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Abstract

Human biomonitoring (HBM) data indicate that exposure to pyrethroids is widespread in Europe, with significantly
higher exposure observed in children compared to adults. Epidemiological, toxicological, and mechanistic

studies raise concerns for potential human health effects, particularly, behavioral effects such as attention deficit
hyperactivity disorder (ADHD) in children at low levels of exposure. Based on an exposure-response function from
a single European study and on available quality-assured and harmonized HBM data collected in France, Germany,
Iceland, Switzerland, and Israel, a preliminary estimate of the environmental burden of disease for ADHD associated
with pyrethroid exposure was made for individuals aged 0-19 years. The estimated annual number of prevalence-
based disability-adjusted life years (DALYs) per million inhabitants were 27 DALYs for Israel, 21 DALYs for France,

12 DALYs for both Switzerland and Iceland, and 3 DALYs for Germany; while the annual ADHD cases per million
inhabitants attributable to pyrethroids were 2189 for Israel, 1710 for France, 969 for Iceland, 944 for Switzerland,
and 209 for Germany. Direct health costs related to ADHD ranged between 0.3 and 2.5 million EUR yearly per
million inhabitants for the five countries. Additionally, a substantial number of ADHD cases, on average 18%, were
associated with pyrethroid exposure. Yet, these figures should be interpreted with caution given the uncertainty of
the estimation. A sensitivity analysis showed that by applying a different exposure-response function from outside
the EU, the population attributable fraction decreased from an average of 18 to 7%. To ensure more robust disease
burden estimates and adequate follow-up of policy measures, more HBM studies are needed, along with increased
efforts to harmonize the design of epidemiological studies upfront to guarantee meta-analysis of exposure-
response functions. This is particularly important for pyrethroids as evidence of potential adverse health effects is
continuously emerging.
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Introduction

Pyrethroid (PYR) insecticides are a group of synthetic
pesticides based on the naturally occurring compound
pyrethrum or pyrethrin, extracted from the flowers of
Chrysanthemum cinerariaefolium [1]. They are one of the
most used pesticides globally, covering around 30% of the
global insecticide market [2]. Well-known representa-
tives of pyrethroids include deltamethrin, cypermethrin
and permethrin. Pyrethroids are primarily used in agri-
culture as active substances in plant protection products
(PPP) and as biocides in various domestic biocidal prod-
ucts. Additionally, they serve as active ingredients in sev-
eral consumer products (e.g., wood products, textile) and
veterinary medication (e.g., treatment of scabies or lice)
[3].

The main exposure route for the general population
is ingestion of pyrethroid residues from food commodi-
ties and contaminated drinking water [4]. Occupational
exposure usually occurs through the dermal and inhala-
tion route due to direct contact during pesticide applica-
tions. Inhabitants of rural areas or individuals living near
treated agricultural fields may also be exposed via pesti-
cide drifts, as well as from the evaporation of active sub-
stances and even via contaminated soil and dust particles
[4].

While pyrethroid sales in the EU have increased in
recent years [5], limited information exists on how this
has impacted exposure trends. Human biomonitoring
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(HBM) programs worldwide indicate an increasing expo-
sure to pyrethroids by measuring the internal levels of
respective biomarkers of exposure; for instance, the
United States Centers for Disease Control and Preven-
tion (US CDC) reported a rise in urinary 3-phenoxyben-
zoic acid (3-PBA), a non-specific biomarker for several
pyrethroids, from a geometric mean (GM) of 0.29 pg/L
urine to 0.42 ug/L between 1999 and 2010 [6]. Similar
trends were observed in the Canadian HBM program
(CHMS, Canadian Health Measures Survey) with urinary
3-PBA levels in the urine of the general population hav-
ing increased from a GM of 0.25 pg/L (2007) to 0.43 pg/L
(2011) [7]. However, there is a lack of European data to
establish clear-cut time trends. In the HBM4EU (Euro-
pean Human Biomonitoring Initiative; www.HBM4EU.
eu) project, time pattern data on 3-PBA indicate higher
urinary concentrations in recent years compared to a
decade ago although studied places and age-groups may
differ limiting comparability (Fig. 1). Moreover, differ-
ences in HBM data were correlated with socio-economic
status (SES) and age, with higher concentrations of
3-PBA detected in children compared to adults and in
individuals of lower SES [8].

The increased use of pyrethroids in agriculture can
be explained by the phasing out of more notorious pes-
ticides such as those based on organophosphate active
substances. There are concerns regarding the use of pyre-
throids as a growing body of epidemiological evidence
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Fig. 1 Time pattern of median 3-PBA concentrations in urine for 11 European countries and Israel. Symbols with and without fill represent adult and
children study populations, respectively. Results extracted from the HBM4EU dashboard (European Human Biomonitoring Dashboard | VITO HBM))


http://www.HBM4EU.eu
http://www.HBM4EU.eu

Purece et al. Environmental Health (2024) 23:91

suggests that prenatal exposure to pyrethroids adversely
impacts neurodevelopment in the offspring, with atten-
tion-deficit hyperactivity disorder (ADHD) and autism-
spectrum disorder (ASD) often being implicated [9-11].

ADHD (ICD-10 F90) is mostly observed in children
and is characterized by difficulties regarding problem-
solving abilities, paying attention, and hyperactivity [12].
ADHD is estimated to affect around 5% of the world’s
overall population [13], accounting for approximately one
million DALYs (disability-adjusted life years) for the year
2019 [14]. In Europe the prevalence of ADHD has also
increased by 6% between 1990 and 2019 with unknown
underlying reasons [15].

ADHD is one of the neurodevelopmental diseases with
the highest heritability rates, with estimates ranging from
54 to 70% [10]. Around 10-40% of the variance regarding
ADHD etiology is said to be explained by environmental,
pre- or postnatal risk factors [12, 16].

In addition to epidemiological information, there is
increasing evidence for neurodevelopmental effects of
pyrethroids in animal toxicity studies [20]. Adverse out-
come pathways (AOPs) provide mechanistic evidence
suggesting that pyrethroids may affect ADHD risk, e.g.,
via modification of human Na'*-voltage-gated (Nav)
channels, disturbance of thyroid hormones, neuroinflam-
mation, and altered levels of brain-derived neurotrophic
factor (BDNF) [10, 21, 22].

Based on epidemiological, toxicological and mecha-
nistic data, the working group on pesticides from the
HBMA4EU initiative, including the European Environ-
ment Agency (EEA), evaluated the evidence for an asso-
ciation between behavioral effects (ADHD) in children
and prenatal exposure to pyrethroids to be “strong” [4,
23]. In a recent assessment, Inserm (the French National
Institute for Health and Medical Research) also found
strong evidence to support a causal link between prenatal
pyrethroid exposure and an increase in internalized types
of behavioral disorders in children (e.g., anxiety) [24].

There is currently a scarcity of burden of disease esti-
mates for pesticides. The aim of this study is to address
this gap by making a first estimate of the burden asso-
ciated with ADHD due to prenatal exposure to pyre-
throids. For this risk-outcome pair, ample evidence from
epidemiological, toxicological and mechanistic stud-
ies is available [10, 17-22]. This work has been carried
out under the Partnership for the Assessment of Risks
from Chemicals (PARC; https://www.eu-parc.eu/) and
the European Topic Center on Environment and Health
of the EEA (ETC HE) and builds further on HBM4EU
insights. This study is closely aligned with the European
Green Deal’s Chemical Strategy for Sustainability (CSS),
which seeks to better protect citizens and the environ-
ment from harmful chemicals, and to promote the use of
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safer and more sustainable chemicals (Chemicals Strat-
egy for Sustainability).

Methodology

Pyrethroid exposure

Information on harmonized urinary pyrethroid human
metabolite concentrations in children and adults was
gathered in the HBM4EU project. Data were retrieved
from the HBM4EU dashboard (https://hbm.vito.be/eu-
hbm-dashboard). Only HBM studies conducted within
the HBM4EU aligned studies were included as they were
subject to the same quality assurance/control (QA/QC)
program, thus making their results comparable. Based
on this, exposure data were available for five countries
(France, Germany, Iceland, Switzerland, and Israel) with
sample collection performed between 2014 and 2021.
Ideally, exposure data from pregnant women or women
of child-bearing age should be used given that the great-
est evidence is found for prenatal exposure. However,
no such data were available, instead adult exposure data
were assumed to be a reliable approximation as no statis-
tical differences for 3-PBA by sex were observed in adult
data for HBM4EU.

Although multiple pyrethroid metabolites were mea-
sured in the HBM4EU studies, 3-PBA is selected for the
environmental burden of disease (EBD) analysis. 3-PBA
is one of the most measured and reported metabolites
in epidemiological studies and comprises a nonspecific
metabolite of multiple pyrethroid compounds (i.e., cyha-
lothrin, cypermethrin, deltamethrin, fenpropathrin, den-
valerate, permethrin and tralomethrin) [25], making it
more representative of overall pyrethroid exposure com-
pared to other metabolites. Consequently, 3-PBA con-
centrations in urine are taken as a surrogate measure for
pyrethroid exposure.

Sampling in the HBM4EU aligned studies mainly con-
sisted of the collection of spot or morning urine samples.
Pyrethroids are readily metabolized in humans, with
half-lives reported to be 6.4 to 7.6 h [26—30]. The metab-
olism of the specific pyrethroids consists of the parent
compounds being hydrolyzed to 3-phenoxybenzyl alco-
hol or 3-phenoxybenzaldehyde, which are then converted
to 3-PBA. Conjugation with glucuronic acid further facil-
itates excretion. In mammals pyrethroid esters are mostly
eliminated in urine (93%) during the first 24 h [31, 32].

Adult HBM data was retrieved for the years 2014—2021.
Data on concentrations of 3-PBA in urine (percentiles:
P05, P10, P25, P50, P75, P90, P95), number of samples,
sampling type, sample year, and country for each of the
HBM studies were extracted in February 2023 (Table 1).
Urinary concentrations for 3-PBA in adults varied
between <LOQ (limit of quantification, 0.1 pg/L) up to
2.9 pg/L (P95 in the study of Israel) (Table 1). Relatively


https://www.eu-parc.eu/
https://hbm.vito.be/eu-hbm-dashboard
https://hbm.vito.be/eu-hbm-dashboard

Purece et al. Environmental Health (2024) 23:91

Page 4 of 14

Table 1 Adult urinary 3-PBA concentrations (ug/L) measured in HBM aligned studies under the HBM4EU project (2014-2021)

Country (Study) Sampling year Sample type N Percentiles

P05 P10 P25 P50 P75 P90 P95
France** 2014-2016 First morning 144 0.197 0.251 0438 0.819 1.341 2015 2773
Iceland* 2019-2021 Spot 194 <LOQ <LOQ 0.148 0.270 0.546 1.188 1.650
Switzerland* 2020 First morning 299 <LOQ 0.110 0.190 0.380 0.680 1.220 1.932
Germany* 2015-2020 24h 180 <LOQ <LOQ 0.128 0.210 0.363 0.544 0.770
Israel* 2015-2016 Spot 83 0.142 0.187 0.360 0.754 1.358 2.338 2.874

The studies of France (ESTEBAN), Israel (RAV-MABAT), Iceland (DIET-HBM) and Switzerland (HBM4EU) are national studies; German data are from the Environmental

Specimen Bank; LOQ=0.1 pg/L for all studies
*: Biomarker data quality assured by HBM4EU QA/QC program [33]

**: Biomarker data generated before HBM4EU but conducted according to a comparable QA/QC program [33]

Table 2 Internal adult exposure to pyrethroids stratified by education. Biomarker is 3-PBA in urine (ug/L)

Country ISCED N P05 P10 P25 P50 P75 P90 P95
France 0-2 <50 N.A.

3-4 <50 N.A.

>5 103 0.192 0.238 0404 0.797 1277 1.995 2741
Iceland 0-2 <50 N.A.

3-4 58 <LOQ <LOQ 0.181 0.293 0.558 1.442 1.727

>5 122 <LOQ <LOQ 0.123 0.249 0.504 1.135 1618
Switzerland 0-2 <50 N.A.

3-4 69 0.100 0.126 0.230 0.520 0.840 1.646 2176

>5 223 <LOQ 0.110 0.180 0.350 0.650 1.098 1476
Germany >5 180 <LOQ <LOQ 0.128 0.210 0.363 0.544 0.770
Israel 0-2 <50 N.A.

3-4 66 0.146 0.185 0.338 0.803 1439 2.287 3.034

>5 <50 N.A.

N.A.: data with N<50 not available due to privacy considerations (GDPR); LOQ=0.1 pg/L for all studies; ISCED =International Standard Classification of Education

higher median concentrations were found in Israel and
France compared to Iceland, Switzerland, and Germany.

Exposure data stratified by educational attainment
(using the International Standard Classification of Edu-
cation (ISCED)) are shown in Table 2, which shows that
individuals with a lower ISCED category (0—2) are under-
represented in these studies.

Exposure-response

The starting point for selecting an exposure-response
function (ERF) for the calculation of the EBD was the
substance report of the HBM4EU project [4], specially
referencing the peer reviewed article by Andersen et al.
(2022) on exposure to pyrethroids and developmental
neurotoxicity [10]. Additionally, major institutional and
project websites were consulted including those of the
European Food Safety Authority (EFSA), the European
Environment Agency (EEA), the European Chemicals
Agency (ECHA), the Agency for Toxic Substances and
Disease Registry (ATSDR) and the United States Envi-
ronmental Protection Agency (US EPA), to search for
additional information on health effects, particularly
ADHD, associated with pyrethroid exposure. Alongside
this information, a literature search was performed in the
scientific peer reviewed literature using PubMed (search

string: (“dose-response” OR “dose-effect” OR “exposure-
response” OR “exposure-effect” OR “ERF” OR “DRF” OR
“odds ratio” OR “relative risk” OR “OR” OR “RR”) AND
“pyrethroid*” AND “ADHD?”). The primary focus was to
identify cohort studies with data on in utero exposure, as
this is the most sensitive window of exposure, for which
the evidence for adverse neurodevelopmental effects
(e.g., ADHD) is strongest [10]. Studies on occupational
exposures and animal data were excluded for the EBD
calculations. Based on these search considerations, eight
relevant studies were found through PubMed, of which
three cohort studies, focusing on gestational exposure
and ADHD, were initially retained (Table 3) (Lee et al.
2022; An et al., 2022; Dalsager et al., 2019).

Since exposure and outcome measures, ADHD assess-
ment methods, regression model adjustment for covari-
ates and confounders, study design, age of the individuals
at examination, etc. differ considerably between epidemi-
ological studies, performing a meta-analysis for the deri-
vation of an ERF is not feasible [10]. Out of the selected
cohort studies in Table 3, the study by Dalsager et al.
(2019) was the only European study reporting an ERF for
pyrethroid exposure and increasing odds of ADHD and
was therefore deemed to be most relevant for the Euro-
pean context and for this reason was selected for the
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Table 3 Overview of cohort studies reporting exposure-effect functions for prenatal pyrethroid exposure and behavioral problems in

offspring
Publication; Maternal body Number Exposure-effect function Covariates in model
country burden [pug/L]* and age of
offspring
Dalsager et al. P25=0.14 948 children  Doubling prenatal maternal 3-PBA associated with  Creatinine, maternal education, parity,
(2019); Denmark  P50=0.21 aged2to4 3% (95% Cl 0% — 7%) increase in ADHD scores maternal age, parental psychiatric diagno-
P75=0.46 years and 13% (95% Cl 1% — 25%) higher odds of ADHD  sis, smoking, child age at examination, sex,
P95=1.96 score > P90 which is a predictor of later ADHD preterm birth, birth weight and duration
diagnosis breastfeeding
Leeetal (2022); GM=0.65 524 children  Doubling prenatal maternal 3-PBA associated with  Maternal age at pregnancy, maternal
South-Korea P0O5=0.07 aged6and  2.7% (95% Cl 0.3% — 5.2%) increase of ADHD scores education, family income, maternal smoking
P50=0.77 8 years (ADHD rating scores IV, ARS) at age 6 years during pregnancy, diabetes mellitus during
PO5=4.14 pregnancy, child’s age, sex of child, BMI, birth
order, delivery mode during pregnancy, pre-
mature delivery, low birth weight, breastfeed-
ing, season of exposure and urine creatinine
Anetal (2022); GM=1.113 683 children  In utero log-unit increase in 3-PBA associated with  Maternal education, age at delivery, risk for
South-Africa P10=0.394 aged 2 years increased risk of externalizing behavior (relative depression, HOME z-score, breastfeeding
P50=1.048 risk of 1.35 (95% Cl 1.03-1.78) but not ADHD as de- status at 1-year and food poverty status
P90=3.178 fined in the article. Externalizing behavior included

attention and aggressive behavior, for which atten-

tion problems are ADHD-related

*PX represents the X" exposure percentile, while GM represents the geometric mean. All values reflect maternal urine 3-PBA values during pregnancy

base case EBD analysis. This study — based on the Dan-
ish Odense child cohort [37] — found that the doubling of
prenatal maternal 3-PBA urinary concentration is asso-
ciated with a 3% increase in ADHD scores in 2—4 year-
old children and 13% higher odds of ADHD score>P90
(OR of 1.13; 95% CIL: 1.01-1.25), which is a predictor of
later ADHD diagnosis [38]. No effect was assumed for
biomarker concentrations under 0.132 pg 3-PBA/L urine
[38]. The Korean Environment and Development of
Children (EDC) cohort study by Lee et al. (2022) found
a similar effect as the Danish study but at higher pyre-
throid exposure (Table 3). This study was further used
in a sensitivity analysis. A similar study performed in
South-Africa by An et al. on the VHEMBE population, a
population highly exposed to insecticides (e.g., DDT and
pyrethroids) for malaria control, only found an associa-
tion with pyrethroid exposure and externalizing behav-
ior problems. In this study, the CBCL: 1.5-5 was used
though it is not entirely clear which questions from the
CBCL list were used to assess behavior problems and
ADHD. Moreover, the list was not validated for the local
Vhembe population, cross-cultural influences may there-
fore persist [36]. A study with similar positive findings on
externalizing behavior and exposure to 3-PBA as the one
from An et al, is the US study by Furlong et al. (2017)
[39]. The study of An et al. was not considered seeing
the high exposure to insecticides, including DDT which
might influence findings for pyrethroids as DDT affects
sodium channels [40] similarly to pyrethroids and could
thus impact behavior [11, 41, 42].

DALY calculation

The EBD for ADHD attributable to pyrethroids expo-
sure was estimated for French, Icelandic, Swiss, Ger-
man, and Israeli population groups aged 0-19 years. A
prevalence-based approach was used to calculate DALYs
and attributable ADHD cases, therefore justifying the
expansion of the window of effect compared to the age
category for which the exposure-effect association was
derived, assuming that prevalent cases of ADHD could
have developed at an earlier age and having persisted
throughout late adolescence [43]. During adulthood
ADHD symptoms can become more manageable, with a
fraction of the cases potentially becoming asymptomatic
(33—50%) [44]; for this reason, the effect window was not
expanded beyond 19 years of age.

The applied methodology follows the comparative risk
assessment approach [45, 46]. In brief, data on prevalence
and total non-sex-specific burden of disease for ADHD
were retrieved for France, Iceland, Switzerland, Germany,
and Israel from the Global Burden of Disease study by the
Institute of Health Metrics and Evaluation (IHME) for
the year 2021 (Tables 4 and 5) [47].

Prevalence rates for the age-group 0-19 years var-
ied between 1.43% (Germany) and 3.37% (France) for
the year 2021 (Table 4). Higher prevalence rates were
observed in, e.g., Spain (6.37% in the 0—19-year category;
data IHME) as well as higher exposure to pyrethroids
(existing data collected under HBM4EU and derived
from HBM4EU dashboard but not quality assured under
HBM4EU; P50 5.91 pg 3-PBA/L). The data showed that
prevalence of ADHD is <5% and the odds ratio of 1.13
(95% CI: 1.01-1.25) by Dalsager et al. (2019) was applied
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Table 4 Overview of ADHD disease burden (prevalence and
DALYs) for age category of 0-19 years for France, Israel, Iceland,
Switzerland, and Germany. Data extracted from IHME for the year
2021

Country Prevalence of Prevalence of DALYs
ADHD in 2021 ADHD in 2021 (total
[%] (total cases) num-
ber)
France 337 430,948 5286
Israel 297 83,891 1030
Iceland 327 2395 29
Switzerland 354 49,596 607
Germany 143 183,030 2244

Numbers rounded to the nearest integer

IHME data are prone to updates; thus, updated data from the 28th of June 2024
were used for all estimations

Table 5 Overview of ADHD disease burden per 10° inhabitants
for the age category of 0-19 years for France, Israel, Iceland,
Switzerland, and Germany. Numbers based on IHME data for the
year 2021

Country Prevalence of ADHD per DALYs per

10% inhabitants 10% inhab-
itants

France 6491 80

Israel 8744 107

Iceland 6834 84

Switzerland 5558 68

Germany 2144 26

Numbers rounded to the nearest integer

as a proxy for the relative risk (RR) [48, 49]. Based on
the relative risk and the proportion of the population
exposed, the population attributable fraction (PAF) was
calculated using the Levin equation [50] (Eq. 1).

fx (RR—-1)
PAF= fx (RR=1)+1 )
In which f represents the fraction of the population
exposed and RR the relative risk.

The EBD, expressed in prevalence-based DALYs, was
calculated by multiplying the burden of disease (IHME
2024) with the PAF (Eq. 2). This way, the prevalence-
based EBD for ADHD associated with pyrethroid expo-
sure was calculated for the year 2021.

EBD = BoD x PAF )

In which:

+ DPAF represents the population attributable fraction
of ADHD associated with exposure to pyrethroids.

« BoD [in DALYs or total ADHD cases] represents
the total burden of disease for ADHD, i.e., before
consideration of any risk factor attribution.
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« EBD [in DALYs or total ADHD cases] represents
the environmental burden of disease for ADHD
attributable to pyrethroid exposure.

Health economic analysis
Based on the estimated attributable number of ADHD
cases, the direct medical costs associated with ADHD
were assessed for the population of 0-19-year-olds in
the targeted countries. Costs were based on the German
study of Libutzki et al. (2019) and values were transferred
to other countries using purchasing power parity (PPP)
correction and inflation (HICP) adjustment to 2021 [51].
Libutzki et al. (2019) estimated the surplus costs
incurred by individuals with ADHD compared to those
without to be on average 1508 EUR (direct medical costs
for all groups, for the reference year 2014); the main cost
drivers are respectively hospital cost (inpatient care), psy-
chiatrist appointment, and expenses for ADHD medica-
tion, while other factors only contributed minimally.
Based on the health costs per ADHD case (relative to
individuals without ADHD) and the number of ADHD
cases attributable to pyrethroid exposure (total amount
of cases or per 10° inhabitants), the attributable health
costs can be calculated as follows:

Attributable health costs = attributable cases X cost per case (3)

Disease burden and health economic estimates were not
age-weighted or time-discounted. All estimations were
made for the reference year 2021. Uncertainty analy-
sis on the estimation was performed using Monte Carlo
simulation (Cristal Ball, version 11.1.2.4.850) taking into
account the uncertainty of the exposure-response func-
tion, the total disease burden and the population size.

Results

Table 6 shows the PAF, the EBD (measured in DALYs
and in attributable ADHD cases) and the attributable
health costs for France, Iceland, Switzerland, Germany
and Israel based on HBM data gathered from the aligned
HBMA4EU studies and on exposure-effect information
from Dalsager et al. (2019) (base case analysis). The pop-
ulation attributable fraction (PAF) varied between 10
and 26% with an average of 18%, implying that approxi-
mately 1 in 5 ADHD cases is associated with exposure to
pyrethroids.

A secondary analysis was performed using the same
HBM data and economic data for the five countries but
using the exposure-response information from Lee et
al. (2022). These results are illustrated in Table 7. In this
reanalysis, the population attributable fraction varies
between 1 and 12% with an average of 7%, meaning that
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Table 6 Base case environmental burden of disease results (PAF, prevalence-based EBD [DALYs and attributable cases], and
attributable health costs) of ADHD associated with exposure to pyrethroids based on the exposure-response information of Dalsager

etal. (2019)
Country PAF (95% EBD (95% ClI) [attrib- EBD (95% Cl) EBD (95% Cl) EBD (95% Cl) Attributable Attributable health
Cl) [%] utable cases] [attributable [DALYs] [DALYs per 10° health costs (95% costs per 10 in-

cases per 10° inhabitants] Cl) [million EUR] habitants (95% Cl)
inhabitants] [million EUR]

France 26 (22-30) 113,543 1710 (890-2589) 1393 21(6-37) 156.2 (81.3-235.1) 24 (1.2-3.6)

(59094-170931) (425-2455)

Iceland 14 (5-22) 339 (95-655) 969 (273-1927) 4(1-9) 12 (2-27) 06(0.2-1.2) 1.7 (0.5-3.5)

Switzerland 17 (6-27) 8421 (2574-15143) 944 (282-1701) 103 (16-204) 12 (2-23) 174 (53-31.3) 2.0(0.6-35)

Germany 10 (-4-22) 17,801 (-5757-44894) 209 (-67-522) 218 (-80-613) 3 (-1-7) 296 (-9.6-74.6) 0.3 (-0.1-0.9)

Israel 25(19-30) 21,003 (11619-31569) 2189 (1188-3352) 258 (60-455) 27 (6-49) 23.8(13.2-35.7) 2.5(1.3-3.8)

Table 7 Sensitivity analysis environmental burden of disease results (PAF, prevalence-based EBD [DALYs and attributable cases], and
attributable health costs) of ADHD associated with exposure to pyrethroids based on the dose-response information of Lee et al.

(2022)
Country PAF (95% EBD (95% Cl) [at- EBD (95% Cl) EBD (95% EBD (95% Cl) Attributable Attributable health
(d)] tributable cases] [attributable Cl) [DALYs] [DALYs per 106  health costs costs per 10%in-

cases per 10° inhabitants] (95% CI) [million  habitants (95% Cl)
inhabitants] EUR] [million EUR]

France 12(11-13) 52,318 788 (426-1168) 10 (3-17) 72.0(39.5-105.0) 1.1(0.6-1.6)

(28685-76314) (162-1091)

Iceland 4(1-7) 99 (10-198) 283 (30-567) 1(0-3) 3(0-8) 0.2 (0.02-2.8) 0.5 (0.05-1.0)

Switzerland 6 (4-7) 2807 (1373-4503) 315 (150-518) 34 (10-60) 4(1-7) 5.8(2.8-9.3) 0.7 (0.3-1.0)

Germany 1(-1-3) 2405 (-2034-6918) 28 (-24-81) 29 (-22-94)  0(0-1 4.0(-34-11.5) 0.05 (-0.04-0.1)

Israel 12 (11-12) 9929 (5358-14002) 1035 (547-1521) 122 (33-216) 13 (4-23) 11.2(6.1-15.8) 1.2 (0.6-1.7)

in this calculation, approximately 1 in 14 ADHD cases is
associated with exposure to pyrethroids.

Discussion

Pyrethroids burden of disease

This study provides a preliminary estimate of the ADHD
related disease burden attributable to pyrethroids expo-
sure among 0—19-year-olds for France, Iceland, Switzer-
land, Germany, and Israel (Table 6). On average, it was
found that almost 1 in 5 cases of ADHD is associated
with exposure to pyrethroids. This estimate is similar to
what has been found for exposure to organophosphates
and ADHD [52]. The highest disease burden attributable
to pyrethroids was estimated for France (1393 DALYs),
followed by Israel (258 DALYs), Germany (218 DALYs),
Switzerland (103 DALYs), and lastly Iceland (4 DALYs).
When the disease burden attributable to pyrethroids is
normalized to the population size, the highest EBD is
found for Israel (27 DALYs per 10°), followed by France
(21 DALYs per 10°), Iceland and Switzerland (both 12
DALYs per 10°), and finally Germany (3 DALYs per 10°).
The number of ADHD cases attributable to pyrethroid
exposure varied between 113,543 ADHD cases (France)
and 339 (Iceland). When the attributable cases due to
pyrethroids are normalized to population size, the high-
est burden is found for Israel (2189 ADHD cases per
10%) and the lowest for Germany (209 ADHD cases per
10°). The variation in EBD estimates for the five different

countries is due to the difference in urinary 3-PBA con-
centration and the total disease burden for ADHD (only
26 DALYs per 10° and 2144 ADHD cases per 10° for
Germany compared to 68—107 DALYs per 10° and 5558
8744 ADHD cases per 10° for the other four countries).

An initial health economic estimation is also provided
in this study, focusing solely on the direct costs related
to ADHD. Costs varied between 0.6 MEUR (Iceland) and
156.2 MEUR (France). When direct health costs are nor-
malized to population size, the estimates range from 0.3
to 2.5 MEUR per 10° for the five countries. These health
economic costs provide a conservative estimation as only
the direct health costs of ADHD were considered. It is
assumed that the economic burden would be greater if
indirect medical costs and non-medical costs (e.g., lost
productivity, presenteeism, absenteeism experienced by
the parents of the child suffering from ADHD or expe-
rienced by individuals whose ADHD persists into adult-
hood) would also be considered.

The base case results discussed here are supplemented
with sensitivity analysis results (Table 7). When the expo-
sure-response information from the study of Lee (South-
Korea) is applied, the average PAF decreases from 18
to 7% resulting in a lower number of attributable cases,
DALYs, and costs.
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Comparison of disease burden with other chemicals

The EBD for ADHD associated with pyrethroid expo-
sure was compared with the EBD due to lead (Table 8)
as this is the only environmental chemical risk factor for
which the IHME has estimated the disease burden. The
disease burden associated with lead was estimated for
cardiovascular disease (CVD), idiopathic developmen-
tal intellectual disability (IDID), and kidney diseases by
the IHME (IHME, 2024). A comparison for the age cat-
egory 0—19 years was made. The estimated EBD for pyre-
throids (based on the exposure-response function from
Dalsager) was higher than the EBD for lead exposure for
all countries (ratio EBD pyrethroids to lead of 1.02-1.37)
except for Germany, where the EBD for lead was higher
than that for pyrethroids (ratio EBD pyrethroids to EBD
lead of 0.37).

The EBD for pyrethroids is comparable to that of
lead in terms of order of magnitude (EBD ratio vary-
ing between 0.37 and 1.37 for selected countries) even
though only one health outcome was selected for pyre-
throids (ADHD) compared to multiple health outcomes
for Pb (CVD, mental disorders, and kidney diseases).
However, CVD and kidney diseases cause a low disease
burden in individuals aged 0—19 years, and usually have
an onset later in life. Consequently, the EBD for Pb is pri-
marily driven by idiopathic developmental intellectual
disability, a health outcome similar to ADHD in terms
of disability weight (0.045 for ADHD compared to 0.043
and 0.100 for mild and moderate intellectual disability,
respectively) [53]. The EBD estimates for pyrethroids and
Pb for 0-19-year-olds are low when compared with the
EBD for Pb for all ages (i.e., Pb-associated EBD of 103015
DALYs for all ages compared to 1031 DALYs for 0-19
years for France). This difference in EBD can be explained
by a higher prevalence of CVD and kidney diseases dur-
ing adulthood and higher disability weights for CVD
and kidney diseases compared to ADHD or intellectual
disability. The impact of neurodevelopmental disorders
might be better reflected through the total associated
economic cost (direct and indirect costs) related to health

Table 8 Comparison of EBD [DALYs] between pyrethroids

(for ADHD) and lead (for CVD, IDID and kidney diseases). EBD
results of lead are adapted from the IHME for the year 2021. EBD
estimates are for the age category 0-19 years

Country EBD pyrethroids  EBD lead (95% Cl) Ratio EBD
(95% CI) [DALYs] [DALYs] pyrethroids
to EBD lead
France 1393 (425-2455) 1031 (257-2259) 135
Iceland 4(1-9) 2.93(0.5-7) 137
Switzerland 103 (16-204) 83 (14-198) 1.24
Germany 218 (-80-613) 585 (68-1492) 037
Israel 258 (60-455) 252 (63-527) 1.02

Exposure-response information from Dalsager et al. applied
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care expenditure, lost productivity during adulthood and
psychosocial consequences among others.

When using the exposure-response information from
the study of Lee, the EBD ratio of pyrethroids to lead
shifts from 0.37 to 1.37 to 0.05-0.62. On average, this
change in ERF information alters the disease burden of
pyrethroids relative to lead by approximately a factor
of three for individuals aged 0-19 years in the selected
countries.

Discrepancy in risk-assessment and epidemiology

In the context of risk assessment, exposure levels
throughout the population are compared to toxicological
reference values (TRVs). Human biomonitoring guidance
values (HBM-GVs) can represent such TRVs for the gen-
eral population and are defined as the concentration of a
substance or its specific metabolite(s) in human biologi-
cal media (e.g., urine, blood, hair) at and below which,
according to current knowledge, no risk of health impair-
ment is anticipated, and consequently no need for action
is considered [54]. Recent epidemiological studies show
associations between pyrethroid exposure and diagnosis
of ADHD and other neurodevelopmental problems in
children even at concentrations below the most stringent
HBM guidance value for 3-PBA in urine (1.7 pg/L) [55,
56]. The HBM-GVs currently in place might thus not be
sufficiently protective for the effects of developmental
neurotoxicity [57]. This could be explained by the insen-
sitivity of animal tests for neurotoxicity, used in this case
for the derivation of HBM-GVs, regarding neurodevelop-
mental effects.

Inequality concerning exposure and disease burden
Reducing health inequalities is a main action point under
the Zero Pollution Action Plan (ZPAP). Differences in
chemical exposure as well as in vulnerability and suscep-
tibility exist for individuals of different socio-economic
status. This leads to environmental health inequalities.
By getting a clearer view on exposure and disease burden
differences according to SES, measures to reduce expo-
sure can be more strongly tailored towards relevant pop-
ulation groups. From the limited data shown in Table 2,
it can be observed that individuals with a lower educa-
tion are generally more exposed to pyrethroids than
those with a higher education. Additionally, individuals
of more deprived backgrounds are 1.5 to 4 times more
likely to suffer from ADHD compared to those from less
deprived backgrounds [13].

However, a SES-specific EBD analysis could not be
performed in this study due to the underrepresentation
of the lower education categories in the HBM studies;
because of this, aggregate exposure data were not avail-
able. Ideally, a SES-stratified EBD analysis would not only
require exposure data but also ERF data and other model
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parameters stratified by SES to more accurately estimate
the environmental burden of disease across social groups
[58]. The problem herein is that exposure-response rela-
tionships are often corrected for but not stratified by SES,
with the notable exception of lead [59].

It should also be noted that the categorization used in
the HBM4EU studies based on ISCED might no longer
reflect the current educational tendencies seen in Europe.
With education being far more accessible for Europeans
at present — and with an increasing trend of individuals
completing tertiary education, especially in Western and
Northern European countries — having a medium educa-
tion category consisting of ISCED 3—4 (i.e., high school
education and post-secondary non-tertiary education)
would seem outdated and/or unpractical for SES strati-
fication [60]. A more updated categorization would be
to dichotomize education into a lower (ISCED 0-4) and
a higher (5-8) class. Most importantly, this would then
also provide a solution to the problem encountered in the
HBMA4EU studies, in which the lower education category
was systematically underrepresented compared to the
other two categories (Table 2).

Uncertainty

A significant source of uncertainty in this EBD analysis
arises from the ERF used from single studies as opposed
to a more robust pooled ERF from a meta-analysis. The
measured health effect considered in this ERF was the
Child Behavior Checklist for ages 1.5-5 years (CBCL:
1.5-5), which provides severity scores of ADHD symp-
toms and requires parents or guardians to answer
a questionnaire rather than using medical records
or appropriate neuropsychological assessment [38].
Although the outcome of the CBCL: 1.5-5 (ADHD scores
above P90) is only a predictor of future ADHD diagnosis
and not an explicit clinical diagnosis, the CBCL: 1.5-5is a
well-established empirical method with high validity and
reproducibility. Moreover, in the context of screening
entire cohorts, assessing ADHD in a clinical setting is not
feasible and would require too many resources.

To obtain a better comprehension of the uncertainty, a
sensitivity analysis was performed using more conserva-
tive exposure-effect information based on the study by
Lee et al. (2022). In this study, an effect similar in size to
that observed in the Danish study was seen but at higher
pyrethroid exposure values (median values were three
times higher). Much of the uncertainty and variance in
results thus depends on the exposure-response function
and the reference population selected in these studies.

Another aspect of uncertainty is the fact that 3-PBA
exposure data are based on a single spot or morn-
ing urine sample in most studies. Since pyrethroids are
metabolized and excreted from the body within hours
to days, serial urine sampling would provide a more
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accurate estimation of the actual exposure. However, it
is generally assumed that exposure levels reach a (quasi)
steady state and thus remain relatively stable in popu-
lations continuously exposed to low amounts of pyre-
throids through food residues, justifying the use of single
spot urine samples [34]. Also, the 3-PBA exposure data
that were used, were based on the adult population from
the aligned studies performed within HBM4EU, whereas
exposure data for women of child-bearing age (20-40
years of age) would have been more appropriate.

The possibility of reverse causality must be acknowl-
edged. In particular, children with ADHD may experi-
ence increased exposure due to their heightened activity
levels, resulting in a greater accumulation of pyrethroid
metabolites in their bodies. Nevertheless, it is anticipated
that the impact of reverse causation will be less signifi-
cant in cohort studies where maternal body burdens are
linked to childhood health, as opposed to cross-sectional
studies conducted postnatally.

Another source of uncertainty is the fact that the body
burden of 3-PBA does not reflect exposure to all pyre-
throids (only that of cyhalothrin, cypermethrin, delta-
methrin, fenpropathrin, denvalerate, permethrin and
tralomethrin) [25]; therefore, the EBD estimates based
on 3-PBA can underestimate the true disease burden
linked to pyrethroids. In addition, urinary 3-PBA con-
centrations do not arise solely due to metabolization of
pyrethroids inside the human body, but part of it can also
be due to intake of naturally formed 3-PBA, which arises
during the environmental breakdown of pyrethroids on
crops and foodstufts [53] and other uses of pyrethroids
as indoor biocides. This implies that measured urinary
levels of 3-PBA may overestimate the actual intake of the
specific pyrethroids that form 3-PBA as a metabolite but
at the same time underestimate the exposure to several
other pyrethroids that do not form 3-PBA.

A common limitation regarding cost-of-illness stud-
ies is when the costs of comorbidities are not adequately
accounted for. Failing to do so can significantly inflate the
health costs that are estimated for the disease of inter-
est. The key study of Libutzki et al. (2019), on which the
health economic estimation in this study is based, did
separate the costs of several comorbidities but not for
ASD, of which the symptoms are known to overlap with
those of ADHD. It is therefore possible that not all sig-
nificant comorbidity-triggered costs are accounted for,
thereby potentially inflating the total cost attributable to
ADHD.

The disease burden in this analysis was estimated for
the age-group of 0-19-year-olds. Since there is little
data on when and to what extent exactly pyrethroids
were used in Europe the last decades, the results may
have been both underestimated (by excluding adults
in the EBD estimation) as well as overestimated (by
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extrapolating the exposure values measured in 2014—
2021 to the entire time period of 2001 onwards and thus
extrapolating to the age interval 019 years).

Finally, only ADHD was considered as a pyrethroid-
related health outcome for which EBD estimates were
determined. Yet pyrethroid exposure is also associated
with other health outcomes such as ASD and cogni-
tive issues [11]. Regardless of the uncertainty described
above, observations already done in epidemiological,
toxicological, and mechanistic studies allow for a prelimi-
nary estimation of the EBD associated with pyrethroid
exposure. Also, in the framework of the precautionary
principle and the widespread pyrethroid exposure, such a
preliminary estimate is justifiable.

As mentioned earlier, the base case disease burden
estimation made in this study was based on the find-
ings by Dalsager et al. (2019), who found an association
between prenatal pyrethroid exposure and ADHD symp-
toms in children aged 2—4 years. In a subsequent study
of the Odense child cohort by Fage-Larsen et al. (2024),
a statistically significant association was no longer found
between pyrethroid exposure (both prenatally or during
childhood) and ADHD symptoms at 5 years of age [61].
Several explanations are given by the authors for this
weakening of association. First, the sample size in the
follow-up study was significantly smaller (outcome mea-
sures available on 614 children as compared to the 948
children in the previous study), resulting in a lower sta-
tistical power. Secondly, it is a general research problem
that children with behavioral problems are lost to follow-
up (personal communication with study authors). A rea-
son can be that families are more preoccupied due to the
child’s problems or have less resources to participate. It is
also speculated that the older children get, the better they
can mask ADHD symptoms compared to toddlers, mak-
ing their symptoms less detectable. Finally, the exposure
levels in the Odense child cohort are narrow (little varia-
tion in exposure biomarkers), possibly making it more
difficult to reach statistical significance; though other fac-
tors may also contribute to the lack of statistical signifi-
cance (e.g., insufficient study power, no effect, etc.).

Mechanistic evidence for pyrethroid-induced ADHD

Mechanistic data support the link between pyrethroid
exposure and ADHD. Exposure to pyrethroids could
elicit neurotoxic effect through the modification of Na*-
voltage-gated (Nav) channels. Deltamethrin has been
shown to inactivate Nav1l.6 channels, which are abun-
dantly expressed in medium spiny neurons (MSN) of the
nucleus accumbens (NAc) [21]. Dysregulation of MSN
firing is thought to play a critical role in the pathophysiol-
ogy of ADHD [62, 63]. Nav-channel modification could
further be followed by reduced expression of BDNF
(brain-derived neurotrophic factor) playing a prominent
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role in pre- and postnatal brain development [4, 5].
Mechanisms that could lead to reduced BDNF through
pyrethroid exposure are described by Rodriguez-Carrillo
et al. (2022) [22]. Crosstalk of the BDNF mechanism with
neuroinflammation may take place [22]. Pro-inflamma-
tory activity during neurological development could con-
tribute to cognitive dysfunction [10]. Increased levels of
oxidative and inflammatory markers have been shown in
vitro and in animal studies [10, 64—66].

Pyrethroids have also been identified as thyroid hor-
mone disruptors [67]. In vitro studies for example sug-
gest that multiple pyrethroids have antagonistic effects
for, e.g., T3 (triiodothyronine) induced proliferation in
a pituitary cell line [68] or in a TH (thyroid hormone)
receptor mediated reporter gene assay [69]. TH distur-
bance is further supported by multiple studies found
in the literature [70-72]. T4 (thyroxine) concentra-
tions could also be influenced through the dysregula-
tion of the transport protein transthyretin (TTR), as was
shown for permethrin [73]. The US ToxCast program
indicated further moderation of the Na*/I”-symporter
(NIS) and thyroperoxidase (TPO) by several pyrethroids
[10]. Other evidence from the literature points towards
the identification of new molecular pathways involved
in pyrethroid signaling, which could be implicated in
ADHD pathobiology; these pathways include the dys-
regulation of Tau (tubulin associated unit) expression
and GluR1 (Glutamate receptor 1). Tau is a microtubule-
associated protein, known for its involvement in neu-
rodegenerative disorders. Tau expression was found to
be increased in the cerebral cortex of neonatal NMRI
(Naval Medical Research Institute) male mice following
cypermethrin exposure [74]. GluR1 is the predominant
excitatory neurotransmitter receptors in the mammalian
brain and has been shown to be necessary for hippocam-
pal and amygdala synaptic plasticity [75]. GluR1 expres-
sion was decreased in the hippocampus while increased
in the cerebral cortex of adult NMRI male mice follow-
ing cypermethrin exposure [74]. ADHD phenotypes have
been associated with abnormal dopamine levels in ani-
mal studies [35], possibly indicating a role of the dopa-
minergic system which could be influenced by pyrethroid
exposure [71].

Policy relevance

In recent years, the growing awareness of the impacts
that widespread reliance on chemical pesticides may
have on human health and the environment has led to
renewed efforts to reduce overall pesticide use and risk
in Europe [23]. At the level of EU policy, the Farm to Fork
Strategy adopted in 2020 as part of the European Green
Deal foreshadowed a series of policy initiatives to achieve
sustainable use of pesticides, with the overall aim of
achieving a 50% reduction in the use and risk of chemical
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pesticides and in the use of more hazardous pesticides
by 2030, from a 2015-2017 baseline. A key pillar of the
strategy was the legislative proposal for a Regulation on
the Sustainable Use of Plant Protection Products (SUR),
which sought to replace the 2009 Sustainable Use Direc-
tive (SUD) and enshrine the Farm to Fork pesticide
reduction targets into EU law. However, the proposal
was recently rejected by the European Parliament, and it
is unlikely to be tabled again in the near future. Some of
the measures contained in the SUR proposal included a
general obligation for professional users of pesticides to
apply the principles of Integrated Pest Management [76],
the requirement for such users to be trained and inde-
pendently advised on the application of pest control tech-
niques, and the introduction of restrictions on the use of
chemical pesticides in public spaces, human settlements,
and ecologically sensitive areas. In certain cases, similar
measures have already been implemented by some EU
Member States, alongside other policy responses such as
incentives for the transition to organic farming and pre-
cision agriculture and higher taxes for more hazardous
pesticides [23].

Efforts to reduce overall use and risk of chemical pesti-
cides are particularly important insofar as some adverse
effects of active substances may not be predicted during
the regulatory risk assessment process [77], thus raising
the possibility that the replacement of banned substances
by approved pesticides results in cases of ‘regrettable sub-
stitution’ This phenomenon has already been described
in the literature with respect to the shift in pesticide use
between organophosphates and pyrethroids, although
only in relation to risks for biodiversity [78]. The pres-
ent study suggests that human health concerns may be
linked to such a shift. From this perspective, an EU-wide
requirement to monitor human exposure to priority pes-
ticides such as pyrethroids could help identify the related
trends and patterns across multiple EU countries, as well
as to assess the effectiveness of policies to reduce pesti-
cide use and risk.

In addition to addressing overall use and risk of pes-
ticides, it is important to remember that prenatal and
early postnatal life constitutes a highly vulnerable expo-
sure windows for all chemicals and is a priority period for
exposure reduction. There are some recommendations
for pregnant women in place aiming to protect against
different health hazards, however these are not validated
by intervention studies. Therefore, implementable mea-
sures to reduce exposure to chemicals could be devel-
oped by an EU-wide expert panel and biomonitoring
could be applied to test exposure reduction in this criti-
cal window. Some authors have specifically proposed the
development of a global protective approach (defined
as ‘environmental hygiene’), which would reduce expo-
sure of pregnant women, unborn children and infants
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by considering hazardous factors, adverse effects and
preventive interventions as a whole rather than on a sub-
stance-by-substance basis [79].

The need for a global protective approach is also sug-
gested by the fact that the European population is gen-
erally not exposed to one pesticide but to a mixture of
pesticides and other chemicals. A recent study showed
that 84% of HBM samples taken from the bodies of chil-
dren and adults across five European countries contained
residues of two or more pesticides [80]. Moreover, adju-
vants added to the pesticide mixture also need to be
covered as they may be toxic on their own, e.g., polye-
thoxylated tallow amine for glyphosate [81]. Given the
interaction potential between pesticides and other chem-
icals, risk and health impact assessments should there-
fore focus on exposure to multiple chemicals, beyond the
pesticide active substances, surfactants, and solvents but
also to other chemicals.

Perspectives

Because of the paucity in literature, it is warranted to
conduct future studies to more accurately determine the
potential developmental neurotoxic effects of pyrethroids
and the associated disease burden. In this context, cohort
studies focusing on prenatal and gestational exposure to
pesticides in critical exposure windows and taking mul-
tiple urine samples during pregnancy (e.g., two to three
samples) followed by harmonized ADHD assessment in
children are especially required for a valid meta-analysis
across cohorts with different levels of exposure. In addi-
tion to this, studies focusing on geospatial variability of
ADHD would also be highly valuable, especially if geo-
spatial risk factors such as living in close proximity to
agricultural fields and the influence thereof on ADHD
prevalence could be investigated. Toxicity studies and
mechanistic data already provide ample proof for the
possibility of ADHD effects due to pyrethroids, but more
harmonized epidemiological studies are needed. Cur-
rently, there is a lack of environmental burden of disease
calculations related to pesticide exposure. This study
aims at starting to fill this gap and develop indicators to
guide policymakers by answering policy questions based
on science.

Conclusion

Pyrethroid sales increased substantially during the last
decade. Recent epidemiological evidence, combined with
HBM data on pyrethroid exposure suggest adverse effects
during neurodevelopment, and in particular ADHD
development in children exposed to low levels of pyre-
throids. These findings are supported by toxicity stud-
ies, in which ADHD-like behavior is seen in animals at
relatively high doses, and mechanistic studies, in which
pathways are proposed through which pyrethroids may
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exert neurodevelopmental effects in utero. Estimates of
the associated disease burden were lacking prior to this
study.

The objective of this study was to provide an initial dis-
ease burden estimation for pyrethroids regarding ADHD
for France, Germany, Switzerland, Iceland, and Israel.
Only these countries were considered in this study given
that only those HBM studies were conducted accord-
ing to harmonized QA/QC-protocols (as part of the
HBMA4EU aligned studies). A first estimate was based on
a single exposure-response function from a Danish study.
The environmental burden of disease per million inhab-
itants per year was estimated to range between 209 and
2189 ADHD cases attributable to pyrethroid exposure,
between 3 and 27 DALYs, and between 0.3 and 2.5 mil-
lion EUR. Based on estimates for this limited set of coun-
tries, it was also calculated that on average 18% of ADHD
cases were associated with exposure to pyrethroids in a
specific exposure and effect window. A sensitivity analy-
sis, applying exposure-response information collected
from outside the EU, showed that the burden decreased
drastically with an average PAF for the selected counties
of around 7%.

Providing quantitative information on environmental
pollutants and their associated health impact is crucial
for evaluating the success of policies such as the EU-
proposed Farm to Fork Strategy, in which a reduction in
pesticide use was proposed. It is therefore essential that
more QA/QC-standardized HBM studies are conducted
within Europe to address pesticide exposure, data gaps
in exposure (as only few HBM studies are available), and
to ensure the follow-up of policy measures within the EU
over time.

It is also warranted to conduct future harmonized epi-
demiological studies (more specifically, cohort studies
focusing on prenatal exposure to pesticides, followed by
harmonized diagnosis of effects during infancy), result-
ing in more robust and harmonized (meta-analyzed)
exposure-effect functions. These studies should con-
sider different vulnerable exposure and effect windows.
In the current study, the ERF was only based on single
studies. Considering the increased and widespread use
of pyrethroids, reflected in higher exposures in children
compared to adults, the increase of studies finding asso-
ciations between pyrethroid exposure and health effects,
and the results presented here, raise concerns for public
health that need to be prioritized in future studies.

This study is an early attempt to estimate the potential
burden of pyrethroid exposure on human health. The
neurotoxicity of pyrethroids at high exposures is well
established in toxicological studies, but neurodevelop-
mental toxicity in humans requires more research to
draw firm conclusions.

Page 12 of 14

Acknowledgements

This work was carried out in the framework of the European Partnership for
the Assessment of Risks from Chemicals (PARC) and has received funding from
the European Union’'s Horizon Europe research and innovation programme
under Grant Agreement No 101057014. Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect those of
the European Union or the Health and Digital Executive Agency. Neither the
European Union nor the granting authority can be held responsible for them.
This work was further also supported by the ETC Human Health and the
Environment (ETC HE), which is a European consortium with 10 institutions
contracted by the European Environment Agency (EEA) under a framework
partnership agreement for the period 2022-2026. Finally, this work was also
financially supported by the Flemish Departments of Care and Environment.
The study owners of the HBM studies selected from the HBM4EU dashboard
are gratefully acknowledged: - Environment, Health, Biomonitoring, physical
Activity, Nutrition (ESTEBAN), Santé publique France - National Nutrition
Survey and biomonitoring, University of Iceland. - Human Biomonitoring for
Europe Program for Switzerland, Swiss Tropical and Public Health Institute.

- Environmental Specimen Bank, Umweltbundesamt (German Environment
Agency). - The National Health and Nutrition Survey (RAV-MABAT), Israel
Ministry of Health.

Author contributions

AP and JB conceptualized and designed the study, acquired the data,
performed the calculations, interpreted the results, and drafted the
manuscript. AP was the primary author in this study under the supervision of
JB. All other authors provided input from the initial stage of conceptualization
until the final drafting of the study, as well as critically revising the manuscript
for intellectual content and approving the final version to be published. All
authors are accountable for the work and integrity of this study. Finally, the
corresponding author accepts full responsibility for the work presented here.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Author details

"Flemish Institute for Technological Research (VITO), Boeretang 200,
Mol 2400, Belgium

“Technical University of Denmark, DTU, Henrik Dams Allé, 201,

Kgs. Lyngby 2800, Denmark

3German Environment Agency, Corrensplatz 1, 14195 Berlin, Germany
“Laboratory of Toxicological Control of Pesticides, Scientific Directorate
of Pesticides' Control and Phytopharmacy, Benaki Phytopathological
Institute, Attica 145 61, Greece

°French Agency for Food, Environmental and Occupational Health &
Safety (ANSES), 14 rue Pierre et Marie Curie, Maisons-Alfort 94701, France
6Departmem of Epidemiology and Public Health, Sciensano, Juliette
Wytsmanstraat 14, Brussels 1050, Belgium

’Department of Translational Physiology, Infectiology and Public Health,
Ghent University, Salisburylaan 133, Merelbeke 9820, Belgium
8Radboud Institute for Biological and Environmental Science, Radboud
University, Heyendaalseweg 135, 6525 AJ Nijmegen Heyendaalseweg
135, Nijmegen 6525 AJ, The Netherlands

°IISPV, Hospital Universitari Sant Joan de Reus, Universitat Rovira i Virgili,
Reus, Spain

1%Eyropean Environmental Agency (EEA), Kongens Nytorv 6,
Kabenhavn K 1050, Denmark

Received: 21 March 2024 / Accepted: 8 October 2024
Published online: 23 October 2024

References
1. Saillenfait A-M, Ndiaye D, Sabaté J-P. Pyrethroids: exposure and health
effects—an update. Int J Hyg Environ Health. 2015;218:281-92.



Purece et al. Environmental Health

20.

21

22.

23.

24.

(2024) 23:91

Bao W, Liu B, Simonsen DW, Lehmler H-J. Association between exposure to
pyrethroid insecticides and risk of all-cause and cause-specific mortality in
the General US Adult Population. JAMA Intern Med. 2020;180:367-74.
Hotynska-lwan I, Szewczyk-Golec K, Pyrethroids. How They Affect Hum Anim
Health? Med. 2020;56:582.

HBMA4EU. Substance report pesticides [Internet]. 2022. https://www.hbm4eu.
eu/wp-content/uploads/2022/07/Pesticides_Substance-report.pdf

Eurostat. Sales of pesticides by type of pesticide [Internet]. 2021 [cited 2023
Jan 10]. https://ec.europa.eu/eurostat/databrowser/view/tai02/default/
table?lang=en

CDC. Fourth National Report on Human Exposure to Environmental Chemi-
cals. 2015.

Health Canada. Results of the Canadian Health Measures Survey Cycle 2
(2009-2011).2013.

Govarts E, Gilles L, Rodriguez Martin L, Santonen T, Apel P, Alvito P, et al. Har-
monized 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. 2023;249:114119.
Oulhote Y, Bouchard MF. Urinary metabolites of Organophosphate and
Pyrethroid pesticides and behavioral problems in Canadian children. Environ
Health Perspect. 2013;121:1378-84.

Andersen HR, David A, Freire C, Fernandez MF, D'Cruz SC, Reina-Pérez |,

et al. Pyrethroids and developmental neurotoxicity - A critical review of
epidemiological studies and supporting mechanistic evidence. Environ Res.
2022;214:113935.

XuY,Yang X, Chen D, Xu Y, Lan L, Zhao S, et al. Maternal exposure to pesti-
cides and autism or attention-deficit/hyperactivity disorders in offspring: a
meta-analysis. Chemosphere. 2023;313:137459.

Kian N, Samieefar N, Rezaei N. Prenatal risk factors and genetic causes of
ADHD in children. World J Pediatr. 2022;18:308-19.

Sayal K, Prasad V, Daley D, Ford T, Coghill D. ADHD in children and young
people: prevalence, care pathways, and service provision. Lancet Psychiatry.
2018,5:175-86.

GBD. Global Health Metrics - Attention-deficit/hyperactivity disorder [Inter-
net]. 2019. https.//www.thelancet.com/pb-assets/Lancet/gbd/summaries/
diseases/adhd.pdf

Castelpietra G, Knudsen AKS, Agardh EE, Armocida B, Beghi M, Iburg KM,
Global Burden of Disease Study 2019. The burden of mental disorders,
substance use disorders and self-harm among young people in Europe,
1990-2019: Findings from the. The Lancet Regional Health - Europe
[Internet]. 2022 [cited 2023 Apr 26];16. https.//www.thelancet.com/journals/
lanepe/article/PlIS2666-7762(22)00034-5/fulltext

Sciberras E, Mulraney M, Silva D, Coghill D. Prenatal risk factors and the etiol-
ogy of ADHD—Review of existing evidence. Curr Psychiatry Rep. 2017;19:1.
EFSA. Development of Integrated Approaches to Testing and Assessment
(IATA) case studies on developmental neurotoxicity (DNT) risk assessment
[Internet]. 2021. https://www.efsa.europa.eu/en/efsajournal/pub/6599
Richardson JR, Taylor MM, Shalat SL, Guillot TS, Caudle WM, Hossain MM et al.
Developmental pesticide exposure reproduces features of attention deficit
hyperactivity disorder. FASEB J. 2015;29.

Pitzer E, Williams M, Vorhees C. Effects of pyrethroids on brain development
and behavior: Deltamethrin | Elsevier Enhanced Reader. Neurotoxicology &
Teratology [Internet]. 2021 [cited 2022 May 31];87. https://reader.elsevier.
com/reader/sd/pii/S0892036221000374?token=B8F6C816E83CE473DBCB1A
0FB0973CC476A7BF487AA94678223159B1C4F70FCOC30BF3C8CA55E620806
2F8EOBD48D71B&originRegion=us-east-1&originCreation=20220531135636
Curtis MA, Dhamsania RK, Branco RC, Guo J-D, Creeden J, Neifer KL, et al.
Developmental pyrethroid exposure causes a neurodevelopmental disorder
phenotype in mice. PNAS Nexus. 2023;2:pgad085.

Tapia CM, Folorunso O, Singh AK, McDonough K, Laezza F. Effects of Deltame-
thrin Acute exposure on Nav1.6 channels and medium spiny neurons of the
Nucleus Accumbens. Toxicology. 2020;440:152488.

Rodriguez-Carrillo A, D'Cruz SC, Mustieles V, Sudrez B, Smagulova F, David A,
et al. Exposure to non-persistent pesticides, BDNF, and behavioral function in
adolescent males: exploring a novel effect biomarker approach. Environ Res.
2022;211:113115.

EEA. How pesticides impact human health and ecosystems in Europe [Inter-
net]. 2023. https://www.eea.europa.eu/publications/how-pesticides-impact-
human-health/how-pesticides-impact-human-health/download.pdfstatic
Inserm. Pesticides et effets sur la santé: Nouvelles données. Collection Exper-
tise collective. Montrouge: EDP Sciences; 2021.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

45.

46.

47.

Page 13 of 14

USEPA, Pyrethroids. Tier Il Epidemiology Report [Internet]. 2019. https://www.
epa.gov/sites/default/files/2019-08/documents/tier-ii-epidemiology-report.
pdf

Eadsforth CV, Bragt PC, van Sittert NJ. Human dose-excretion studies with
pyrethroid insecticides cypermethrin and alphacypermethrin: relevance for
biological monitoring. Xenobiotica. 1988;18:603-14.

Woollen BH, Marsh JR, Laird WJ, Lesser JE. The metabolism of cypermethrin

in man: differences in urinary metabolite profiles following oral and dermal
administration. Xenobiotica. 1992;22:983-91.

Khemiri R, Coté J, Fetoui H, Bouchard M. Documenting the kinetic time
course of lambda-cyhalothrin metabolites in orally exposed volunteers for
the interpretation of biomonitoring data. Toxicol Lett. 2017,276:115-21.
Khemiri R, Coté J, Fetoui H, Bouchard M. Kinetic time courses of lambda-
cyhalothrin metabolites after dermal application of Matador EC 120 in
volunteers. Toxicol Lett. 2018;296:132-8.

Sams C, Jones K. Biological monitoring for exposure to deltamethrin: a
human oral dosing study and background levels in the UK general popula-
tion. Toxicol Lett. 2012;213:35-8.

Leng G, Kiihn KH, Idel H. Biological monitoring of pyrethroids in blood and
pyrethroid metabolites in urine: applications and limitations. Sci Total Environ.
1997;199:173-81.

THIPHOM S, PRAPAMONTOL T, CHANTARA S, MANGKLABRUKS A, SUPHAVILAI
C, AHN KC, et al. Determination of the pyrethroid insecticide metabolite
3-PBA in plasma and urine samples from farmer and consumer groups in
northern Thailand. J Environ Sci Health B. 2014;49:15-22.

Esteban Lopez M, Goen T, Mol H, Nubler S, Haji-Abbas-Zarrabi K, Koch HM et
al. The European human biomonitoring platform - Design and implementa-
tion of a laboratory quality assurance/quality control (QA/QC) programme for
selected priority chemicals. International journal of hygiene and environmen-
tal health [Internet]. 2021,234. https://pubmed.ncbi.nlm.nih.gov/33774419/
Dalsager L, Fage-Larsen B, Bilenberg N, Jensen TK, Nielsen F, Kyhl HB et al.
Maternal urinary concentrations of pyrethroid and chlorpyrifos metabolites
and attention deficit hyperactivity disorder (ADHD) symptoms in 2-4-year-old
children from the Odense Child Cohort. Environmental Research [Internet].
2019;176. https://pubmed.ncbi.nlm.nih.gov/31229776/

Lee K-S, Lim Y-H, Lee YA, Shin CH, Kim B-N, Hong Y-C, et al. The association

of prenatal and childhood pyrethroid pesticide exposure with school-age
ADHD traits. Environ Int. 2022;161:107124.

An 'S, Rauch SA, Maphula A, Obida M, Kogut K, Bornman R, et al. In-utero
exposure to DDT and pyrethroids and child behavioral and emotional prob-
lems at 2 years of age in the VHEMBE cohort, South Africa. Chemosphere.
2022;306:135569.

Kyhl HB, Jensen TK, Barington T, Buhl S, Norberg LA, Jgrgensen JS, et al. The
Odense Child Cohort: Aims, Design, and Cohort Profile. Paediatr Perinat
Epidemiol. 2015;29:250-8.

Dalsager L, Christensen N, Halekoh U, Timmermann CAG, Nielsen F, Kyhl HB et
al. Exposure to perfluoroalkyl substances during fetal life and hospitalization
for infectious disease in childhood: A study among 1,503 children from the
Odense Child Cohort. Environment International [Internet]. 2021;149. https.//
pubmed.ncbi.nlm.nih.gov/33508532/

Furlong MA, Barr DB, Wolff MS, Engel SM. Prenatal exposure to pyrethroid
pesticides and childhood behavior and executive functioning. Neurotoxicol-
ogy. 2017,62:231-8.

ATSDR. Toxicological Profile for DDT, DDE, and DDD. 2022.

Sioen |, Den Hond E, Nelen V, Van de Mieroop E, Croes K, Van Larebeke N,

et al. Prenatal exposure to environmental contaminants and behavioural
problems at age 7-8 years. Environ Int. 2013;59:225-31.

Forns J, Mandal S, Iszatt N, Polder A, Thomsen C, Lyche JL, et al. Novel applica-
tion of statistical methods for analysis of multiple toxicants identifies DDT as
a risk factor for early child behavioral problems. Environ Res. 2016;151:91-100.
Franke B, Michelini G, Asherson P, Banaschewski T, Bilbow A, Buitelaar JK, et
al. Live fast, die young? A review on the developmental trajectories of ADHD
across the lifespan. Eur Neuropsychopharmacol. 2018;28:1059-88.
Rivas-Vazquez RA, Diaz SG, Visser MM, Rivas-Vazquez AA, Adult ADHD. Under-
diagnosis of a Treatable Condition. J Health Serv Psychol. 2023;49:11-9.
Hénninen O, Knol AB, Jantunen M, Lim T-A, Conrad A, Rappolder M et al.
Environmental burden of disease in Europe: assessing nine risk factors in six
countries. Environ Health Perspect. 2014;122.

Priiss-Usttin A, Mathers C, Corvalan C. Introduction and methods. Assessing
the Environmental Burden of Disease. WHO; 2003.

IHME. Results from the 2021 Global Burden of Disease (GBD) study [Internet].
2021. https://vizhub.healthdata.org/gbd-results/


https://www.hbm4eu.eu/wp-content/uploads/2022/07/Pesticides_Substance-report.pdf
https://www.hbm4eu.eu/wp-content/uploads/2022/07/Pesticides_Substance-report.pdf
https://ec.europa.eu/eurostat/databrowser/view/tai02/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/tai02/default/table?lang=en
https://www.thelancet.com/pb-assets/Lancet/gbd/summaries/diseases/adhd.pdf
https://www.thelancet.com/pb-assets/Lancet/gbd/summaries/diseases/adhd.pdf
https://www.thelancet.com/journals/lanepe/article/PIIS2666-7762(22)00034-5/fulltext
https://www.thelancet.com/journals/lanepe/article/PIIS2666-7762(22)00034-5/fulltext
https://www.efsa.europa.eu/en/efsajournal/pub/6599
https://reader.elsevier.com/reader/sd/pii/S0892036221000374?token=B8F6C816E83CE473DBCB1A0FB0973CC476A7BF487AA94678223159B1C4F70FC0C30BF3C8CA55E6208062F8E0BD48D71B&originRegion=us-east-1&originCreation=20220531135636
https://reader.elsevier.com/reader/sd/pii/S0892036221000374?token=B8F6C816E83CE473DBCB1A0FB0973CC476A7BF487AA94678223159B1C4F70FC0C30BF3C8CA55E6208062F8E0BD48D71B&originRegion=us-east-1&originCreation=20220531135636
https://reader.elsevier.com/reader/sd/pii/S0892036221000374?token=B8F6C816E83CE473DBCB1A0FB0973CC476A7BF487AA94678223159B1C4F70FC0C30BF3C8CA55E6208062F8E0BD48D71B&originRegion=us-east-1&originCreation=20220531135636
https://reader.elsevier.com/reader/sd/pii/S0892036221000374?token=B8F6C816E83CE473DBCB1A0FB0973CC476A7BF487AA94678223159B1C4F70FC0C30BF3C8CA55E6208062F8E0BD48D71B&originRegion=us-east-1&originCreation=20220531135636
https://www.eea.europa.eu/publications/how-pesticides-impact-human-health/how-pesticides-impact-human-health/download.pdf.static
https://www.eea.europa.eu/publications/how-pesticides-impact-human-health/how-pesticides-impact-human-health/download.pdf.static
https://www.epa.gov/sites/default/files/2019-08/documents/tier-ii-epidemiology-report.pdf
https://www.epa.gov/sites/default/files/2019-08/documents/tier-ii-epidemiology-report.pdf
https://www.epa.gov/sites/default/files/2019-08/documents/tier-ii-epidemiology-report.pdf
https://pubmed.ncbi.nlm.nih.gov/33774419/
https://pubmed.ncbi.nlm.nih.gov/31229776/
https://pubmed.ncbi.nlm.nih.gov/33508532/
https://pubmed.ncbi.nlm.nih.gov/33508532/
https://vizhub.healthdata.org/gbd-results/

Purece et al. Environmental Health

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

(2024) 23:91

Zhang J, Yu KF. What's the relative risk? A method of correcting the odds ratio
in cohort studies of common outcomes. JAMA. 1998:280:1690-1.

Grimes DA, Schulz KF. Making sense of odds and odds ratios. Obstet Gynecol.
2008;111:423-6.

Levin ML. The occurrence of lung cancer in man. Acta Unio Int Contra Can-
crum. 1953;9:531-41.

Libutzki B, Ludwig S, May M, Jacobsen RH, Reif A, Hartman CA. Direct medical
costs of ADHD and its comorbid conditions on basis of a claims data analysis.
Eur Psychiatry. 2019;58:38-44.

Bellanger M, Demeneix B, Grandjean P, Zoeller RT, Trasande L. Neurobe-
havioral deficits, diseases, and Associated costs of exposure to endocrine-
disrupting chemicals in the European Union. J Clin Endocrinol Metabolism.
2015;100:1256-66.

Salomon JA, Haagsma JA, Davis A, de Noordhout CM, Polinder S, Havelaar AH,
et al. Disability weights for the global burden of Disease 2013 study. Lancet
Global Health. 2015;3:712-23.

Apel P, Rousselle C, Lange R, Sissoko F, Kolossa-Gehring M, Ougier E. Human
biomonitoring initiative (HBM4EU) - strategy to derive human biomonitor-
ing guidance values (HBM-GVs) for health risk assessment. Int J Hyg Environ
Health. 2020;230:113622.

Aylward LL, Irwin K, St-Amand A, Nong A, Hays SM. Screening-level biomoni-
toring equivalents for tiered interpretation of urinary 3-phenoxybenzoic acid
(3-PBA) in a risk assessment context. Regul Toxicol Pharmacol. 2018;92:29-38.
Tarazona JV, Cattaneo |, Niemann L, Pedraza-Diaz S, Gonzélez-Caballero

MC, de Alba-Gonzalez M, et al. A Tiered Approach for assessing individual
and combined risk of pyrethroids using human Biomonitoring Data. Toxics.
2022;10:451.

Fritsche E, Grandjean P, Crofton KM, Aschner M, Goldberg A, Heinonen T, et al.
Consensus statement on the need for innovation, transition and implemen-
tation of developmental neurotoxicity (DNT) testing for regulatory purposes.
Toxicol Appl Pharmacol. 2018;354:3-6.

Plass D, Hilderink H, Lehtomaki H, Overland S, Eikemo TA, Lai T et al. Estimat-
ing risk factor attributable burden - challenges and potential solutions when
using the comparative risk assessment methodology [Internet]. WOS. 2022
[cited 2023 Oct 4]. https://www.julkarifi/handle/10024/144525

Van Landingham C, Fuller WG, Schoof RA. The effect of confounding variables
in studies of lead exposure and |Q. Crit Rev Toxicol. 2020;50:815-25.

Eurostat. Tertiary-education-attainment-2023 [Internet]. 2024 [cited

2024 Jul 24]. https://ec.europa.eu/eurostat/statistics-explained/index.
php?title=File:Tertiary-education-attainment-2023.png

Fage-Larsen B, Andersen HR, Wesselhoeft R, Larsen PV, Dalsager L, Nielsen F
et al. Exposure to chlorpyrifos and pyrethroid insecticides and symptoms of
attention deficit hyperactivity disorder (ADHD) in preschool children from
the Odense Child Cohort. Environ Res. 2023;117679.

Venkataraman S, Claussen C, Dafny N. D1 and D2 specific dopamine
antagonist modulate the caudate nucleus neuronal responses to chronic
methylphenidate exposure. J Neural Transm (Vienna). 2017;124:159-70.
Francis TC, Lobo MK. Emerging role for Nucleus Accumbens Medium Spiny
Neuron subtypes in Depression. Biol Psychiatry. 2017;81:645-53.

Nasuti C, Gabbianelli R, Falcioni ML, Di Stefano A, Sozio P. Cantalamessa F.
Dopaminergic system modulation, behavioral changes, and oxidative stress
after neonatal administration of pyrethroids. Toxicology. 2007;229:194-205.
Hossain MM, Liu J, Richardson JR. Pyrethroid insecticides directly activate
Microglia through Interaction with Voltage-gated Sodium channels. Toxicol
Sci. 2017;155:112-23.

Gargouri B, Yousif NM, Attaai A, Bouchard M, Chtourou Y, Fiebich BL, et al.
Pyrethroid bifenthrin induces oxidative stress, neuroinflammation, and

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 14 of 14

neuronal damage, associated with cognitive and memory impairment in
murine hippocampus. Neurochem Int. 2018;120:121-33.

Leemans M, Couderq S, Demeneix B, Fini J-B. Pesticides with potential thyroid
hormone-disrupting effects: a review of recent data. Front Endocrinol (Laus-
anne). 2019;10:743.

Du G, Shen O, Sun H, Fei J, Lu C, Song L, et al. Assessing hormone receptor
activities of pyrethroid insecticides and their metabolites in reporter gene
assays. Toxicol Sci. 2010;116:58-66.

Ghisari M, Long M, Tabbo A, Bonefeld-Jargensen EC. Effects of currently
used pesticides and their mixtures on the function of thyroid hormone

and aryl hydrocarbon receptor in cell culture. Toxicol Appl Pharmacol.
2015;284:292-303.

TuW, Xu C, Lu B, Lin C,WuY, Liu W. Acute exposure to synthetic pyrethroids
causes bioconcentration and disruption of the hypothalamus-pituitary-
thyroid axis in zebrafish embryos. Sci Total Environ. 2016;542:876-85.

Vester Al, Chen M, Marsit CJ, Caudle WM. A neurodevelopmental model of
combined pyrethroid and chronic stress exposure. Toxics. 2019;7:24.

Zhang J, LiuH, Li J, Lou L, Zhang S, Feng D, et al. Exposure to deltamethrin

in adolescent mice induced thyroid dysfunction and behavioral disorders.
Chemosphere. 2020,241:125118.

TuW, Xu G, JinY, Lu B, Lin C, Wu Y, et al. Permethrin is a potential thyroid-
disrupting chemical: in vivo and in silico envidence. Aquat Toxicol.
2016;175:39-46.

Lee |, Eriksson P, Fredriksson A, Buratovic S, Viberg H. Developmental
neurotoxic effects of two pesticides: Behavior and neuroprotein studies on
endosulfan and cypermethrin. Toxicology. 2015;335:1-10.

Humeau Y, Reisel D, Johnson AW, Borchardt T, Jensen V, Gebhardt C, et al. A
pathway-specific function for different AMPA receptor subunits in amygdala
long-term potentiation and fear conditioning. J Neurosci. 2007;27:10947-56.
Barzman M, Barberi P, Birch ANE, Boonekamp PM, Dachbrodt-Saaydeh S, Graf
B, et al. Eight principles of integrated pest management. Agron Sustain Dev.
2015;35:1199-215.

SAPEA. Improving authorisation processes for plant protection products

in Europe: a scientific perspective on the potential risks to human health,
Evidence Review Report No 3, Science Advice for Policy by European Acad-
emies, Berlin. 2018.

Bub S, Wolfram J, Petschick LL, Stehle S, Schulz R. Trends of Total Applied
Pesticide toxicity in German agriculture. Environ Sci Technol. 2023;57:852-61.
Bourguignon J-P, Parent A-S, Kleinjans JCS, Nawrot TS, Schoeters G, Van
Larebeke N. Rationale for Environmental Hygiene towards global protection
of fetuses and young children from adverse lifestyle factors. Environ Health.
2018;17:42.

Ottenbros |, Lebret E, Huber C, Lommen A, Antignac J-P, Cupr P, et al. Assess-
ment of exposure to pesticide mixtures in five European countries by a
harmonized urinary suspect screening approach. Int J Hyg Environ Health.
2023;248:114105.

Mesnage R, Benbrook C, Antoniou MN. Insight into the confusion over
surfactant co-formulants in glyphosate-based herbicides. Food Chem Toxicol.
2019;128:137-45.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.julkari.fi/handle/10024/144525
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Tertiary-education-attainment-2023.png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Tertiary-education-attainment-2023.png

	﻿A preliminary estimate of the environmental burden of disease associated with exposure to pyrethroid insecticides and ADHD in Europe based on human biomonitoring
	﻿Abstract
	﻿Introduction
	﻿Methodology
	﻿Pyrethroid exposure
	﻿Exposure-response
	﻿DALY calculation
	﻿Health economic analysis

	﻿Results
	﻿Discussion
	﻿Pyrethroids burden of disease
	﻿Comparison of disease burden with other chemicals
	﻿Discrepancy in risk-assessment and epidemiology
	﻿Inequality concerning exposure and disease burden
	﻿Uncertainty
	﻿Mechanistic evidence for pyrethroid-induced ADHD
	﻿Policy relevance
	﻿Perspectives

	﻿Conclusion
	﻿References


