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Abstract: The role of environmental chemicals in the etiology of attention deficit hyperactivity
disorder (ADHD) has been of interest in recent research. This scoping review aims to summarize
known or possible associations between ADHD and environmental exposures to substances selected
as priority chemicals of the European Human Biomonitoring Initiative (HBM4EU). Literature searches
were performed in PubMed to identify relevant publications. Only meta-analyses and review articles
were included, as they provide more extensive evidence compared to individual studies. The
collected evidence indicated that lead (Pb), phthalates and bisphenol A (BPA) are moderately to
highly associated with ADHD. Limited evidence exists for an association between ADHD and
polycyclic aromatic hydrocarbons (PAHs), flame retardants, mercury (Hg), and pesticides. The
evidence of association between ADHD and cadmium (Cd) and per- and polyfluoroalkyl substances
(PFASs) based on the identified reviews was low but justified further research. The methods of the
individual studies included in the reviews and meta-analyses covered in the current paper varied
considerably. Making precise conclusions in terms of the strength of evidence on association between
certain chemicals and ADHD was not straightforward. More research is needed for stronger evidence
of associations or the lack of an association between specific chemical exposures and ADHD.

Keywords: ADHD; chemical exposure; HBM4EU; health effect; lead; phthalates; bisphenol A;
polycyclic aromatic hydrocarbons; mercury; pesticides

1. Introduction

Attention deficit hyperactivity disorder (ADHD) is a chronic neurodevelopmental
disorder characterized by persistent inattention and/or hyperactivity-impulsivity, which
has a direct negative impact on academic, occupational, or social functioning [1]. The onset
of symptoms occurs in early to mid-childhood, must be present in more than one setting
(e.g., school, home), and must last for more than 6 months.

Systematic reviews have estimated the worldwide prevalence of ADHD to be between
2% and 7%, averaging around 5% in children and adolescents [2], and despite concerns of
increased rates of diagnosis, the prevalence has remained steady over the past decades [3].
ADHD is more commonly diagnosed in males than females (ratio 2–3:1) but there is
evidence to suggest that ADHD is under-recognized in females [2,4]. ADHD is diagnosed
clinically by evaluating current and previous symptoms and functional impairment, usually
with the help of parent and teacher input [5]. Several diagnostic tools, such as the Vanderbilt
ADHD Diagnostic Teacher Rating Scale, the Vanderbilt ADHD Diagnostic Parent Rating
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Scale, Conners Rating Scale, and Diagnostic Interview for Children and Adolescents (DICA-
IV) exist to aid diagnosis [6].

Children with ADHD have an increased risk of accidental injuries, worse quality of
life, earlier use of tobacco and drugs, and earlier sexual activity. Although ADHD does
not directly cause mortality, there is increased mortality among people with ADHD by
external and accidental causes [7]. ADHD is often associated with comorbidities, such as
autism spectrum disorder, intellectual disability, disruptive disorders, tic disorders, mood
disorders, and substance abuse disorders [4,8]. ADHD accounted for 96,625 disability-
adjusted life years (DALYs) in Europe in 2019 at a rate of 11.4 per 100,000 (0.03% of DALYs
for all causes) [9].

While pharmacological treatment is the mainstay in ADHD management, nonphar-
macological treatments, such as behavioral parent training and social skills training, are
also used. They are most commonly recommended for very young children or for mild
to moderate ADHD and can also be used in combination with medication. Cognitive
behavioral therapy can be useful in adult patients; however, data suggest nonpharmaco-
logical treatments are less effective than pharmacological treatments and more research is
needed. Psychostimulants (methylphenidate and amphetamines) are the most common
pharmaceuticals used in the management of ADHD, followed by atomoxetine, guanfacine,
and clonidine. Psychostimulant treatment is efficacious in the short term, but evidence for
long-term efficacy is less clear [8].

While there is consistent evidence that ADHD has high heritability, most cases are
considered to be multifactorial in origin [4]. Environmental factors, such as toxins and
chemicals, have been of interest in recent research. It is hypothesized that environmental
exposures, which may cause adverse outcomes, occur in utero or in early childhood and
hence these time periods are the primary targets of investigation [10,11].

The European Human Biomonitoring Initiative (HBM4EU) (https://www.hbm4eu.
eu/) (accessed on 13 January 2022) is a joint European program of 30 countries (26 European
Member States, three associated countries, and Switzerland) and the European Environment
Agency, co-funded by the European Commission and national governments [12]. The
HBM4EU initiative coordinates and advances human biomonitoring in Europe to provide
better evidence about the actual exposure of citizens to chemicals and the potential health
effects. The initiative aims to contribute directly to the improvement of health and well-
being of all citizens, by investigating how exposure to chemicals affects the health of
different vulnerable groups, such as children and pregnant women, as well as of highly
exposed groups such as workers.

In the framework of HBM4EU, 18 chemical substances or chemical groups have been
prioritized for investigation, in order to provide new knowledge to support policy decisions
at the European level. The aim of this scoping review was to summarize known or possible
associations between ADHD and environmental exposures related to HBM4EU priority
substances.

2. Materials and Methods

This scoping review was prepared in the framework of the HBM4EU initiative (https:
//www.hbm4eu.eu/) (accessed on 13 January 2022) [12]. In the HBM4EU project, eighteen
priority substances have been selected: acrylamide, anilines, aprotic solvents, arsenic
(As), benzophenones (UV filters), bisphenols, cadmium (Cd), chromium VI (Cr VI), flame
retardants, lead (Pb), mercury (Hg), mycotoxins, per- and polyfluoroalkyl substances
(PFASs), pesticides, phthalates and Hexamoll ® DINCH, polycyclic aromatic hydrocarbons
(PAHs), chemical mixtures, and emerging chemicals [13].

Literature searches were performed in PubMed in June–September 2020 and repeated
in Spring 2021 to include any relevant new publications. The search used the terms
“ADHD”, “meta-analysis”, or “review”, and each of the HBM4EU priority substances
separately. Additional searches were conducted with more general search terms, such as
“environmental chemical” and “exposure”. Only meta-analyses and review articles were

https://www.hbm4eu.eu/
https://www.hbm4eu.eu/
https://www.hbm4eu.eu/
https://www.hbm4eu.eu/
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included, as they provide more extensive evidence compared to individual studies. The
included articles have been published since 2010. However, reviews or meta-analyses
published since 2010 also include studies published earlier. Only human studies were
included.

The literature searches were not conducted in a manner that fulfilled the criteria of a
systematic review. This is a scoping literature review [14], which summarizes epidemiologi-
cal studies on the associations of ADHD and HBM4EU priority substances, or their possible
associations, which justify further research. These substances included lead, phthalates,
bisphenol A (BPA), polycyclic aromatic hydrocarbons (PAHs), flame retardants, mercury,
cadmium, pesticides, and per- and polyfluoroalkyl substances (PFASs). These substances
were then classified into three categories, based on the appraised level of evidence: (1)
moderate to high, (2) limited, or (3) low level of evidence of an association between the
substance and ADHD.

3. Results

In this section we present the evidence of the association between selected HBM4EU
priority substance chemicals and ADHD. A brief description of each chemical is provided.

The collected evidence indicates a moderate to high level of association between
lead (Pb), phthalates or bisphenol A (BPA) and ADHD. There is limited evidence for an
association between ADHD and PAHs, flame retardants, mercury (Hg), and pesticides. The
evidence of association between ADHD and cadmium (Cd) and PFASs is low, but further
research is justified.

3.1. Substances with Moderate to High Evidence of Association with ADHD
3.1.1. Lead (Pb)

Lead is a metal element that exists in inorganic and organic forms. Although it
is naturally occurring, its widespread occurrence is due to human activity, such as its
historic use in lead paint and petrol. Food is the major source of exposure and there is no
recommended tolerable intake level. Lead exposure can cause developmental neurotoxicity
and adult nephrotoxicity [15], may damage fertility or the unborn child, causes damage to
organs through prolonged or repeated exposure, may cause cancer, and may cause harm to
breast-fed children [16]. Lead is a substance of very high concern (SVHC) and included in
the Candidate List for Authorisation (https://www.echa.europa.eu/candidate-list-table)
(accessed on 13 January 2022).

Two recent reviews have been done on the association between lead exposure and
ADHD (see Table 1). A systematic review by Donzelli et al. in 2019 identified 17 studies
published between 2013 and 2018 [17]. The exposure in most studies was measured during
early childhood but a study assessing prenatal exposure was also included. A systematic
review and meta-analysis by Nilsen and Tulve (2020) analyzed 14 studies between 1980 and
2017 [18]. Only studies assessing exposure during childhood were included. Both reviews
concluded that there is evidence for an association between lead exposure and ADHD.

3.1.2. Phthalates

Phthalates are a group of chemicals used as plasticizers in the production of plastics
to make products more flexible and durable. Their use is widespread, and phthalates
can be found in a variety of everyday products such as food containers, toys, personal
care products, pharmaceutical products, and many other non-food consumer products.
Phthalates can migrate into food, air, and water, and humans can be exposed through
ingestion, dermal uptake and inhalation [19]. Phthalates can have a variety of adverse
impacts on human health and laboratory animals [20,21], the most prominent of which
are endocrine disrupting and reproductive effects [22]. Several epidemiological studies
have described associations between phthalate exposure and obesity, insulin resistance,
and asthma [23–25].

https://www.echa.europa.eu/candidate-list-table
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A recent systematic review investigated the epidemiological evidence of an association
between prenatal and childhood phthalate exposure and ADHD in children (Table 1) [26].
While a meta-analysis was not conducted due to heterogeneity of study designs and
methods, 14 out of the 16 included studies reported an association between phthalates and
ADHD. Four studies reported a stronger association in boys than girls. High molecular
weight phthalates such as di(2-ethylhexyl) phthalate (DEHP) were consistently associated
with adverse effects.

3.1.3. Bisphenol A

Bisphenol A (BPA) is used in the production of polycarbonate plastics and epoxy
resins, which are used in a wide range of consumer products. The presence of BPA is
ubiquitous in the environment and can enter the body through ingestion, dermal uptake
and inhalation. There is evidence of multi-system toxicity of BPA in humans, with the
reproductive system being a key target organ of BPA [27].

A systematic review from 2018 (see Table 1) found 3 human studies on the relationship
between early-life BPA exposure and hyperactivity [28]. Each of these studies found signifi-
cant effects of BPA exposure on increased hyperactivity; however, there were differences
between sexes and windows of exposure.

In addition, phthalates and BPA had been analyzed in a combined category in one
review and meta-analysis (Table 1) [18]. The results indicated an increase in ADHD in
relation to this combined category.

Table 1. Summary of studies providing moderate to high evidence of the association between ADHD
and each of lead (Pb), phthalates (PhPl) and bisphenol A (BPA).

Substance Study Countries n, Setting, Target Group Main Findings and
Conclusions

Lead (Pb)

Donzelli et al. (2019). The
Association between lead and

Attention-
Deficit/Hyperactivity

Disorder: A Systematic
Review. Int J Environ Res

Public Health. 2019;16:382 [17]

Mexico
China
USA

South Korea
Germany

Spain
Belgium
Taiwan
Turkey

n of studies: 17
n of participants: 8940 (range

117–2195)
Setting: 2 cross-sectional, 5

birth cohort, 10 case–control
Target group: exposure

assessment to lead performed
during pregnancy and early

childhood

12 studies showed
positive associations

between lead exposure
and ADHD whereas the

remaining 5 studies found
no association.

The authors conclude
there is an association

between lead and ADHD
and even low levels of

lead raise the risk.

Pb

Nilsen and Tulve (2020). A
systematic review and

meta-analysis examining the
interrelationships between
chemical and non-chemical

stressors and inherent
characteristics in children with

ADHD. Environ Res.
2020;180:108884 [18]

Canada
South Korea

China
Mexico

Romania
USA
India

United Arab Emirates

n of studies: 13 on lead
n of participants: 25,253 1,

17,158 2

Setting: observational
Target group: infants, children,
and adolescents (for lead, ages

3 to 12 included)

The overall OR for Pb
exposure being associated
with an ADHD diagnosis
was 3.39 (90% CI 2.66–4.12,

p < 0.001). The OR for
specific ADHD diagnoses

was 4.06 (2.89–5.23,
p < 0.001). The certainty of

evidence in
ADHD-specific and

all-symptom
meta-analyses was
determined to be

‘moderate’.
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Table 1. Cont.

Substance Study Countries n, Setting, Target Group Main Findings and
Conclusions

Phthalates

Praveena et al. (2020)
Phthalates exposure and

attention-
deficit/hyperactivity disorder

in children: a systematic
review of epidemiological

literature. Environ Sci Pollut
Res Int.

2020;27(36):44757–44770. [26]

Canada
South Korea

USA
Central Taiwan

Japan
Belgium
Norway
China

n of studies: 16
n of participants: 7019 (range

122–1318)
Setting: cross-sectional, cohort,

case–control
Target group: infants, children,

adolescents (5 weeks to
16 years)

14 studies found an
association between

phthalate exposure and
ADHD. One study found
no significant association

between phthalate
concentration and ADHD
at age five. The remaining
study found sex-specific

associations with behavior
scores among children.

The authors conclude that
despite the observed

associations, due to study
limitations, it is difficult to

produce definite
conclusions.

Bisphenol A
(BPA)

Rochester et al. (2018).
Prenatal exposure to bisphenol

A and hyperactivity in
children: a systematic review

and meta-analysis. Environ Int.
2018;114:343–356 [28]

Spain
USA

n of studies: 3 human studies
n of participants: 1151 (range

237–657)
Setting:

prospective/longitudinal birth
cohort

Target group: exposure during
gestation or childhood

The systematic review
among human studies
found that early BPA

exposure is associated
with a presumed hazard of
hyperactivity in humans.
All three human studies

showed significant effects
of BPA on hyperactivity.

Phthalates/BPA 3

Nilsen and Tulve (2020). A
systematic review and

meta-analysis examining the
interrelationships between
chemical and non-chemical

stressors and inherent
characteristics in children with

ADHD. Environ Res.
2020;180:108884 [18]

USA (two studies on BPA)
China (BPA)
China (Ph)

South Korea (Ph)

n of studies: 5 studies on
phthalates/plasticizers

(bisphenol A also included in
this category)

n of participants: 21,594
Setting: observational

Target group: infants, children
and adolescents (ages 6 to 18),

only studies examining
exposure after birth included

OR for ADHD diagnosis
associated with

phthalates/plasticizers in
both sexes was 3.31

(2.59–4.02, p < 0.0001). The
level of certainty was
‘moderate’, and these

results indicate an increase
in ADHD with

phthalates/plasticizers
exposure.

1 DSM ADHD (total), hyperactivity, impulsiveness and inattention diagnoses (DSM-IV or comparable system
used). 2 DSM ADHD (total) diagnoses (DSM-IV or comparable system used). 3 This study analyzed studies on
phthalates and bisphenol A in a combined “phthalates/plasticizers” category; odds ratio, OR; confidence interval,
CI; DSM, Diagnostic and Statistical Manual of Mental Disorders.

3.2. Substances with Limited Evidence of Association with ADHD
3.2.1. Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds that are
released into the air during incomplete combustion of organic matter, such as coal, fuel,
tobacco and meat. The PAH class is considered carcinogenic and multitoxic to humans [29].
Primary routes of exposure are through inhalation and ingestion [30].

Two systematic reviews showed limited evidence of an association of PAHs and
ADHD (Table 2) [31,32]. Both reviews included studies on both prenatal and postnatal PAH
exposure. One of the reviews also included meta-analysis, but the results from an analysis
combining five studies did not quite reach statistical significance [31].
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Table 2. Summary of studies providing evidence of limited association between ADHD and polycyclic
aromatic hydrocarbons (PAH), flame retardants (FR), mercury (Hg), and pesticides.

Substance Study Countries n, Setting, Target Group Main Findings and Conclusions

Polycyclic
aromatic

hydrocarbons
(PAH)

Rezaei Kalantary et al. (2020).
Association between exposure

to polycyclic aromatic
hydrocarbons and attention

deficit hyperactivity disorder
in children: a systematic

review and meta-analysis.
Environ Sci Pollut Res Int.
2020;27:11531–11540 [31]

Spain
USA

n of studies: 6 in the
systematic review and 5 in

the meta-analysis
n of participants: 2799

(range 242–1257)
Setting: cohort and

cross-sectional studies
Target group: children

There was no significant
association between PAH exposure
and ADHD for children when all
studies were combined (overall

odds ratio = 1.99, 95%
CI = 0.96–4.11) with low

heterogeneity (I2 = 28.73%;
p < 0.001). However, the authors
concluded that PAH have a vital

role in child ADHD.

PAH

Aghaei et al. (2019).
Association between ambient

gaseous and particulate air
pollutants and attention deficit

hyperactivity disorder
(ADHD) in children; a

systematic review. Environ
Res. 2019;173:135–156 [32]

Spain
USA

n of studies: 7
n of participants: 2944

(range 215–1257)
Setting: cohort and

cross-sectional studies
Target group: children

Eleven associations were
investigated in seven studies
related to PAH in which five
significant associations were

observed. On the other hand, no
associations were found in six

investigations. Although limited
evidence of detrimental effects of
PAH on ADHD was found in this
review, moderate-quality studies
in terms of exposure assessment

showed positive associations.

Flame retardants
(FR)

Lam et al. (2017).
Developmental PBDE

Exposure and IQ/ADHD in
Childhood: A Systematic

Review and Meta-analysis.
Environ Health Perspect.
2017;125(8):086001 [33].

USA
Spain

Netherlands

n of studies: 9
n of participants: 2033 1

(range 43–622)
Setting: cohort and

cross-sectional studies
Target group:

mother–child pairs

In this systematic review
developmental exposure to

polybrominated diphenyl ethers
(PBDEs) and intelligence or ADHD

and attention-related behavioral
conditions in humans were

reviewed. The body of evidence
was of moderate quality for

ADHD with “limited” evidence for
an association with PBDEs.

FR

Doherty (2019).
Organophosphate Esters: Are
These Flame Retardants and

Plasticizers Affecting
Children’s Health? Curr

Environ Health Rep.
2019;6:201–213 [34]

USA

n of studies: 2
n of participants: 488 1

(range 199–282)
Setting: prospective
pregnancy cohorts

Target group: children

Greater hyperactivity was
associated with organophosphate
ester metabolites. However, the

available studies have limitations.
More evidence needed.

Mercury (Hg)

Yoshimasu et al. (2014). A
meta-analysis of the evidence
on the impact of prenatal and

early infancy exposures to
mercury on autism and

attention deficit/hyperactivity
disorder in the childhood.

Neurotoxicology.
2014;44:121–131 [35].

Canada
USA

n of studies: 2 studies with
3 data sets for

methylmercury with
relevant exposure periods

n of participants: 1067
(range 279–788)

Setting: cohort study
Target group: children

Environmental methylmercury
exposure showed moderate

adverse effects on ADHD (OR 1.60,
95% CI 1.10–2.33). With a low
number of studies, the authors
advise cautious interpretation

of results.

Hg

Nilsen and Tulve (2020). A
systematic review and

meta-analysis examining the
interrelationships between
chemical and non-chemical

stressors and inherent
characteristics in children with

ADHD. Environ Res.
2020;180:108884 [18]

Canada
South Korea

United Arab Emirates

n of studies: 3 studies on
mercury

n of participants: 2139
Setting: observational

Target group: age range
5–15 years

The OR for Hg exposure and all
ADHD outcomes was 2.68

(2.16–3.19, p < 0.0001). The authors
conclude that despite significant
results, the number of studies is
small, and a relationship cannot

be proven.
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Table 2. Cont.

Substance Study Countries n, Setting, Target Group Main Findings and Conclusions

Pesticides

Nilsen and Tulve (2020). A
systematic review and

meta-analysis examining the
interrelationships between
chemical and non-chemical

stressors and inherent
characteristics in children with

ADHD. Environ Res.
2020;180:108884 [18]

USATaiwan

n of studies: 6
n of participants: 6440

(range 117–2546)
Setting: cross-sectional

and case–control studies
Target group: children

aged 4–17 years

Pesticides were included in the
group of organic contaminants

(OCs). Practically no effect for OCs
on ADHD outcome was

ascertained (OR 0.99, 90% CI
0.96–1.02). The certainty of the

evidence was considered ‘very low’
by GRADE standards.

Pesticides

Roberts, J.R. et al. (2019).
Children’s low-level pesticide

exposure and associations
with autism and ADHD: A
review. Pediatric Research,

85(2), 234–241 [36].

USA
Costa Rica

Taiwan
Spain

Belgium

n of studies: 12
n of participants: 13,007

(range 140–5193)
Setting: cross-sectional,
case–control and cohort

studies
Target group: children and

mother–child pairs

In most of the included studies the
outcome was ADHD, but also

hand tremor, as an example, was
used as a sign of ADHD. The level
of pesticide exposure in the studies
was generally low. Some kind of

association between pesticides and
ADHD or measures of attention

was found in the majority of
studies. However, the evidence

could not be considered
conclusive.

Pesticides

Tessari et al. Association
Between Exposure to

Pesticides and ADHD or
Autism Spectrum Disorder: A

Systematic Review of the
Literature. J Atten Disord.

2022 [37].

Taiwan
USA

Canada
Costa Rica

Mexico
Belgium

Greenland
Poland
Ukraine
France

Slovakia
Spain

Norway
Germany

n of studies: 15
n of participants: 15,132

(range 117–4437)
Setting: cross-sectional,
case–control and cohort

studies
Target group: children and

mother–child pairs

Ten out of 15 studies reported a
significant association between

exposure to pesticides and
ADHD/ADHD symptoms. The

strengths of the association and the
possible confounders controlled
for varied substantially across

studies. The evidence suggested a
possible link between pesticides
and ADHD, but heterogeneity
across studies prevented firm

conclusions.

1 Where a range of participants was reported depending on exposure matrix or outcome, the higher number was
used for the calculation.

3.2.2. Flame Retardants

Flame retardants (FR) are chemical compounds that are added to consumer products
or materials to reduce flammability and are commonly used in e.g., building materials,
textiles, electronics, vehicles, insulation, and appliances. Human exposure occurs via
inhalation, ingestion, and dermal exposure.

Among the most common FRs since the 1970s were polybrominated diphenyl ethers
(PBDEs). PBDEs have been identified as potential causes of neurotoxic, carcinogenic, and
endocrine effects. Due to safety concerns surrounding toxicity, persistence, and bioaccu-
mulation, PBDEs are now restricted and being phased out of use. Organophosphate esters
(OPE) are now more commonly used, and more data on human toxicity are needed [38,39].

FRs is a large group of chemicals with a common function but not necessarily common
chemical structure. Only sub-categories of FRs have been investigated for their association
with ADHD and other cognitive/behavioral conditions, captured in two systematic reviews
investigating flame retardants and attention problems (Table 2). Lam et al. (2017) reviewed
9 studies, conducted in the USA, Spain, and the Netherlands, that assessed prenatal and
postnatal exposure to polybrominated diphenyl ethers (PBDEs) and their association with
ADHD, intelligence and attention-related behavioral conditions [33]. The results of the
studies were inconsistent. The overall strength of the evidence was considered “limited”
for the outcome of ADHD and attention-related behaviors. The possibility of publication
bias could not be ruled out, but the quality of the studies included was moderate.
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Doherty (2019) assessed the link between children’s health and organophosphate
esters (OPEs) before birth and in childhood in a review of two studies from the USA [34].
While the conclusion was that there was an association between greater hyperactivity and
organophosphate ester metabolites, the authors noted that further research is required
to make conclusions about the potential cognitive and behavioral effects of early life
OPE exposure.

3.2.3. Mercury

Mercury (Hg) is a heavy metal element which occurs naturally but is also spread
as a pollutant as a result of human activity. Coal-fired powerplants, waste incinerators,
and small-scale gold mines are significant sources of mercury in the environment [40].
Methylmercury (MeHg) readily bioaccumulates in the food chain through plants and
aquatic ecosystems and the main route of human exposure is through ingestion from
contaminated seafood [41,42].

Mercury is neurotoxic, causing a variety of neurological symptoms depending on the
level and route of exposure. Children are more susceptible than adults, and transplacental
exposure in utero is particularly dangerous. The World Health Organization classifies
mercury exposure as a major public health concern [40].

Significant associations between mercury exposure and ADHD were observed in two
meta-analyses (Table 2) [18,35]. In one meta-analysis, studies where the exposure was
assessed during the prenatal period were excluded [18], while the other meta-analysis
included both prenatal and postnatal exposure assessments [35]. These meta-analyses only
included two or three studies, and therefore the results should be interpreted with caution.

3.2.4. Pesticides

Pesticides are a very large group of chemicals used to control unwanted weeds, insects,
various pests and disease carriers, such as rats and mosquitoes [43,44]. Agriculture is the
largest consumer of pesticides [44]. The general population is exposed to low amounts
by consuming pesticide residues in food, and people working in agriculture may have
high dermal and inhalation exposure. Developmental neurotoxicity, carcinogenicity, and
endocrine disruptive properties of pesticides are of particular concern [45]. Studies have
found associations between pesticides and certain cancers such as bladder cancer and acute
leukemia, exacerbations of asthma, type 2 diabetes, and neurological conditions such as
Parkinson’s disease [44].

Based on results from a review and meta-analysis including six studies where pesticide
exposure was assessed during childhood [18] and another review with 12 studies with stud-
ies on both prenatal and postnatal pesticide exposure [36] the evidence for an association
between the exposure to pesticides and ADHD was low (Table 2). However, the evidence
from a review with 15 studies on ADHD suggested a possible link between pesticides and
ADHD [37]. More specifically, the included studies suggested that exposure to a number
of (but not all) pesticides in different periods of pregnancy or in infancy/childhood may
affect behavior and neurodevelopment in childhood.

3.3. Substances with Low Evidence of Association with ADHD
Cadmium and Per- and Polyfluoroalkyl Substances

The evidence of the association between ADHD and cadmium (Cd) and per- and
polyfluoroalkyl substances (PFASs) was low based on studies identified from the literature
review.

In a review of studies on the association of perinatal and childhood exposure to
cadmium and ADHD or ADHD-like behavior, none of the included five studies reported a
significant association [46].

Two studies on perfluoroalkyl compounds (PFCs) (i.e., PFASs) during childhood
and ADHD were included in a review by Nilsen and Tulve (2020) [18]. The results were
somewhat discordant: One study reported no significant relationship between increasing
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PFC exposures and ADHD outcomes in children aged 6–12 years but observed a sex-based
relationship. In the other study, a significant relationship in children aged 12–15 years
was observed, whereas sex-based differences were not discussed. Five studies in which
exposure was assessed either before birth or during childhood were identified in another
review with a broader outcome definition [47]. Several, but not all, studies suggested a
positive association between prenatal exposure to PFCs and ADHD or related behavioral
problems.

4. Discussion

This scoping review demonstrates that there are several chemicals, which children
and adults encounter in their living and working environment that may be associated
with ADHD outcomes. For certain environmental pollutants, such as lead, phthalates, and
bisphenol A, the association is more robust and the evidence stronger. For several other
chemicals, the evidence is weaker but warrants more research.

The starting point for the current review was the list of priority chemicals of the
HBM4EU project (https://www.hbm4eu.eu/) (accessed on 13 January 2022) [12]. Reviews
and meta-analyses on the association of these chemicals with ADHD were compiled in
the current paper. We aimed to describe the conclusions drawn in the published review
and meta-analysis articles, and therefore refrained from interpreting the results from the
original individual studies included in the reviews.

The inclusion criteria and other methods of the included reviews varied. Furthermore,
many reviews highlighted the heterogeneity of the individual studies. The quality of the
studies included in the reviews was also variable. Sample sizes varied from a few dozen
to several thousand and many different study designs were included. Different studies
and reviews also used different definitions of ADHD and different methods of diagnosis or
measures of outcome, which hindered forming a final conclusion based on their findings.
Furthermore, adjusting for confounding factors varied between the original studies and
was not consistently reported in all included reviews.

The inclusion of published reviews in the current paper was not straightforward in
all cases. The categorization of chemicals varied between the reviews. As an example,
studies on phthalates and BPA were included in Nilsen and Tulve’s 2020 systematic review
and meta-analysis (n = 5); however, they were analyzed together under the name ‘phtha-
lates/plasticizers’ [18], although BPA is considered neither a plasticizer nor a phthalate [48].
An OR of 3.31 (2.59–4.02) was found for ADHD diagnosis associated with this category.

As some of the included systematic reviews and meta-analyses were performed on
very similar research questions and similar inclusion criteria, there is some overlap in
the studies included. Thereby, the evidence may not be as extensive as the number of
studies reported for each included review might suggest. There was some overlap for
lead, significant overlap for pesticides and marked overlap for PAHs (for details, see
Supplementary Materials Tables S1–S3).

Individual studies with notable results that have not yet been included in systematic
reviews, have been published since the publication of the reviews that were included in the
current paper. In a Norwegian cohort study on pesticides, Choi et al. (2021) demonstrated
that children born to mothers who had elevated urinary DPHP (diphenyl phosphate, an
OPE metabolite) in mid-pregnancy had a higher risk of ADHD [10]. The findings in
this study were also in line with the hypothesis that girls are more vulnerable to ADHD
from DPHP exposure. This new study strengthens the suggestive conclusion of a review
included in the current paper on possible effects of pesticide exposure during pregnancy
on neurodevelopment in childhood [37].

For cadmium, none of the studies included in a systematic review that we identified
reported a significant association between perinatal and childhood exposure to cadmium
and ADHD or ADHD-like behavior [46]. However, a significant association was observed
in two individual studies, which were published after the review [49,50]. Further studies
are needed to confirm the association.

https://www.hbm4eu.eu/
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It was difficult to make precise conclusions in terms of the strength of evidence
of association between certain chemicals and ADHD. It was particularly challenging to
distinguish between ‘limited’ and ‘low’ evidence. It is apparent that the chemicals in these
categories require more research input. An issue worth mentioning here is that the timing
of chemical exposure, e.g., prenatal or during childhood, may be especially important
with regards to ADHD development. Thereby, if the exposure was measured during a less
relevant time period in a given study, the association may have appeared weaker than it
actually is.

While not the focus of this paper, the mechanisms by which chemicals may affect
the development of ADHD are also of great interest. How much is known about the
mechanisms varies depending on the chemical, and the mechanisms and chemical path-
ways also vary. For example, serotonergic and dopaminergic systems are possible targets
through which BPA may exert its neurological effects in humans [28]. Pesticides may
also target neurotransmitters such as dopamine, noradrenaline, and serotonin, and the
role of the cholinergic system has also been studied [37]. Many metals, e.g., Pb, Hg, Cd,
have been implicated, and they may have a common mechanism of action in relation to
ADHD, possibly via interfering with calcium channels in neurotransmitter regulation and
the N-methyl-D-aspartate receptor (NMDAR) [18].

The focus of this scoping review was only on those selected as the priority substances of
the HBM4EU project. Therefore, many substances for which at least suggestive associations
with ADHD have been seen, were excluded from the current paper, such as paracetamol,
parabens, and dioxin, as well as smoking during pregnancy [51–55]. Only those HBM4EU
priority substances were included in the current paper for which relevant reviews or
meta-analyses on their associations with ADHD were found. For some of the HBM4EU
priority substances the research literature was scarce at the time of the literature review.
Therefore, associations may exist between ADHD and other chemicals which have not yet
been investigated or at least not described in review articles. It should be highlighted that
the aim of this paper was to compile and describe the conclusions of previous reviews and
meta-analyses but not to evaluate the quality of the evidence. As the effects of chemicals
are constantly examined and evidence of their possible associations with health outcomes
is accumulating, more reliable conclusions may be possible in future.

Some evidence came from studies designed for other research purposes than assessing
possible associations of a particular chemical and ADHD. In future, it would be valuable to
implement hypothesis-driven, properly designed studies to collect stronger evidence of
associations or the lack of an association between chemical exposures and ADHD.

Furthermore, more research is needed in Europe to enhance the understanding of the
situation more locally. So far, a large part of the research has been done in North America.
Currently, the HBM4EU initiative strives to fill this gap by collecting information on the
exposure of European populations to the priority substances and their health effects to
support policy decisions for public health protection.

5. Conclusions

Thus far, evidence from epidemiological studies suggests there is an association
between ADHD and a number of chemicals, with moderate to high evidence for at least
lead, phthalates and bisphenol A.

The methods of the individual studies included in the reviews and meta-analyses cov-
ered in the current paper varied considerably, which complicated drawing final conclusions.

More research is needed for many chemicals to collect stronger evidence of associations
or the lack of an association between chemical exposures and ADHD.

More European studies are needed. The HBM4EU has prepared standardized operat-
ing procedures for collection of data on chemical exposure on humans, and also provides
guidelines for standardized collection of health outcomes. The project generates new
evidence of chemical exposure and health effects in European countries.



Int. J. Environ. Res. Public Health 2022, 19, 2849 11 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph19052849/s1, Supplementary materials with Tables S1–S3
of individual papers included in each systematic review.

Author Contributions: L.P. and H.T. outlined the study protocol. L.P. conducted the required
literature search. S.M. and L.P. had the main responsibility of the writing. L.M., A.K., M.K.-G. and
H.T. commented the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: HBM4EU has received funding from EU/Horizon 2020 Programme Contract No. 733032
HBM4EU.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. ICD-11 for Mortality and Morbidity Statistics, 6A05 Attention Deficit Hyperactivity Disorder.

Available online: https://icd.who.int/browse11/l-m/en#/http://id.who.int/icd/entity/821852937 (accessed on 28 May 2020).
2. 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, 175–186. [CrossRef]
3. Polanczyk, G.V.; Willcutt, E.G.; Salum, G.A.; Kieling, C.; Rohde, L.A. ADHD prevalence estimates across three decades: An

updated systematic review and meta-regression analysis. Int. J. Epidemiol. 2014, 43, 434–442. [CrossRef] [PubMed]
4. Thapar, A.; Cooper, M. Attention deficit hyperactivity disorder. Lancet 2016, 387, 1240–1250. [CrossRef]
5. Posner, J.; Polanczyk, G.V.; Sonuga-Barke, E. Attention-deficit hyperactivity disorder. Lancet 2020, 395, 450–462. [CrossRef]
6. Austerman, J. ADHD and behavioral disorders: Assessment, management, and an update from DSM-5. Cleve. Clin. J. Med. 2015,

82, 2. [CrossRef] [PubMed]
7. Dalsgaard, S.; Ostergaard, S.D.; Leckman, J.F.; Mortensen, P.B.; Pedersen, M.G. Mortality in children, adolescents, and adults with

attention deficit hyperactivity disorder: A nationwide cohort study. Lancet 2015, 385, 2190–2196. [CrossRef]
8. Caye, A.; Swanson, J.M.; Coghill, D.; Rohde, L.A. Treatment strategies for ADHD: An evidence-based guide to select optimal

treatment. Mol. Psychiatry 2019, 24, 390–408. [CrossRef]
9. Institute for Health Metrics and Evaluation. GBD Results Tool. Available online: http://ghdx.healthdata.org/gbd-results-tool

(accessed on 29 March 2021).
10. Choi, G.; Keil, A.P.; Richardson, D.B.; Daniels, J.L.; Hoffman, K.; Villanger, G.D.; Sakhi, A.K.; Thomsen, C.; Reichborn-Kjennerud,

T.; Aase, H.; et al. Pregnancy exposure to organophosphate esters and the risk of attention-deficit hyperactivity disorder in the
Norwegian mother, father and child cohort study. Environ. Int. 2021, 154, 106549. [CrossRef]

11. Lenters, V.; Iszatt, N.; Forns, J.; Cechova, E.; Kocan, A.; Legler, J.; Leonards, P.; Stigum, H.; Eggesbo, M. Early-life exposure
to persistent organic pollutants (OCPs, PBDEs, PCBs, PFASs) and attention-deficit/hyperactivity disorder: A multi-pollutant
analysis of a Norwegian birth cohort. Environ. Int. 2019, 125, 33–42. [CrossRef]

12. Ganzleben, C.; Antignac, J.P.; Barouki, R.; Castano, A.; Fiddicke, U.; Klanova, J.; Lebret, E.; Olea, N.; Sarigiannis, D.; Schoeters, G.;
et al. Human biomonitoring as a tool to support chemicals regulation in the European Union. Int. J. Hyg. Environ. Health 2017,
220, 94–97. [CrossRef]

13. Ormsby, J.; Lecoq, P.; Ougier, E.; Rousselle, C.; Ganzleben, C. Prioritisation Strategy and Criteria. HBM4EU Deliverable Report D
4.3. HBM4EU 2017. Available online: https://www.hbm4eu.eu/wp-content/uploads/2017/03/HBM4EU_D4.3_Prioritisation_
strategy_criteria-1.pdf (accessed on 30 August 2021).

14. Sucharew, H.; Macaluso, M. Progress Notes: Methods for Research Evidence Synthesis: The Scoping Review Approach. J. Hosp.
Med. 2019, 14, 416–418. [CrossRef] [PubMed]

15. European Food Safety Authority. Lead dietary exposure in the European population. EFSA J. 2012, 10, 7.
16. European Chemicals Agency. Substance Infocard. Lead. Available online: https://echa.europa.eu/substance-information/-/

substanceinfo/100.028.273 (accessed on 10 December 2021).
17. Donzelli, G.; Carducci, A.; Llopis-Gonzalez, A.; Verani, M.; Llopis-Morales, A.; Cioni, L.; Morales-Suarez-Varela, M. The

Association between Lead and Attention-Deficit/Hyperactivity Disorder: A Systematic Review. Int. J. Environ. Res. Public Health
2019, 16, 382. [CrossRef] [PubMed]

18. Nilsen, F.M.; Tulve, N.S. A systematic review and meta-analysis examining the interrelationships between chemical and non-
chemical stressors and inherent characteristics in children with ADHD. Environ. Res. 2020, 180, 108884. [CrossRef]

19. Heudorf, U.; Mersch-Sundermann, V.; Angerer, J. Phthalates: Toxicology and exposure. Int. J. Hyg. Environ. Health 2007, 210,
623–634. [CrossRef]

https://www.mdpi.com/article/10.3390/ijerph19052849/s1
https://www.mdpi.com/article/10.3390/ijerph19052849/s1
https://icd.who.int/browse11/l-m/en#/http://id.who.int/icd/entity/821852937
http://doi.org/10.1016/S2215-0366(17)30167-0
http://doi.org/10.1093/ije/dyt261
http://www.ncbi.nlm.nih.gov/pubmed/24464188
http://doi.org/10.1016/S0140-6736(15)00238-X
http://doi.org/10.1016/S0140-6736(19)33004-1
http://doi.org/10.3949/ccjm.82.s1.01
http://www.ncbi.nlm.nih.gov/pubmed/26555810
http://doi.org/10.1016/S0140-6736(14)61684-6
http://doi.org/10.1038/s41380-018-0116-3
http://ghdx.healthdata.org/gbd-results-tool
http://doi.org/10.1016/j.envint.2021.106549
http://doi.org/10.1016/j.envint.2019.01.020
http://doi.org/10.1016/j.ijheh.2017.01.007
https://www.hbm4eu.eu/wp-content/uploads/2017/03/HBM4EU_D4.3_Prioritisation_strategy_criteria-1.pdf
https://www.hbm4eu.eu/wp-content/uploads/2017/03/HBM4EU_D4.3_Prioritisation_strategy_criteria-1.pdf
http://doi.org/10.12788/jhm.3248
http://www.ncbi.nlm.nih.gov/pubmed/31251164
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.273
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.273
http://doi.org/10.3390/ijerph16030382
http://www.ncbi.nlm.nih.gov/pubmed/30700018
http://doi.org/10.1016/j.envres.2019.108884
http://doi.org/10.1016/j.ijheh.2007.07.011


Int. J. Environ. Res. Public Health 2022, 19, 2849 12 of 13

20. Koch, H.M.; Calafat, A.M. Human body burdens of chemicals used in plastic manufacture. Philos. Trans. R. Soc. Lond. B. Biol. Sci.
2009, 364, 2063–2078. [CrossRef]

21. Mariana, M.; Feiteiro, J.; Verde, I.; Cairrao, E. The effects of phthalates in the cardiovascular and reproductive systems: A review.
Environ. Int. 2016, 94, 758–776. [CrossRef]

22. Chen, X.; Xu, S.; Tan, T.; Lee, S.T.; Cheng, S.H.; Lee, F.W.; Xu, S.J.; Ho, K.C. Toxicity and estrogenic endocrine disrupting activity of
phthalates and their mixtures. Int. J. Environ. Res. Public Health 2014, 11, 3156–3168. [CrossRef]

23. Hatch, E.E.; Nelson, J.W.; Stahlhut, R.W.; Webster, T.F. Association of endocrine disruptors and obesity: Perspectives from
epidemiological studies. Int. J. Androl. 2010, 33, 324–332. [CrossRef]

24. Wang, I.J.; Karmaus, W.J.; Chen, S.L.; Holloway, J.W.; Ewart, S. Effects of phthalate exposure on asthma may be mediated through
alterations in DNA methylation. Clin. Epigenetics 2015, 7, 27. [CrossRef]

25. Franken, C.; Lambrechts, N.; Govarts, E.; Koppen, G.; Den Hond, E.; Ooms, D.; Voorspoels, S.; Bruckers, L.; Loots, I.; Nelen, V.;
et al. Phthalate-induced oxidative stress and association with asthma-related airway inflammation in adolescents. Int. J. Hyg.
Environ. Health 2017, 220, 468–477. [CrossRef] [PubMed]

26. Praveena, S.M.; Munisvaradass, R.; Masiran, R.; Rajendran, R.K.; Lin, C.C.; Kumar, S. Phthalates exposure and attention-
deficit/hyperactivity disorder in children: A systematic review of epidemiological literature. Environ. Sci. Pollut. Res. Int. 2020,
27, 44757–44770. [CrossRef] [PubMed]

27. Ma, Y.; Liu, H.; Wu, J.; Yuan, L.; Wang, Y.; Du, X.; Wang, R.; Marwa, P.W.; Petlulu, P.; Chen, X.; et al. The adverse health effects of
bisphenol A and related toxicity mechanisms. Environ. Res. 2019, 176, 108575. [CrossRef] [PubMed]

28. Rochester, J.R.; Bolden, A.L.; Kwiatkowski, C.F. Prenatal exposure to bisphenol A and hyperactivity in children: A systematic
review and meta-analysis. Environ. Int. 2018, 114, 343–356. [CrossRef]

29. Guo, Y.; Wu, K.; Huo, X.; Xu, X. Sources, distribution, and toxicity of polycyclic aromatic hydrocarbons. J. Environ. Health 2011, 73,
22–25.

30. Li, H.L.; Liu, L.Y.; Zhang, Z.F.; Ma, W.L.; Sverko, E.; Zhang, Z.; Song, W.W.; Sun, Y.; Li, Y.F. Semi-volatile organic compounds in
infant homes: Levels, influence factors, partitioning, and implications for human exposure. Environ. Pollut. 2019, 251, 609–618.
[CrossRef]

31. Rezaei Kalantary, R.; Jaffarzadeh, N.; Rezapour, M.; Hesami Arani, M. Association between exposure to polycyclic aromatic
hydrocarbons and attention deficit hyperactivity disorder in children: A systematic review and meta-analysis. Environ. Sci. Pollut.
Res. Int. 2020, 27, 11531–11540. [CrossRef]

32. Aghaei, M.; Janjani, H.; Yousefian, F.; Jamal, A.; Yunesian, M. Association between ambient gaseous and particulate air pollutants
and attention deficit hyperactivity disorder (ADHD) in children; a systematic review. Environ. Res. 2019, 173, 135–156. [CrossRef]

33. Lam, J.; Lanphear, B.P.; Bellinger, D.; Axelrad, D.A.; McPartland, J.; Sutton, P.; Davidson, L.; Daniels, N.; Sen, S.; Woodruff, T.J.
Developmental PBDE Exposure and IQ/ADHD in Childhood: A Systematic Review and Meta-analysis. Environ. Health Perspect.
2017, 125, 086001. [CrossRef]

34. Doherty, B.T.; Hammel, S.C.; Daniels, J.L.; Stapleton, H.M.; Hoffman, K. Organophosphate Esters: Are These Flame Retardants
and Plasticizers Affecting Children’s Health? Curr. Environ. Health Rep. 2019, 6, 201–213. [CrossRef]

35. Yoshimasu, K.; Kiyohara, C.; Takemura, S.; Nakai, K. A meta-analysis of the evidence on the impact of prenatal and early infancy
exposures to mercury on autism and attention deficit/hyperactivity disorder in the childhood. Neurotoxicology 2014, 44, 121–131.
[CrossRef]

36. Roberts, J.R.; Dawley, E.H.; Reigart, J.R. Children’s low-level pesticide exposure and associations with autism and ADHD: A
review. Pediatr. Res. 2019, 85, 234–241. [CrossRef] [PubMed]

37. Tessari, L.; Angriman, M.; Diaz-Roman, A.; Zhang, J.; Conca, A.; Cortese, S. Association Between Exposure to Pesticides and
ADHD or Autism Spectrum Disorder: A Systematic Review of the Literature. J. Atten. Disord. 2022, 26, 48–71. [CrossRef]
[PubMed]

38. Blum, A.; Behl, M.; Birnbaum, L.; Diamond, M.L.; Phillips, A.; Singla, V.; Sipes, N.S.; Stapleton, H.M.; Venier, M. Organophosphate
Ester Flame Retardants: Are They a Regrettable Substitution for Polybrominated Diphenyl Ethers? Environ. Sci. Technol. Lett.
2019, 6, 638–649. [CrossRef] [PubMed]

39. Melymuk, L.; Klánová, J.; Bajard, L.; Codling, G. Scoping Document on Flame Retardants. Prioritised Substance Group: Flame
Retardants. HBM4EU 2017, updated December 2020. Available online: https://www.hbm4eu.eu/wp-content/uploads/2019/0
3/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Flame-retardants.pdf (accessed on 21 December
2021).

40. World Health Organization. Exposure to Mercury: A Major Public Health Concern. In Preventing Disease Through Healthy
Environments, 2nd ed.; World Health Organization: Geneva, Switzerland, 2021.

41. Raj, D.; Maiti, S.K. Sources, toxicity, and remediation of mercury: An essence review. Environ. Monit. Assess. 2019, 191, 566.
[CrossRef] [PubMed]

42. Den Hond, E.; Govarts, E.; Willems, H.; Smolders, R.; Casteleyn, L.; Kolossa-Gehring, M.; Schwedler, G.; Seiwert, M.; Fiddicke, U.;
Castano, A.; et al. First steps toward harmonized human biomonitoring in Europe: Demonstration project to perform human
biomonitoring on a European scale. Environ. Health Perspect. 2015, 123, 255–263. [CrossRef] [PubMed]

43. European Food Safety Authority. Pesticides. Available online: https://www.efsa.europa.eu/en/topics/topic/pesticides (accessed
on 11 November 2021).

http://doi.org/10.1098/rstb.2008.0208
http://doi.org/10.1016/j.envint.2016.07.004
http://doi.org/10.3390/ijerph110303156
http://doi.org/10.1111/j.1365-2605.2009.01035.x
http://doi.org/10.1186/s13148-015-0060-x
http://doi.org/10.1016/j.ijheh.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28174042
http://doi.org/10.1007/s11356-020-10652-z
http://www.ncbi.nlm.nih.gov/pubmed/32895790
http://doi.org/10.1016/j.envres.2019.108575
http://www.ncbi.nlm.nih.gov/pubmed/31299621
http://doi.org/10.1016/j.envint.2017.12.028
http://doi.org/10.1016/j.envpol.2019.05.048
http://doi.org/10.1007/s11356-020-08134-3
http://doi.org/10.1016/j.envres.2019.03.030
http://doi.org/10.1289/EHP1632
http://doi.org/10.1007/s40572-019-00258-0
http://doi.org/10.1016/j.neuro.2014.06.007
http://doi.org/10.1038/s41390-018-0200-z
http://www.ncbi.nlm.nih.gov/pubmed/30337670
http://doi.org/10.1177/1087054720940402
http://www.ncbi.nlm.nih.gov/pubmed/32697136
http://doi.org/10.1021/acs.estlett.9b00582
http://www.ncbi.nlm.nih.gov/pubmed/32494578
https://www.hbm4eu.eu/wp-content/uploads/2019/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Flame-retardants.pdf
https://www.hbm4eu.eu/wp-content/uploads/2019/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Flame-retardants.pdf
http://doi.org/10.1007/s10661-019-7743-2
http://www.ncbi.nlm.nih.gov/pubmed/31418123
http://doi.org/10.1289/ehp.1408616
http://www.ncbi.nlm.nih.gov/pubmed/25493439
https://www.efsa.europa.eu/en/topics/topic/pesticides


Int. J. Environ. Res. Public Health 2022, 19, 2849 13 of 13

44. Kim, K.H.; Kabir, E.; Jahan, S.A. Exposure to pesticides and the associated human health effects. Sci. Total Environ. 2017, 575,
525–535. [CrossRef] [PubMed]

45. Andersen, H.R. HBM4EU Scoping Document on Pesticides. HBM4EU 2019. Available online: https://www.hbm4eu.eu/wp-
content/uploads/2019/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Pesticides.pdf (accessed
on 21 December 2021).

46. Sanders, A.P.; Claus Henn, B.; Wright, R.O. Perinatal and Childhood Exposure to Cadmium, Manganese, and Metal Mixtures and
Effects on Cognition and Behavior: A Review of Recent Literature. Curr. Environ. Health Rep. 2015, 2, 284–294. [CrossRef]

47. Lee, Y.J. Potential health effects of emerging environmental contaminants perfluoroalkyl compounds. Yeungnam Univ. J. Med.
2018, 35, 156–164. [CrossRef]

48. PlasticsEurope. About Bisphenol A Myths & Facts 0317. Available online: https://www.bisphenol-a-europe.org/wp-content/
uploads/2017/04/About-BPA-Myths-Facts.pdf (accessed on 15 December 2021).

49. Lee, M.J.; Chou, M.C.; Chou, W.J.; Huang, C.W.; Kuo, H.C.; Lee, S.Y.; Wang, L.J. Heavy Metals’ Effect on Susceptibility to
Attention-Deficit/Hyperactivity Disorder: Implication of Lead, Cadmium, and Antimony. Int. J. Environ. Res. Public Health 2018,
15, 1221. [CrossRef]

50. Kim, W.; Jang, Y.; Lim, Y.H.; Kim, B.N.; Shin, C.H.; Lee, Y.A.; Kim, J.I.; Hong, Y.C. The Effect of Prenatal Cadmium Exposure on
Attention-deficit/Hyperactivity Disorder in 6-Year-old Children in Korea. J. Prev. Med. Public Health 2020, 53, 29–36. [CrossRef]
[PubMed]

51. Golding, J.; Gregory, S.; Clark, R.; Ellis, G.; Iles-Caven, Y.; Northstone, K. Associations between paracetamol (acetaminophen)
intake between 18 and 32 weeks gestation and neurocognitive outcomes in the child: A longitudinal cohort study. Paediatr. Perinat.
Epidemiol. 2020, 34, 257–266. [CrossRef]

52. Baker, B.H.; Wu, H.; Laue, H.E.; Boivin, A.; Gillet, V.; Langlois, M.F.; Bellenger, J.P.; Baccarelli, A.A.; Takser, L. Methylparaben
in meconium and risk of maternal thyroid dysfunction, adverse birth outcomes, and Attention-Deficit Hyperactivity Disorder
(ADHD). Environ. Int. 2020, 139, 105716. [CrossRef] [PubMed]

53. Koppe, J.; Leijs, M.; ten Tusscher, G.; Olie, K.; van Aalderen, W.; de Voogt, P.; Vulsma, T.; Legler, J.; van de Bor, M.; van der Ven, L.;
et al. Perinatal dioxin exposure in the Netherlands and attention deficit hyperactivity disorder in the offspring. Organohalogen
Compd. 2012, 74, 1099–1100.

54. Huang, L.; Wang, Y.; Zhang, L.; Zheng, Z.; Zhu, T.; Qu, Y.; Mu, D. Maternal Smoking and Attention-Deficit/Hyperactivity
Disorder in Offspring: A Meta-analysis. Pediatrics 2018, 141, e20172465. [CrossRef]

55. Sourander, A.; Sucksdorff, M.; Chudal, R.; Surcel, H.M.; Hinkka-Yli-Salomäki, S.; Gyllenberg, D.; Cheslack-Postava, K.; Brown,
A.S. Prenatal Cotinine Levels and ADHD Among Offspring. Pediatrics 2019, 143, e20183144. [CrossRef] [PubMed]

http://doi.org/10.1016/j.scitotenv.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27614863
https://www.hbm4eu.eu/wp-content/uploads/2019/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Pesticides.pdf
https://www.hbm4eu.eu/wp-content/uploads/2019/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0-Pesticides.pdf
http://doi.org/10.1007/s40572-015-0058-8
http://doi.org/10.12701/yujm.2018.35.2.156
https://www.bisphenol-a-europe.org/wp-content/uploads/2017/04/About-BPA-Myths-Facts.pdf
https://www.bisphenol-a-europe.org/wp-content/uploads/2017/04/About-BPA-Myths-Facts.pdf
http://doi.org/10.3390/ijerph15061221
http://doi.org/10.3961/jpmph.19.175
http://www.ncbi.nlm.nih.gov/pubmed/32023672
http://doi.org/10.1111/ppe.12582
http://doi.org/10.1016/j.envint.2020.105716
http://www.ncbi.nlm.nih.gov/pubmed/32283359
http://doi.org/10.1542/peds.2017-2465
http://doi.org/10.1542/peds.2018-3144
http://www.ncbi.nlm.nih.gov/pubmed/30804074

	Introduction 
	Materials and Methods 
	Results 
	Substances with Moderate to High Evidence of Association with ADHD 
	Lead (Pb) 
	Phthalates 
	Bisphenol A 

	Substances with Limited Evidence of Association with ADHD 
	Polycyclic Aromatic Hydrocarbons (PAHs) 
	Flame Retardants 
	Mercury 
	Pesticides 

	Substances with Low Evidence of Association with ADHD 

	Discussion 
	Conclusions 
	References

