.007.

Dereumeaux, C., Mercier, F., Soulard, P., Hulin, M., Oleko, A., Pecheux, M., Fillol, C.,
Denys, S., Quenel, P., 2022. Identification of pesticides exposure biomarkers for
residents living close to vineyards in France. Environ. Int. 159, 107013. https://doi.
org/10.1016/j.envint.2021.107013.

Donley, N., 2019. The USA lags behind other agricultural nations in banning harmful
pesticides. Environ. Health 18, 44. https://doi.org/10.1186/5s12940-019-0488-0.

13

Science of the Total Environment 1037 (2026) 181881

Egeghy, P.P., Cohen Hubal, E.A., Tulve, N.S., Melnyk, L.J., Morgan, M.K., Fortmann, R.
C., Sheldon, L.S., 2011. Review of pesticide urinary biomarker measurements from
selected US EPA children’s observational exposure studies. Int. J. Environ. Res.
Public Health 8, 1727-1754. https://doi.org/10.3390/ijerph8051727.

Faniband, M.H., Norén, E., Littorin, M., Lindh, C.H., 2021. Human experimental
exposure to glyphosate and biomonitoring of young Swedish adults. Int. J. Hyg.
Environ. Health 231, 113657. https://doi.org/10.1016/].ijheh.2020.113657.

Fernandez, S., F., Pardo, O., Corpas-Burgos, F., Yusa, V., 2020. Exposure and cumulative
risk assessment to non-persistent pesticides in Spanish children using biomonitoring.
Sci. Total Environ. 746, 140983. https://doi.org/10.1016/j.scitotenv.2020.140983.

Galea, K.S., MacCalman, L., Jones, K., Cocker, J., Teedon, P., Cherrie, J.W., van
Tongeren, M., 2015. Urinary biomarker concentrations of captan, chlormequat,
chlorpyrifos and cypermethrin in UK adults and children living near agricultural
land. J. Expo. Sci. Environ. Epidemiol. 25, 623-631. https://doi.org/10.1038/
jes.2015.54.

Gillezeau, C., van Gerwen, M., Shaffer, R.M., Rana, 1., Zhang, L., Sheppard, L., Taioli, E.,
2019. The evidence of human exposure to glyphosate: a review. Environ. Health 18,
2. https://doi.org/10.1186/5s12940-018-0435-5.

Gillezeau, C., Lieberman-Cribbin, W., Taioli, E., 2020. Update on human exposure to
glyphosate, with a complete review of exposure in children. Environ. Health 19, 115.
https://doi.org/10.1186/512940-020-0067 3-z.

Giusti, A., Pirard, C., Charlier, C., Petit, J.C.J., Crevecoeur, S., Remy, S., 2018. Selection
and ranking method for currently used pesticides (CUPs) monitoring in ambient air.
Air Qual. Atmos. Health 11, 385-396. https://doi.org/10.1007/s11869-017-0516-6.

Glorennec, P., Serrano, T., Fravallo, M., Warembourg, C., Monfort, C., Cordier, S.,
Viel, J.-F., Le Gléau, F., Le Bot, B., Chevrier, C., 2017. Determinants of children's
exposure to Pyrethroid insecticides in Western France. Environ. Int. 104, 76-82.
https://doi.org/10.1016/j.envint.2017.04.007.

Gol, E., Gok, I., Battal, D., Siikiiroglu, A.A., 2023. Assessment of preschool children's
exposure levels to organophosphate and Pyrethroid pesticide: a human
biomonitoring study in two Turkish provinces. Arch. Environ. Contam. Toxicol. 84
(3), 318-331. https://doi.org/10.1007/s00244-023-00986-3.

Govarts, E., Gilles, L., Rodriguez Martin, L., Santonen, T., Apel, P., Alvito, P., Anastasi, E.,
Andersen, H.R., Andersson, A.-M., Andryskova, L., Antignac, J.-P., Appenzeller, B.,
Barbone, F., Barnett-Itzhaki, Z., Barouki, R., Berman, T., Bil, W., Borges, T.,
Buekers, J., Canas-Portilla, A., Covaci, A., Csako, Z., Den Hond, E., Dvorakova, D.,
Fabelova, L., Fletcher, T., Frederiksen, H., Gabriel, C., Ganzleben, C., Goen, T.,
Halldorsson, T.I., Haug, L.S., Horvat, M., Huuskonen, P., Imboden, M., Jagodic
Hudobivnik, M., Janasik, B., Janev Holcer, N., Karakitsios, S., Katsonouri, A.,
Klanova, J., Kokaraki, V., Kold Jensen, T., Koponen, J., Laeremans, M., Laguzzi, F.,
Lange, R., Lemke, N., Lignell, S., Lindroos, A.K., Lobo Vicente, J., Luijten, M.,
Makris, K.C., Mazej, D., Melymuk, L., Meslin, M., Mol, H., Montazeri, P.,
Murawski, A., Namorado, S., Niemann, L., Niibler, S., Nunes, B., Olafsdottir, K.,
Palkovicova Murinova, L., Papaioannou, N., Pedraza-Diaz, S., Piler, P., Plichta, V.,
Poteser, M., Probst-Hensch, N., Rambaud, L., Rauscher-Gabernig, E., Rausova, K.,
Remy, S., Riou, M., Rosolen, V., Rousselle, C., Riither, M., Sarigiannis, D., Silva, M.J.,
Slejkovec, Z., Snoj Tratnik, J., Stajnko, A., Szigeti, T., Tarazona, J.V., Thomsen, C.,
Tkalec, Z., Tolonen, H., Trnovec, T., Uhl, M., Van Nieuwenhuyse, A., Vasco, E.,
Verheyen, V.J., Viegas, S., Vinggaard, A.M., Vogel, N., Vorkamp, K., Wasowicz, W.,
Weber, T., Wimmerova, S., Woutersen, M., Zimmermann, P., Zvonar, M., Koch, H.,
Kolossa-Gehring, M., Esteban Lopez, M., Castano, A., Stewart, L., Sepai, O.,
Schoeters, G., 2023. Harmonized human biomonitoring in European children,
teenagers and adults: EU-wide exposure data of 11 chemical substance groups from
the HBM4EU aligned studies (2014-2021). Int. J. Hyg. Environ. Health 249, 114119.
https://doi.org/10.1016/].ijheh.2023.114119.

Han, W., Tian, Y., Shen, X., 2018. Human exposure to neonicotinoid insecticides and the
evaluation of their potential toxicity: an overview. Chemosphere 192, 59-65.
https://doi.org/10.1016/j.chemosphere.2017.10.149.

Harada, K.H., Tanaka, K., Sakamoto, H., Imanaka, M., Niisoe, T., Hitomi, T.,
Kobayashi, H., Okuda, H., Inoue, S., Kusakawa, K., Oshima, M., Watanabe, K.,
Yasojima, M., Takasuga, T., Koizumi, A., 2016. Biological monitoring of human
exposure to neonicotinoids using urine samples, and neonicotinoid excretion
kinetics. PLoS One 11, e0146335. https://doi.org/10.1371/journal.pone.0146335.

Health Canada, 2024. Sixth Report on Human Biomonitoring of Environmental
Chemicals in Canada. Minister of Health, Ottawa, ON. Available: https://www.cana
da.ca/en/health-canada/services/environmental-workplace-health/reports-publicat
ions/environmental-contaminants/sixth-report-human-biomonitoring.html. Last
accessed on January 2026.

Heudorf, U., Angerer, J., 2001. Metabolites of Pyrethroid insecticides in urine specimens:
current exposure in an urban population in Germany. Environ. Health Perspect. 109,
5.

Hornung, R.W., Reed, L.D., 1990. Estimation of average concentration in the presence of
nondetectable values. Appl. Occup. Environ. Hyg. 5, 46-51. https://doi.org/
10.1080/1047322X.1990.10389587.

Ikenaka, Y., Miyabara, Y., Ichise, T., Nakayama, S., Nimako, C., Ishizuka, M.,
Tohyama, C., 2019. Exposures of children to neonicotinoids in pine wilt disease
control areas. Environ. Toxicol. Chem. 38, 71-79. https://doi.org/10.1002/
etc.4316.

Jones, K., 2020. Human biomonitoring in occupational health for exposure assessment.
Port. J. Public Health 38, 2-5. https://doi.org/10.1159/000509480.

Jung, S.K., Choi, W., Kim, S.Y., Hong, S., Jeon, H.L., Joo, Y., Lee, C., Choi, K., Kim, S.,
Lee, K.-J., Yoo, J., 2022. Profile of environmental Chemicals in the Korean
Population—Results of the Korean National Environmental Health Survey (KoNEHS)
cycle 3, 2015-2017. Int. J. Environ. Res. Public Health 19 (2), 626. https://doi.org/
10.3390/ijerph19020626.


https://doi.org/10.1078/1438-4639-00179
https://doi.org/10.1289/ehp.6503
https://doi.org/10.1289/ehp.6503
https://doi.org/10.1186/s12302-016-0070-0
https://doi.org/10.1016/j.envres.2022.114868
https://doi.org/10.1016/j.envres.2022.114868
https://doi.org/10.1289/ehp.1408660
https://doi.org/10.1289/ehp.1408660
https://doi.org/10.1016/j.envres.2019.05.039
https://doi.org/10.1016/j.envres.2019.05.039
https://doi.org/10.1016/j.envint.2019.105264
https://doi.org/10.3390/toxics10100552
https://doi.org/10.3390/toxics10080470
https://doi.org/10.1016/j.scitotenv.2025.178501
https://doi.org/10.1016/j.scitotenv.2025.178501
https://www.cdc.gov/exposurereport/data_tables.html
https://www.cdc.gov/exposurereport/data_tables.html
https://doi.org/10.1016/j.chroma.2016.05.067
https://doi.org/10.1016/j.chroma.2016.05.067
https://doi.org/10.1016/j.scitotenv.2017.03.017
https://doi.org/10.1016/j.scitotenv.2017.03.017
https://doi.org/10.1289/EHP515
https://doi.org/10.1016/s0378-4274(02)00182-0
https://doi.org/10.1016/j.toxlet.2005.09.031
https://doi.org/10.3390/toxics8030060
https://doi.org/10.3390/toxics8030060
https://doi.org/10.1289/ehp.5754
https://doi.org/10.1016/j.envint.2025.109725
https://doi.org/10.1016/j.envint.2025.109725
https://doi.org/10.1016/j.taap.2018.05.007
https://doi.org/10.1016/j.envint.2021.107013
https://doi.org/10.1016/j.envint.2021.107013
https://doi.org/10.1186/s12940-019-0488-0
https://doi.org/10.3390/ijerph8051727
https://doi.org/10.1016/j.ijheh.2020.113657
https://doi.org/10.1016/j.scitotenv.2020.140983
https://doi.org/10.1038/jes.2015.54
https://doi.org/10.1038/jes.2015.54
https://doi.org/10.1186/s12940-018-0435-5
https://doi.org/10.1186/s12940-020-00673-z
https://doi.org/10.1007/s11869-017-0516-6
https://doi.org/10.1016/j.envint.2017.04.007
https://doi.org/10.1007/s00244-023-00986-3
https://doi.org/10.1016/j.ijheh.2023.114119
https://doi.org/10.1016/j.chemosphere.2017.10.149
https://doi.org/10.1371/journal.pone.0146335
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/sixth-report-human-biomonitoring.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/sixth-report-human-biomonitoring.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/sixth-report-human-biomonitoring.html
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0175
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0175
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf0175
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1002/etc.4316
https://doi.org/10.1002/etc.4316
https://doi.org/10.1159/000509480
https://doi.org/10.3390/ijerph19020626
https://doi.org/10.3390/ijerph19020626

C. Pirard et al.

Katsikantami, I., Colosio, C., Alegakis, A., Tzatzarakis, M.N., Vakonaki, E., Rizos, A.K.,
Sarigiannis, D.A., Tsatsakis, A.M., 2019. Estimation of daily intake and risk
assessment of organophosphorus pesticides based on biomonitoring data — the
internal exposure approach. Food Chem. Toxicol. 123, 57-71. https://doi.org/
10.1016/j.fct.2018.10.047.

Knudsen, L.E., Hansen, P.W., Mizrak, S., Hansen, H.K., Mgrck, T.A., Nielsen, F.,
Siersma, V., Mathiesen, L., 2017. Biomonitoring of Danish school children and
mothers including biomarkers of PBDE and glyphosate. Rev. Environ. Health 32,
279-290. https://doi.org/10.1515/reveh-2016-0067.

Lehmler, H.-J., Simonsen, D., Garcia, A.Q., Irfan, N.M., Dean, L., Wang, H., von
Elsterman, M., Li, X., 2022. A systematic review of human biomonitoring studies of
3-phenoxybenzoic acid, a urinary biomarker pyrethroid insecticide exposure, 1997
to 2019. Hyg. Environ. Health Adv. 4, 100018. https://doi.org/10.1016/j.
heha.2022.100018.

Lemke, N., Murawski, A., Schmied-Tobies, M.I.H., Rucic, E., Hoppe, H.-W., Conrad, A.,
Kolossa-Gehring, M., 2021. Glyphosate and aminomethylphosphonic acid (AMPA) in
urine of children and adolescents in Germany — human biomonitoring results of the
German environmental survey 2014-2017 (GerES V). Environ. Int. 156, 106769.
https://doi.org/10.1016/j.envint.2021.106769.

Li, A.J., Martinez-Moral, M.-P., Kannan, K., 2019. Temporal variability in urinary
pesticide concentrations in repeated-spot and first-morning-void samples and its
association with oxidative stress in healthy individuals. Environ. Int. 130, 104904.
https://doi.org/10.1016/j.envint.2019.104904.

Li, A.J., Martinez-Moral, M.-P., Kannan, K., 2020. Variability in urinary neonicotinoid
concentrations in single-spot and first-morning void and its association with
oxidative stress markers. Environ. Int. 135, 105415. https://doi.org/10.1016/j.
envint.2019.105415.

Li, Y., Wang, X., Feary McKenzie, J., 't Mannetje, A., Cheng, S., He, C., Leathem, J.,
Pearce, N., Sunyer, J., Eskenazi, B., Yeh, R., Aylward, L.L., Donovan, G., Mueller, J.
F., Douwes, J., 2022. Pesticide exposure in New Zealand school-aged children:
urinary concentrations of biomarkers and assessment of determinants. Environ. Int.
163, 107206. https://doi.org/10.1016/j.envint.2022.107206.

Lindh, C.H., Littorin, M., Johannesson, G., Jonsson, B.A.G., 2011. Analysis of
chlormequat in human urine as a biomarker of exposure using liquid
chromatography triple quadrupole mass spectrometry. J. Chromatogr. B 879,
1551-1556. https://doi.org/10.1016/j.jchromb.2011.03.046.

Lu, C., Barr, D.B., Pearson, M.A., Waller, L.A., 2008. Dietary intake and its contribution
to longitudinal organophosphorus pesticide exposure in urban/suburban children.
Environ. Health Perspect. 116, 537-542. https://doi.org/10.1289/ehp.10912.

Mage, D.T., Allen, R.H., Gondy, G., Smith, W., Barr, D.B., Needham, L.L., 2004.
Estimating pesticide dose from urinary pesticide concentration data by creatinine
correction in the third National Health and nutrition examination survey (NHANES-
1ID). J. Expo. Sci. Environ. Epidemiol. 14, 457-465. https://doi.org/10.1038/sj.
jea.7500343.

Makris, K.C., Efthymiou, N., Konstantinou, C., Anastasi, E., Schoeters, G., Kolossa-
Gehring, M., Katsonouri, A., 2022. Oxidative stress of glyphosate, AMPA and
metabolites of pyrethroids and chlorpyrifos pesticides among primary school
children in Cyprus. Environ. Res. 212, 113316. https://doi.org/10.1016/j.
envres.2022.113316.

Mgrck, T.A., Andersen, H.R., Knudsen, L.E., 2016. Organophosphate Metabolites in Urine
Samples from Danish Children and Women: Measured in the Danish DEMOCOPHES
Population. Danish EPA: Pesticide research. No. 164. ISBN: 978-87-93529-03-8.

Morgan, M.K., 2012. Children’s exposures to Pyrethroid insecticides at home: a review of
data collected in published exposure measurement studies conducted in the United
States. Int. J. Environ. Res. Public Health 9, 2964-2985. https://doi.org/10.3390/
ijerph9082964.

Needham, Larry L., Ozkaynak, Haltik, Whyatt, Robin M., Barr, Dana B., Wang, Richard
Y., Naeher, Luke, Akland, Gerry, Bahadori, Tina, Bradman, Asa, Fortmann, Roy,
Liu, L.-J. Sally, Morandi, Maria, O’Rourke, Mary Kay, Thomas, Kent,

Quackenboss, James, Ryan, P. Barry, Zartarian, Valerie, 2005. Exposure assessment
in the National Children’s Study: introduction. Environ. Health Perspect. 113,
1076-1082. https://doi.org/10.1289/ehp.7613.

Nomura, H., Hamada, R., Wada, K., Saito, 1., Nishihara, N., Kitahara, Y., Watanabe, S.,
Nakane, K., Nagata, C., Kondo, T., Kamijima, M., Ueyama, J., 2022. Temporal trend
and cross-sectional characterization of urinary concentrations of glyphosate in
Japanese children from 2006 to 2015. Int. J. Hyg. Environ. Health 242, 113963.
https://doi.org/10.1016/j.ijheh.2022.113963.

Norén, E., Lindh, C., Rylander, L., Glynn, A., Axelsson, J., Littorin, M., Faniband, M.,
Larsson, E., Nielsen, C., 2020. Concentrations and temporal trends in pesticide
biomarkers in urine of Swedish adolescents, 2000-2017. J. Expo. Sci. Environ.
Epidemiol. 30, 756-767. https://doi.org/10.1038/s41370-020-0212-8.

Normann, S.S., Andersen, H.R., Lund, L.C., Beck, I.H., Nielsen, F., Bilenberg, N.,
Nielsen, C., Halldérsson, porhallur 1., Jensen, T.K., 2025. Association between
exposure to Pyrethroids and Chlorpyrifos at age 5 years and IQ at age 7 years among
children from the Odense child cohort, a prospective birth cohort study. Environ.
Res. 268, 120853. https://doi.org/10.1016/j.envres.2025.120853.

Osaka, A., Ueyama, J., Kondo, T., Nomura, H., Sugiura, Y., Saito, 1., Nakane, K.,
Takaishi, A., Ogi, H., Wakusawa, S., Ito, Y., Kamijima, M., 2016. Exposure
characterization of three major insecticide lines in urine of young children in
Japan—neonicotinoids, organophosphates, and pyrethroids. Environ. Res. 147,
89-96. https://doi.org/10.1016/j.envres.2016.01.028.

Ospina, M., Wong, L.-Y., Baker, S.E., Serafim, A.B., Morales-Agudelo, P., Calafat, A.M.,
2019. Exposure to neonicotinoid insecticides in the U.S. general population: data
from the 2015-2016 national health and nutrition examination survey. Environ. Res.
176, 108555. https://doi.org/10.1016/j.envres.2019.108555.

14

Science of the Total Environment 1037 (2026) 181881

Ospina, M., Schiitze, A., Morales-Agudelo, P., Vidal, M., Wong, L.-Y., Calafat, A.M., 2022.
Exposure to glyphosate in the United States: data from the 2013-2014 National
Health and nutrition examination survey. Environ. Int. 170, 107620. https://doi.
0rg/10.1016/j.envint.2022.107620.

Ougier, E., Ganzleben, C., Lecoq, P., Bessems, J., David, M., Schoeters, G., Lange, R.,
Meslin, M., Uhl, M., Kolossa-Gehring, M., Rousselle, C., Vicente, J.L., 2021. Chemical
prioritisation strategy in the European human biomonitoring initiative (HBM4EU) —
development and results. Int. J. Hyg. Environ. Health 236, 113778. https://doi.org/
10.1016/j.ijheh.2021.113778.

Oulhote, Y., Bouchard, M.F., 2013. Urinary metabolites of organophosphate and
Pyrethroid pesticides and behavioral problems in Canadian children. Environ.
Health Perspect. https://doi.org/10.1289/ehp.1306667.

Oya, N,, Ito, Y., Ebara, T., Kato, S., Ueyama, J., Aoi, A., Nomasa, K., Sato, H., Matsuki, T.,
Sugiura-Ogasawara, M., Saitoh, S., Kamijima, M., 2021. Cumulative exposure
assessment of neonicotinoids and an investigation into their intake-related factors in
young children in Japan. Sci. Total Environ. 750, 141630. https://doi.org/10.1016/
j-scitotenv.2020.141630.

Parajuli, R.P., Chronister, B.N.C., Barr, D.B., Suarez-Lopez, J.R., 2025. Urinary pesticide
biomarkers from adolescence to young adulthood in an agricultural setting in
Ecuador: study of secondary exposure to pesticides among children, adolescents, and
adults (ESPINA) 2016 and 2022 examination data. Data Brief 61, 111882. https://
doi.org/10.1016/].dib.2025.111882.

Pirard, C., Remy, S., Giusti, A., Champon, L., Charlier, C., 2020. Assessment of children’s
exposure to currently used pesticides in Wallonia, Belgium. Toxicol. Lett. 329, 1-11.
https://doi.org/10.1016/j.toxlet.2020.04.020.

Raherison, C., Baldi, I., Pouquet, M., Berteaud, E., Moesch, C., Bouvier, G., Canal-
Raffin, M., 2019. Pesticides exposure by air in vineyard rural area and respiratory
health in children: a pilot study. Environ. Res. 169, 189-195. https://doi.org/
10.1016/j.envres.2018.11.002.

Rempelos, L., Wang, J., Baraniski, M., Watson, A., Volakakis, N., Hoppe, H.-W., Kiihn-
Velten, W.N., Hadall, C., Hasanaliyeva, G., Chatzidimitriou, E., Magistrali, A.,
Davis, H., Vigar, V., Srednicka-Tober, D., Rushton, S., Iversen, P.O., Seal, C.J.,
Leifert, C., 2022. Diet and food type affect urinary pesticide residue excretion
profiles in healthy individuals: results of a randomized controlled dietary
intervention trial. Am. J. Clin. Nutr. 115, 364-377. https://doi.org/10.1093/ajcn/
nqab308.

Roberts, J.R., Karr, C.J., 2012. Pesticide Exposure in Children. Pediatrics 130,
el765-e1788. https://doi.org/10.1542/peds.2012-2758.

Roggeman, M., Gys, C., Klimowska, A., Bastiaensen, M., Wielgomas, B., Ait Bamai, Y.,
Covaci, A., 2022. Reviewing the variability in urinary concentrations of non-
persistent organic chemicals: evaluation across classes, sampling strategies and
dilution corrections. Environ. Res. 215, 114332. https://doi.org/10.1016/j.
envres.2022.114332.

Saillenfait, A.-M., Ndiaye, D., Sabaté, J.-P., 2015. Pyrethroids: exposure and health
effects — an update. Int. J. Hyg. Environ. Health 218, 281-292. https://doi.org/
10.1016/j.ijheh.2015.01.002.

Sammartano, F., Castriotta, L., Chermaz, E., Moro, G., Bolzan, S., Bortoletto, M.,

Little, D., Bartolucci, G.B., Carrieri, M., Salamon, F., Bravo, G., Cinquetti, S.,
Barbone, F., 2020. Levels of Ethylenethiourea (u-ETU) in a population living near
vineyards. Expo. Health 12, 227-241. https://doi.org/10.1007/s12403-019-00307-
X.

Schoeters, G., Verheyen, V.J., Colles, A., Remy, S., Martin, L.R., Govarts, E., Nelen, V.,
Den Hond, E., De Decker, A., Franken, C., Loots, 1., Coertjens, D., Morrens, B.,
Bastiaensen, M., Gys, C., Malarvannan, G., Covaci, A., Nawrot, T., De Henauw, S.,
Bellemans, M., Leermakers, M., Van Larebeke, N., Baeyens, W., Jacobs, G.,
Voorspoels, S., Nielsen, F., Bruckers, L., 2022. Internal exposure of Flemish teenagers
to environmental pollutants: results of the Flemish environment and health study
2016-2020 (FLEHS IV). Int. J. Hyg. Environ. Health 242, 113972. https://doi.org/
10.1016/j.ijheh.2022.113972.

Shekhar, C., Khosya, R., Thakur, K., Mahajan, D., Kumar, R., Kumar, S., Sharma, A.K.,
2024. A systematic review of pesticide exposure, associated risks, and long-term
human health impacts. Toxicol. Rep. 13, 101840. https://doi.org/10.1016/j.
toxrep.2024.101840.

Sierra-Diaz, E., de J Celis-de la Rosa, A., Lozano-Kasten, F., Trasande, L., Peregrina-
Lucano, A.A., Sandoval-Pinto, E., Gonzalez-Chavez, H., 2019. Urinary pesticide
levels in children and adolescents residing in two agricultural communities in
Mexico. Int. J. Environ. Res. Public Health 16 (4), 562. https://doi.org/10.3390/
ijerph16040562.

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M.,
Downs, C., Furlan, L., Gibbons, D.W., Giorio, C., Girolami, V., Goulson, D.,
Kreutzweiser, D.P., Krupke, C.H., Liess, M., Long, E., McField, M., Mineau, P.,
Mitchell, E.A.D., Morrissey, C.A., Noome, D.A., Pisa, L., Settele, J., Stark, J.D.,
Tapparo, A., Van Dyck, H., Van Praagh, J., Van der Sluijs, J.P., Whitehorn, P.R.,
Wiemers, M., 2015. Systemic insecticides (neonicotinoids and fipronil): trends, uses,
mode of action and metabolites. Environ. Sci. Pollut. Res. 22, 5-34. https://doi.org/
10.1007/511356-014-3470-y.

Stadler, K., Li, X., Liu, B., Bao, W., Wang, K., Lehmler, H.-J., 2022. Systematic review of
human biomonitoring studies of ethylenethiourea, a urinary biomarker for exposure
to dithiocarbamate fungicides. Environ. Pollut. 292, 118419. https://doi.org/
10.1016/j.envpol.2021.118419.

Stajnko, A., Snoj Tratnik, J., Kosjek, T., Mazej, D., Jagodic, M., Erzen, 1., Horvat, M.,
2020. Seasonal glyphosate and AMPA levels in urine of children and adolescents
living in rural regions of northeastern Slovenia. Environ. Int. 143, 105985. https://
doi.org/10.1016/j.envint.2020.105985.

Sulc, L., Janos, T., Figueiredo, D., Ottenbros, L, Senk, P., Mikes, O., Huss, A., Cupr, P.,
2022. Pesticide exposure among Czech adults and children from the CELSPAC-


https://doi.org/10.1016/j.fct.2018.10.047
https://doi.org/10.1016/j.fct.2018.10.047
https://doi.org/10.1515/reveh-2016-0067
https://doi.org/10.1016/j.heha.2022.100018
https://doi.org/10.1016/j.heha.2022.100018
https://doi.org/10.1016/j.envint.2021.106769
https://doi.org/10.1016/j.envint.2019.104904
https://doi.org/10.1016/j.envint.2019.105415
https://doi.org/10.1016/j.envint.2019.105415
https://doi.org/10.1016/j.envint.2022.107206
https://doi.org/10.1016/j.jchromb.2011.03.046
https://doi.org/10.1289/ehp.10912
https://doi.org/10.1038/sj.jea.7500343
https://doi.org/10.1038/sj.jea.7500343
https://doi.org/10.1016/j.envres.2022.113316
https://doi.org/10.1016/j.envres.2022.113316
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf9060
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf9060
http://refhub.elsevier.com/S0048-9697(26)00545-0/rf9060
https://doi.org/10.3390/ijerph9082964
https://doi.org/10.3390/ijerph9082964
https://doi.org/10.1289/ehp.7613
https://doi.org/10.1016/j.ijheh.2022.113963
https://doi.org/10.1038/s41370-020-0212-8
https://doi.org/10.1016/j.envres.2025.120853
https://doi.org/10.1016/j.envres.2016.01.028
https://doi.org/10.1016/j.envres.2019.108555
https://doi.org/10.1016/j.envint.2022.107620
https://doi.org/10.1016/j.envint.2022.107620
https://doi.org/10.1016/j.ijheh.2021.113778
https://doi.org/10.1016/j.ijheh.2021.113778
https://doi.org/10.1289/ehp.1306667
https://doi.org/10.1016/j.scitotenv.2020.141630
https://doi.org/10.1016/j.scitotenv.2020.141630
https://doi.org/10.1016/j.dib.2025.111882
https://doi.org/10.1016/j.dib.2025.111882
https://doi.org/10.1016/j.toxlet.2020.04.020
https://doi.org/10.1016/j.envres.2018.11.002
https://doi.org/10.1016/j.envres.2018.11.002
https://doi.org/10.1093/ajcn/nqab308
https://doi.org/10.1093/ajcn/nqab308
https://doi.org/10.1542/peds.2012-2758
https://doi.org/10.1016/j.envres.2022.114332
https://doi.org/10.1016/j.envres.2022.114332
https://doi.org/10.1016/j.ijheh.2015.01.002
https://doi.org/10.1016/j.ijheh.2015.01.002
https://doi.org/10.1007/s12403-019-00307-x
https://doi.org/10.1007/s12403-019-00307-x
https://doi.org/10.1016/j.ijheh.2022.113972
https://doi.org/10.1016/j.ijheh.2022.113972
https://doi.org/10.1016/j.toxrep.2024.101840
https://doi.org/10.1016/j.toxrep.2024.101840
https://doi.org/10.3390/ijerph16040562
https://doi.org/10.3390/ijerph16040562
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1016/j.envpol.2021.118419
https://doi.org/10.1016/j.envpol.2021.118419
https://doi.org/10.1016/j.envint.2020.105985
https://doi.org/10.1016/j.envint.2020.105985

C. Pirard et al.

SPECIMEn cohort: urinary biomarker levels and associated health risks. Environ.
Res. 214, 114002. https://doi.org/10.1016/j.envres.2022.114002.

Suwannarin, N., Isobe, T., Nishihama, Y., Ito, Y., Kamijima, M., Ebara, T., Sugiura-
Ogasawara, M., Nishikawa, N., Nakai, K., Minamikawa, Y., Nakayama, S.F., 2024.
Concentrations of neonicotinoid insecticides and their metabolites in multiple urine
samples collected from pregnant women in Japan. Environ. Res. 240, 117506.
https://doi.org/10.1016/j.envres.2023.117506.

Tagne-Fotso, R., Zeghnoun, A., Saoudi, A., Balestier, A., Pecheux, M., Chaperon, L.,
Oleko, A., Marchand, P., Le Bizec, B., Vattier, L., Bouchart, V., Limon, G., Le
Gléau, F., Denys, S., Fillol, C., 2023. Exposure of the general French population to
herbicides, pyrethroids, organophosphates, organochlorines, and carbamate
pesticides in 2014-2016: results from the Esteban study. Int. J. Hyg. Environ. Health
254, 114265. https://doi.org/10.1016/j.ijheh.2023.114265.

Tang, W., Wang, D., Wang, J., Wu, Z., Li, L., Huang, M., Xu, S., Yan, D., 2018. Pyrethroid
pesticide residues in the global environment: an overview. Chemosphere 191,
990-1007. https://doi.org/10.1016/j.chemosphere.2017.10.115.

Tao, Y., Dong, F., Xu, J., Phung, D., Liu, Q., Li, R., Liu, X., Wu, X., He, M., Zheng, Y.,
2019. Characteristics of neonicotinoid imidacloprid in urine following exposure of
humans to orchards in China. Environ. Int. 132, 105079. https://doi.org/10.1016/j.
envint.2019.105079.

Temkin, A.M., Evans, S., Spyropoulos, D.D., Naidenko, O.V., 2024. A pilot study of
chlormequat in food and urine from adults in the United States from 2017 to 2023.
J. Expo. Sci. Environ. Epidemiol. 34, 317-321. https://doi.org/10.1038/s41370-
024-00643-4.

Trunnelle, K.J., Bennett, D.H., Tulve, N.S., Clifton, M.S., Davis, M.D., Calafat, A.M.,
Moran, R., Tancredi, D.J., Hertz-Picciotto, I., 2014. Urinary Pyrethroid and
Chlorpyrifos metabolite concentrations in northern California families and their
relationship to indoor residential insecticide levels, part of the study of use of
products and exposure related behavior (SUPERB). Environ. Sci. Technol. 48,
1931-1939. https://doi.org/10.1021/es403661a.

Tu, H., Wei, X., Pan, Y., Tang, Z., Yin, R., Qin, J., Li, H,, Li, A.J., Qiu, R., 2023.
Neonicotinoid insecticides and their metabolites: specimens tested, analytical
methods and exposure characteristics in humans. J. Hazard. Mater. 457, 131728.
https://doi.org/10.1016/j.jhazmat.2023.131728.

Ueyama, J., Harada, K.H., Koizumi, A., Sugiura, Y., Kondo, T., Saito, I., Kamijima, M.,
2015. Temporal levels of urinary neonicotinoid and Dialkylphosphate
concentrations in Japanese women between 1994 and 2011. Environ. Sci. Technol.
49, 14522-14528. https://doi.org/10.1021/acs.est.5b03062.

Van Tran, K., Shia, J.C., Young, M.S., 2019. Fast and Sensitive UPLC-MS/MS
Determination of Diquat and Paraquat in Drinking Water. Application Note. Waters
Corporation. Available at www.waters.com (last access in May 2026).

van Wendel de Joode, B., Mora, A.M., Lindh, C.H., Hernandez-Bonilla, D., Cérdoba, L.,
Wesseling, C., Hoppin, J.A., Mergler, D., 2016. Pesticide exposure and

15

Science of the Total Environment 1037 (2026) 181881

neurodevelopment in children aged 6-9 years from Talamanca, Costa Rica. Cortex
85, 137-150. https://doi.org/10.1016/j.cortex.2016.09.003.

Vorkamp, K., Castano, A., Antignac, J.-P., Boada, L.D., Cequier, E., Covaci, A., Esteban
Lépez, M., Haug, L.S., Kasper-Sonnenberg, M., Koch, H.M., Pérez Luzardo, O.,
Osite, A., Rambaud, L., Pinorini, M.-T., Sabbioni, G., Thomsen, C., 2021. Biomarkers,
matrices and analytical methods targeting human exposure to chemicals selected for
a European human biomonitoring initiative. Environ. Int. 146, 106082. https://doi.
org/10.1016/j.envint.2020.106082.

Wang, A., Mahai, G., Wan, Y., Yang, Z., He, Z., Xu, S., Xia, W., 2020a. Assessment of
imidacloprid related exposure using imidacloprid-olefin and desnitro-imidacloprid:
neonicotinoid insecticides in human urine in Wuhan, China. Environ. Int. 141,
105785. https://doi.org/10.1016/j.envint.2020.105785.

Wang, H., Yang, D., Fang, H., Han, M., Tang, C., Wu, J., Chen, Y., Jiang, Q., 2020b.
Predictors, sources, and health risk of exposure to neonicotinoids in Chinese school
children: a biomonitoring-based study. Environ. Int. 143, 105918. https://doi.org/
10.1016/j.envint.2020.105918.

Wang, P.-W., Huang, Y.-F., Fang, L.-J., Chen, M.-L., 2024. Prenatal and childhood
neonicotinoid exposure and neurodevelopment: a study in a young Taiwanese
cohort. Sci. Total Environ. 946, 174232. https://doi.org/10.1016/j.
scitotenv.2024.174232.

Wang, X., Zhu, Q., Liao, C., Jiang, G., 2021. Human internal exposure to
organophosphate esters: a short review of urinary monitoring on the basis of
biological metabolism research. J. Hazard. Mater. 418, 126279. https://doi.org/
10.1016/j.jhazmat.2021.126279.

Wrobel, S.A., Bury, D., Hayen, H., Koch, H.M., Briining, T., Kéfferlein, H.U., 2022.
Human metabolism and urinary excretion of seven neonicotinoids and
neonicotinoid-like compounds after controlled oral dosages. Arch. Toxicol. 96,
121-134. https://doi.org/10.1007/500204-021-03159-0.

Wrobel, S.A., Doherty, D.M., Koch, H.M., Kéfferlein, H.U., Bury, D., Slattery, C.,
Coggins, M.A., Connolly, A., 2025. Characterising neonicotinoid insecticide
exposures among the Irish population using human biomonitoring. Int. J. Hyg.
Environ. Health 268, 114610. https://doi.org/10.1016/j.ijheh.2025.114610.

Wu, X., Liu, Q., Li, Yin, Yue, M., Su, Q., Luo, J., Li, Yang, Zeng, S., Gao, J., 2024. Urinary
neonicotinoid concentrations and obesity: a cross-sectional study among Chinese
adolescents. Environ. Pollut. 345, 123516. https://doi.org/10.1016/j.
envpol.2024.123516.

Zhang, D., Lu, S., 2022. Human exposure to neonicotinoids and the associated health
risks: a review. Environ. Int. 163, 107201. https://doi.org/10.1016/j.
envint.2022.107201.

Zhao, Y., Zhu, Z., Xiao, Q., Li, Z., Jia, X., Hu, W., Liu, K., Lu, S., 2022. Urinary
neonicotinoid insecticides in children from South China: concentrations, profiles and
influencing factors. Chemosphere 291, 132937. https://doi.org/10.1016/].
chemosphere.2021.132937.


https://doi.org/10.1016/j.envres.2022.114002
https://doi.org/10.1016/j.envres.2023.117506
https://doi.org/10.1016/j.ijheh.2023.114265
https://doi.org/10.1016/j.chemosphere.2017.10.115
https://doi.org/10.1016/j.envint.2019.105079
https://doi.org/10.1016/j.envint.2019.105079
https://doi.org/10.1038/s41370-024-00643-4
https://doi.org/10.1038/s41370-024-00643-4
https://doi.org/10.1021/es403661a
https://doi.org/10.1016/j.jhazmat.2023.131728
https://doi.org/10.1021/acs.est.5b03062
http://www.waters.com
https://doi.org/10.1016/j.cortex.2016.09.003
https://doi.org/10.1016/j.envint.2020.106082
https://doi.org/10.1016/j.envint.2020.106082
https://doi.org/10.1016/j.envint.2020.105785
https://doi.org/10.1016/j.envint.2020.105918
https://doi.org/10.1016/j.envint.2020.105918
https://doi.org/10.1016/j.scitotenv.2024.174232
https://doi.org/10.1016/j.scitotenv.2024.174232
https://doi.org/10.1016/j.jhazmat.2021.126279
https://doi.org/10.1016/j.jhazmat.2021.126279
https://doi.org/10.1007/s00204-021-03159-0
https://doi.org/10.1016/j.ijheh.2025.114610
https://doi.org/10.1016/j.envpol.2024.123516
https://doi.org/10.1016/j.envpol.2024.123516
https://doi.org/10.1016/j.envint.2022.107201
https://doi.org/10.1016/j.envint.2022.107201
https://doi.org/10.1016/j.chemosphere.2021.132937
https://doi.org/10.1016/j.chemosphere.2021.132937

	Exposure of Belgian children to multiple classes of currently used pesticides
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Analytical procedures
	2.2.1 Analysis of pyrethroids and trichloropyridinol
	2.2.2 Analysis of dialkylphosphates
	2.2.3 Analysis of glyphosate
	2.2.4 Analysis of chlormequat chloride (CCC)
	2.2.5 Analysis of ethylenethiourea
	2.2.6 Analysis of neonicotinoids

	2.3 Statistical analyses

	3 Results and discussion
	3.1 Study population
	3.2 Urinary levels of pyrethroid and organophosphorus insecticides
	3.3 Urinary levels of neonicotinoid insecticides
	3.4 Urinary levels of ethylene bis-dithiocarbamate fungicides
	3.5 Urinary levels of chlormequat chloride
	3.6 Urinary levels of glyphosate and AMPA
	3.7 Predictors of exposure

	4 Conclusions
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


