
Vol:.(1234567890)

Environmental Science and Pollution Research (2023) 30:111676–111692
https://doi.org/10.1007/s11356-023-30173-9

1 3

REVIEW ARTICLE

Exposure to environmental pollutants and attention‑deficit/hyperactivity 
disorder: an overview of systematic reviews and meta‑analyses

Eleonora Rosi1  · Alessandro Crippa1 · Marco Pozzi2 · Stefano De Francesco1,3 · Mariachiara Fioravanti1,4 · 
Maddalena Mauri1 · Massimo Molteni1 · Luisa Morello1,3 · Luca Tosti5 · Francesca Metruccio5 · Emilio Clementi2,5 · 
Maria Nobile1

Received: 1 June 2023 / Accepted: 26 September 2023 / Published online: 12 October 2023 
© The Author(s) 2023

Abstract
Although heritability estimates suggest a role for genetic components, environmental risk factors have been described as 
relevant in the etiology of attention deficit/hyperactivity disorder (ADHD). Several studies have investigated the role of 
toxicological pollution, i.e., air pollution, heavy metals, POPs, and phthalates. Clear evidence for association of ADHD 
and environmental factors has not been provided yet. To answer this, we have assessed all available systematic reviews and 
meta-analyses that focused on the association between pollutant exposure and either ADHD diagnosis or symptoms. More 
than 1800 studies were screened of which 14 found eligible. We found evidence of a significant role for some pollutants, 
in particular heavy metals and phthalates, in the increased risk of developing ADHD symptoms. However, at the current 
stage, data from existing literature also do not allow to weight the role of the different environmental pollutants. We also 
offer a critical examination of the reviews/meta-analyses and provide indications for future studies in this field. PROSPERO 
registration: CRD42022341496

Keywords Attention deficit/hyperactivity disorder · Environmental pollutants · Air pollution · Persistent organic 
pollutants · Heavy metals · Phthalates · Overview of systematic reviews

Introduction

Attention deficit/hyperactivity disorder (ADHD) is a com-
plex neurodevelopmental condition with a known persis-
tence into adulthood. It is characterized by inattention, 
motor hyperactivity, and impulsivity that are inconsistent 
with age or developmental level (Thapar and Cooper 2016; 
APA 2013). ADHD is predominantly present in males with 
a male-to-female ratio of 4:1 in clinical studies and 2.4:1 in 
population studies (Leopold et al. 2019). ADHD prevalence 
is now reported between 2 and 7% of children and adoles-
cents worldwide, with an average prevalence of approxi-
mately 5% (Posner et al. 2020; Sayal et al. 2018). Recent 
data from the USA show an ADHD rate of about 12.9% 
(95% confidence interval: 11.5, 14.4%) (Zgodic et al. 2023). 
The most recent report by the Centers for Disease Control 
and Prevention indicates 6.1 million American children 

(9.4%) between the ages of 2 and 17 years have ever been 
diagnosed with ADHD, with approximately half of them 
aged 12–17 years (CDC 2019; Cabral et al. 2020).

ADHD may manifest itself differentially in terms of 
behavior, etiology, and developmental trajectories; it may 
occur in comorbidity and respond variably to interventions 
(Luo et al. 2019). A wide set of risk factors likely contribute 
to this heterogeneity. Although there is no comprehensive 
epidemiological model of ADHD, there is shared under-
standing that ADHD etiology is influenced by genetic tracts 
and environmental cues (Cabral et al. 2020; Nigg et al. 2010; 
Thapar et al. 2013; Thapar and Cooper 2016). Regarding 
environmental cues, a recent umbrella review confirmed 
that maternal pre-pregnancy obesity and overweight; pre-
eclampsia, hypertension, acetaminophen exposure, and 
smoking during pregnancy; and childhood atopic diseases 
were strongly associated with ADHD (Kim et al. 2020). 
Nevertheless, several studies over the last few decades have 
investigated specific types of environmental risk factors, i.e., 
toxicological/pollution risk factors (e.g., Cheslack-Postava 
et al. 2022; Forns et al. 2018). Exacerbation of ADHD 

Responsible Editor: Lotfi Aleya

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-30173-9&domain=pdf
http://orcid.org/0000-0002-7080-8916


111677Environmental Science and Pollution Research (2023) 30:111676–111692 

1 3

symptoms in children or an increased risk of developing 
ADHD has been often associated with air pollution (Aghaei 
et al. 2019; Myhre et al. 2018), defined as a complex mix-
ture of particulate matter (PM), gases, trace metals, and 
adsorbed organic contaminants originating mainly from 
human activities, such as combustion of fossil fuels in com-
bustion engines (Myhre et al. 2018). Ambient air pollution is 
thought to be involved in the pathogenesis of ADHD through 
prenatal exposure to the child, especially passing from the 
mother’s blood to the fetus (Aghaei et al. 2019; Zhang et al. 
2017). Although the exact biological mechanisms are still 
unclear, multiple pathways are likely involved including 
oxidative stress, systemic inflammation, and/or endocrine 
disruption (Ha 2021). It has been recently proposed that 
exposure to air pollution during periods with high devel-
opmental plasticity such as pregnancy and perinatal ages 
could represent one of the major contributors to the rising 
prevalence of developmental disabilities around the world 
(Ha 2021).

Other studies explored the potential relationship between 
exposure to heavy metals such as lead (Pb), mercury (Hg), 
and manganese (Mn) and ADHD risk/symptoms (Huang 
et al. 2016; Lee et al. 2018; Muñoz et al. 2020). With this 
respect, the most recent meta-analysis of cohort stud-
ies (Dalla et al. 2022) indicated that children exposed to 
higher levels of lead and heavy metal pollution in general, 
are at greater risk of developing ADHD than those exposed 
to lower levels. In particular, the potentially detrimental 
effect of Pb has been extensively investigated once the 
World Health Organization (WHO) identified Pb as one of 
ten chemicals of major public health concern that require 
action by member states in order to protect workers, chil-
dren, and women of reproductive age (Donzelli et al. 2019). 
Heavy metals, especially Pb, can indeed easily cross the 
blood–brain barrier (Goodlad et al. 2013) and affect the 
development of the central nervous system through the 
binding to –SH residues and displacement of iron, which 
alters the tertiary structure of enzymes and other proteins. 
Previous literature has indicated that early exposure to heavy 
metals could result in changes in fetal programming with 
either consequences in the pre/perinatal period or trigger-
ing alterations in gene expression which may appear later in 
development (Dietert et al. 2011; Gorini et al. 2014).

Previous research has also explored the possible link 
between persistent organic pollutants (POPs) and ADHD, 
in particular measuring the exposure to POPs (e.g., per-
fluoroalkyl substances PFASs) during pregnancy and 
ADHD in offspring (Qu et al. 2021). Indeed, the devel-
oping fetal central nervous system is the most vulner-
able to POP exposure (Qing Li et al. 2006). POPs (e.g., 
PFAS; perfluorooctane sulfonate, PFOS; or perfluorooc-
tanoic acid, PFOA) include hundreds of organic chemical 
compounds with common properties, such as long-term 

persistence, widespread diffusion in the environment, and 
bioaccumulation in fat tissues of living organisms (Lee 
et al. 2007). Most hazardous POPs have been banned from 
the wealthiest countries since 2000 (Lee et al. 2007); some 
poorer countries still use them such that POP residues are 
commonly found in animal food, in fat-rich human food 
and in industrial products (Lee et al. 2007). Evidence from 
previous systematic reviews is not very thorough (Ber-
ghuis et al. 2015; Polańska et al. 2012), with some studies 
supporting the association between different types of POPs 
and ADHD (e.g., Hoffman et al. 2010), while some others 
do not (e.g., Fei et al. 2008).

The association of ADHD with phthalates, which are the 
most used plasticizers in the world (Petersen and Jensen 
2016; Praveena et al. 2020) has also been studied; asso-
ciation has been deemed as possible although the specific 
impact in ADHD etiology of phthalates needs further anal-
ysis (Praveena et al. 2020; Polańska et al. 2012). Due to 
their ubiquitous presence in the environment, humans can 
be exposed to phthalates through various pathways (inges-
tion, inhalation, injection, and absorption through the skin). 
Phthalates have been reported crossing the placental bar-
rier, even in early pregnancy (Lucaccioni et al. 2021). At 
this age, the fetal liver’s detoxification system is still unable 
to convert these metabolites, which may be free to act as 
endocrine-disrupting chemical signals on fetal development 
(Lucaccioni et al. 2021).

As outlined above, the currently available evidence is 
suggestive of association yet inconclusive, as the findings 
in this field are limited by several methodological reasons, 
such as the cross-sectional nature of the reviewed studies, 
their limited sample sizes, and other confounding factors 
as socioeconomic status (Aghaei et al. 2019; Donzelli et al. 
2019; Praveena et al. 2020). It can also be difficult to deter-
mine the actual impact of pollutants given the conditions of 
different countries with the relative exposure to clean air and 
water, and safe living environments.

The main goal of this overview of reviews was to assess 
the state of the art on the correlations between environ-
mental pollutant exposure and either ADHD diagnosis or 
symptoms by collecting and evaluating available systematic 
reviews and meta-analyses. Therefore, our first aim was to 
evaluate the state of the art on this topic, with a specific 
focus on the correlations between environmental pollutants 
— founded through medical subject heading (MeSH) terms 
and ADHD. Second, we were also interested in exploring 
the methodological quality of earlier studies by overview-
ing systematic reviews and meta-analyses. Although cor-
relational studies does not indicate causality, the present 
approach (Smith et al. 2011) has been proved to be useful in 
highlighting associations between factors for future direc-
tions of research, also in the field of neurodevelopmental 
conditions (e.g., Micai et al. 2020).
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Methods

Search strategy

The protocol for this systematic overview of reviews was 
registered with PROSPERO: CRD42022341496. Preferred 
Reporting Items for Systematic Reviews and Meta-analyses 
(PRISMA) guidelines were used to conduct this overview 
(Page et al. 2021). Five authors (ER, AC, SDF, MF, and LM) 
searched 4 bibliographic databases: PubMed, Web of Sci-
ence, Scopus, and Cochrane Library. A preliminary search 
was performed to identify the most suitable terms to appro-
priately address our research question, i.e., collect and assess 
available systematic reviews and meta-analyses focused 
on the association between pollutant exposure and either 
ADHD diagnosis or symptoms, evaluated through quanti-
tative assessment of functioning. We, therefore, explored 
available MeSH terms and identified the most comprehen-
sive ones to best reflect the topic amplitude and maximize 
results. After discussion, the authors reached a consensus on 
final search terms. The definitive search was first launched 
on November 15, 2021 and updated on December 21, 2021 
and used the following terms: pollutants, metals, pesticides, 
and hydrocarbons, joined by the Boolean operator “OR”, 
and “attention deficit disorder with hyperactivity”, and 
“humans”, joined by “AND”. Search strategy details are 
reported in Table 1. Different search strings were applied 
in order to mirror the specific functions of each database 
screened (see Table 1S in Supplementary Material). In 
PubMed, Web of Science, and Scopus, the filter to limit 
the search to “Reviews/Systematic reviews” was applied. 
The search was limited to studies written in English, and no 
temporal restrictions were applied. Population, intervention, 
comparison, outcome, and study design (PICOS) domains 
were used as a search strategy, and articles were included if 
the following eligibility criteria were matched: (1) popula-
tion: humans (from perinatal period to adulthood); (2) inter-
vention: exposure to environmental pollutants, pesticides, 
and metals; (3) comparison: not applicable; (4) outcome: 
ADHD diagnosis or ADHD symptoms; and (5) study design: 
systematic reviews or meta-analyses, including at least 25% 
of studies whose outcomes were ADHD or ADHD symp-
toms in relation to the exposure to pollutants. We did not 
focus on the method by which the exposure was assessed in 
studies (blood or urine, etc.). Articles were excluded on the 
basis of the following criteria: (1) population: studies that 
included non-human samples; (2) intervention: studies that 
focused specifically on the exposure of teratogens and stud-
ies that considered metals as nutrients; (3) outcome: stud-
ies specifically focused on genetics and studies that did not 
consider ADHD or ADHD symptoms as main outcome; and 
(4) study design: articles that were not systematic reviews 

or meta-analyses and reviews and meta-analyses with less 
than 25% of articles related to ADHD or ADHD symptoms.

Selection process

All record titles and abstracts retrieved from the database 
search were screened by four blinded reviewers (ER, SDF, 
MF, and LM) who excluded studies that did not meet the 
eligibility criteria (see supplementary materials for a list of 
excluded articles). The same authors proceeded with the full-
text screening of retained papers according to the inclusion 
criteria. In case of discordant opinions, the three authors voted 
to reach a decision. Based on AMSTAR 2 recommendations 
(Shea et al. 2017), the group of authors included experts in the 
field, directly involved in each phase of the study.

Data extraction

After a preliminary work of inter-rater calibration, three 
reviewers (SDF, MF, and LM) extracted data from the full 
texts independently. For each systematic review or meta-
analysis, we extracted data on: the year of publication, size, 
and type of population, study design, pollutants considered 
and means of exposure, modality of ADHD assessment, and 
main findings on the association between pollutant exposure 
and ADHD (diagnosis or ADHD-related symptomatology). 
Table 1 (see “Results”) summarizes all the extracted data. 
Three authors (SDF, MF, and LM) resolved discrepancies 
through discussion in order to achieve unanimity.

Quality assessment of the evidence

The AMSTAR 2 (A MeaSurement Tool to Assess Systematic 
Reviews) checklists (Shea et al. 2017) were used by three 
authors (SDF, MF, and LM) to assess the quality of each 
work that was eligible for the present overview. Discrepan-
cies were resolved after a discussion in order to achieve una-
nimity. The AMSTAR 2 checklist is a 16-item tool developed 
to lead an evaluation of methodological quality of systematic 
reviews, including randomized and non-randomized trials of 
healthcare interventions. The checklist included questions 
on: inclusion of PICOS components, presence of a proto-
col registered before the beginning, justification of the study 
design’s inclusion, relevance of the literature search, number 
of authors (at least two needed for inclusion), justification 
for excluded studies, detailed description of included stud-
ies, evaluation of bias risk of the studies included, account 
of funding for included studies, suitability of methods used 
for meta-analysis, evaluation of the bias risk in individual 
studies on the reported results, consideration of the risk of 
interpreting the results, evaluation of publication bias, and 
report of funding or conflict of interest. For each question, 
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authors answered “yes,” if the requirements indicated were 
satisfied; “no,” if requirements were not satisfied, and “partial 
yes,” if only a few requirements were met.

Overlap

One of the main issues in performing an overview of reviews 
is taking into account inter-review overlaps when interpret-
ing results. To this end, we conducted a systematic evalua-
tion of the degree of overlap using the Corrected Covered 
Area (CCA) approach (Pieper et al. 2014). The interpretation 
of the CCA was conducted following the overlap categories 
explained in Pieper et al. (2014) (details in Box 1).

Box 1 Corrected Covered Area (CCA).

CCA =
N−r

r c−r

N = total number of included publications (including double counting)
r = number of index publications (rows in matrix)
c = number of reviews (column in matrix)
Interpretation of CCA (%)
- 0–5: Slight
- 6–10: Moderate
- 11–15: High
- > 15: Very high

Results

Description of studies

Our search strategy returned 1802 studies (PubMed: 
1474 results; Web of Science: 94; Scopus: 234), of which 
1644 were excluded using automated filters. Searching on 
Cochrane Library did not produce any results. For PubMed 
we used the filter for meta-analyses and systematic reviews, 
whereas in Web of Science and Scopus we used the filter for 
reviews. Twenty-five duplicates have been further excluded 
manually, leading to a total of 133 studies screened.

Four authors (ER, SDF, MF, and LM) screened titles and 
abstracts, excluding an additional 107 studies. The remaining 
26 studies were then screened in their full-text by three authors 
(SDF, MF, and LM). Studies were excluded at this stage, if they 
included animal samples (n = 2), did not focus on ADHD as 
an outcome measure (n = 3), and were not a systematic review 
or included less than 25% of articles focused specifically on 
ADHD (n= 7). After the selection, 14 studies were retained in 
the present overview: 6 systematic reviews, 3 meta-analyses, 
and 5 systematic reviews and meta-analyses. Process: Figure 1 
provides the process of records’ identification and screening and 
the eligibility and inclusion actions, and Table 1 summarizes all 
the extracted data.
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11), no consideration of the risk of bias when interpreting 
the results of the review (item 13), and a lack of an evalu-
ation of publication bias (item 15). Most of the included 
studies presented weaknesses in several crucial items, with 
particular respect to items 2 and 7. Only one study indeed 
reported the presence of a written protocol and a list of 
excluded studies (Lam et al. 2017). AMSTAR-2 results are 
summarized in Fig. 2 (AMSTAR-2 full scores are available 
in supplementary materials, Table 7S).

Overlap

We conducted a systematic evaluation of the degree of 
overlap of the studies. Even though all the studies included 
in Kalantary et al.’s (2020) review overlapped with those 
from other reviews and meta-analyses, the CCA value of 

Fig. 1  PRISMA flow diagram. 
*Consider, if feasible to do so, 
reporting the number of records 
identified from each database 
or register searched (rather 
than the total number across 
all databases/registers). **If 
automation tools were used, 
indicate how many records 
wereexcluded by a human and 
how many were excluded by 
automation tools 

Assessment of quality

The overall risk of bias ratings for systematic reviews 
ranged from 3.5 to 12.5 (mean = 7.14; standard deviation 
= 2.95) and for meta-analyses ranged from 3.5 to 1.5 (mean 
= 8.29; standard deviation = 2.80). Except for one study, 
which has high methodological quality, the overall qual-
ity was rated as critically low. According to Shea et al.’s 
(2017) classification, the items that most affect the quality 
of studies were the absence of a written protocol or guide 
to follow before the start of the review (item 2), the lack 
of a comprehensive literature search strategy (item 4), the 
lack of a list of excluded articles and a justification for their 
exclusion (item 7), the absence of a technique for assessing 
the risk of bias in individual studies (item 9), inappropri-
ate methods for the statistical combination of results (item 



111685Environmental Science and Pollution Research (2023) 30:111676–111692 

1 3

the present overview was 2.3%, indicating a modest degree 
of overlap.

Participants

The included articles have considered studies with different 
designs, including birth cohort, cohort, cross-sectional, and 
case-control studies.

With regard to the population, one work included articles 
involving mother-infant pairs (Forns et al. 2020), 10 works 
included articles that recruited only children (Aghaei et al. 
2019; Donzelli et al. 2019; Goodlad et al. 2013; He et al. 
2019; Kalantary et al. 2020; Nilsen and Tulve 2020; Qu et al. 
2021; Rivollier et al. 2019; Roth and Wilks 2014; Yoshimasu 
et al. 2014), and 3 works considered articles involving both 
children and mother–infant pairs (Lam et al. 2017; Polańska 
et al. 2012; Praveena et al. 2020). Most of the included stud-
ies were conducted either in North America (10 studies) 
or in Europe (11 studies). Other studies were conducted in 
Asia (6 studies in East Asia, 1 in South Asia, and 2 in Mid-
dle East). None of the studies considered participants from 
Africa, South America, or Oceania.

Pollutants

Regarding the frequency of pollutants, POPs are considered 
in 8 studies (Aghaei et al. 2019; Forns et al. 2020; Lam et al. 
2017; Nilsen and Tulve 2020; Polańska et al. 2012; Qu et al. 
2021; Rivollier et al. 2019; Roth and Wilks 2014). Heavy 
metals were considered in 5 studies (Donzelli et al. 2019; 
Goodlad et al. 2013; He et al. 2019; Nilsen and Tulve 2020; 
Yoshimasu et al. 2014). Air pollutants were measured in 4 
studies (Aghaei et al. 2019; Kalantary et al. 2020; Polanska 
et al. 2012; Rivollier et al. 2019), and 3 studies considered 

phthalates (Polańska et al. 2012; Praveena et al. 2020; Rivol-
lier et al. 2019).

Assessment of pollutants

Different methods were used to assess the pollutants’ expo-
sure. Blood sample was the most used method, as reported in 
12 studies (Aghaei et al. 2019; Donzelli et al. 2019; Goodlad 
et al. 2013; He et al. 2019; Lam et al. 2017; Nilsen and Tulve 
2020; Polańska et al. 2012; Praveena et al. 2020; Qu et al. 
2021; Rivollier et al. 2019; Roth and Wilks 2014; Yoshi-
masu et al. 2014), followed by urine samples in 8 studies 
(Aghaei et al. 2019; Donzelli et al. 2019; Goodlad et al. 2013; 
Kalantary et al. 2020; Nilsen and Tulve 2020; Polańska et al. 
2012; Praveena et al. 2020; Rivollier et al. 2019). Five studies 
referred to breast milk concentrations (Aghaei et al. 2019; 
Forns et al. 2020; Lam et al. 2017; Qu et al. 2021; Roth and 
Wilks 2014); 4 studies to serum (Forns et al. 2020; Lam et al. 
2017; Polanska et al. 2012; Rivollier et al. 2019); and 2 stud-
ies to ambient or air sampling (Aghaei et al. 2019; Kalantary 
et al. 2020), adducts (Kalantary et al. 2020; Polańska et al. 
2012), and plasma (Aghaei et al. 2019; Forns et al. 2020). 
Finally, 4 studies reported other biological proxies, such as 
X-ray, hair, and teeth exposure (Donzelli et al. 2019; Goodlad 
et al. 2013; Nilsen and Tulve 2020; Yoshimasu et al. 2014), 
and 3 studies used other procedures like estimation in water, 
interrogation, or industrial release to environments (Aghaei 
et al. 2019; Rivollier et al. 2019; Yoshimasu et al. 2014).

Assessment of ADHD

Except for three, all studies considered a clinical ADHD 
diagnosis based either on Diagnostic and Statistical Manual 

Fig. 2  Assessment of quality 
results
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of Mental Disorders (DSM) or International Classification 
of Diseases (ICD) criteria (Aghaei et al. 2019; Donzelli 
et al. 2019; Forns et al. 2020; He et al. 2019; Kalantary et al. 
2020; Lam et al. 2017; Nilsen and Tulve 2020; Polańska 
et al. 2012; Praveena et al. 2020; Rivollier et al. 2019; Yoshi-
masu et al. 2014).

Most studies used questionnaires to evaluate ADHD 
symptoms: 11 studies used parent-report (Aghaei et  al. 
2019; Forns et al. 2020; Goodlad et al. 2013; He et al. 
2019; Kalantary et al. 2020; Lam et al. 2017; Polańska 
et al. 2012; Praveena et al. 2020; Rivollier et al. 2019; Roth 
and Wilks 2014; Yoshimasu et al. 2014), 6 teacher-report 
(Aghaei et al. 2019; Goodlad et al. 2013; Lam et al. 2017; 
Polańska et al. 2012; Praveena et al. 2020; Roth and Wilks 
2014) and 1 self-report (Kalantary et al. 2020). Five studies 
also used a neuropsychological test to assess the cognitive 
domain of ADHD (Aghaei et al. 2019; Lam et al. 2017; 
Polańska et al. 2012; Praveena et al. 2020; Rivollier et al. 
2019). Other assessment measures were interviews (He et al. 
2019), psychological test (Lam et al. 2017), observational 
tools (Polańska et al. 2012; Rivollier et al. 2019), or popu-
lation-based registries (Forns et al. 2020). Only one study 
considered the prevalence rate of ADHD (Qu et al. 2021).

Exposure to pollutants and ADHD

Air pollution

Particulate air pollution Three systematic reviews con-
sidered the association between air pollution and ADHD 
(Aghaei et al. 2019; Polańska et al. 2012; Rivollier et al. 
2019). A positive association was observed in 63.64% of 
cases (21/33). Aghaei et al. (2019) reported 19 positive asso-
ciations in 31 investigations, whereas the other two studies 
considered only 1 investigation each. Only 1 meta-analysis 
(Kalantary et al. 2020) was performed to evaluate the asso-
ciation between polycyclic aromatic hydrocarbons (PAH) 
and either symptoms or diagnosis of ADHD, showing a sig-
nificant and positive association, with an adjusted odds ratio 
(AOR) of 2.57 (95% CI = 1.75–3.78).

We included in this section also PAH, despite being a 
large group of organic compounds that can be classified in 
different subgroups. However, in the systematic reviews/
meta-analyses examined here, PAHs were considered as an 
air pollutant or particulate air pollutant.

Gaseous air pollution Two systematic reviews considered 
the association between gaseous air pollution and ADHD 
(Aghaei et al. 2019; Rivollier et al. 2019). Overall, in 56.52% 
of cases (12/23), a positive association was reported. Most 
of the associations were included in the study of Aghaei 
et al. (2019), reporting 11 associations in 22 investigations.

Aghaei’s review also found an association between 
PCDD, which was considered an air pollutant by the authors 
and ADHD symptoms (Aghaei et al. 2019). Based on the 
previous literature, we consider PCDD a persistent organic 
pollutant in the present work.

Heavy metal

Lead Only one systematic review considered the association 
between Pb and ADHD, showing 12 positive associations in 
17 investigations (70.59%; Donzelli et al. 2019). Most of the 
included studies on Pb were meta-analyses. Goodlad et al. 
(2013) considered the association between the inattention symp-
tom and Pb, reporting a positive correlation of 0.16 (95% CI = 
0.12–0.20, Z = 8.09, p <.001) across 27 studies. The correlation 
between hyperactivity/impulsivity and Pb was 0.13 across 23 
studies (95% CI = 0.09–0.16, Z = 7.22, p <.001). For associa-
tions between ADHD and Pb, Cohen’s d across 9 studies was 
0.51 (95% CI = 0.35, Z = 6.33, p < .001). He et al. (2019) con-
sidered 4 cohort studies, showing a risk difference (RD) of 0.22 
(95% CI = 0.02–0.42, p < .001). Furthermore, they reported an 
odds ratio (OR) of 0.35 (95% CI = 0.26–0.49, p < .001) across 4 
cross-sectional studies and an OR of 1.47 (95% CI = 1.06–2.05, 
p < .001) across 7 case-control studies. Nilsen and Tulve (2020) 
considered the association between all subtypes of ADHD and 
Pb, reporting an OR of 3.39 for 12 studies (90% CI = 2.66–4.12, 
p < .001); when considering specific ADHD subtypes and Pb, 
the OR varied from 2.89 to 5.23 (CI = 2.89–5.23, p <.001).

Manganese and mercury Two meta-analyses examined the 
association between Mn and Hg and ADHD. Nilsen and 
Tulve’s (2020) meta-analysis included 3 studies, depicting 
an OR of 2.68 (CI = 2.16–3.19, p < .0001) for Hg exposure 
and all ADHD outcomes. Moreover, the authors reported 
an OR of 2.63 (CI = 1.27–4.00, p < .002) for Mn exposure 
and all ADHD outcomes. Yoshimasu et al. (2014) conducted 
a meta-analysis on 2 studies related to methylmercury, 
reporting an OR of 1.60 (95% CI = 1.10–2.33, p value not 
reported).

Other heavy metals Only one systematic review considered 
the association between arsenic and ADHD reporting a posi-
tive association in 1 investigation (Nilsen and Tulve 2020).

Persistent organic pollutants

Five systematic reviews investigated the association between 
POPs and ADHD. Overall, 22 positive associations out of 
28 investigations (78.57%) were observed. Lam et al. (2017) 
showed 9 weak associations for 9 investigations; Roth and 
Wilks (2014) 5 positive associations for 9 investigations; 
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Rivollier et al. (2019) 7 positive associations for 8 investiga-
tions; and Polańska et al. (2012) 1 positive association for 
2 investigations; and Aghaei et al. (2019) found 1 positive 
association for 2 investigations. Three meta-analyses investi-
gated the association between POPs and ADHD (Forns et al. 
2020; Nilsen and Tulve, 2020; Qu et al. 2021), none of them 
finding significant associations. However, Forns et al. (2020) 
found a possible effect of sex with ORs in females above 1 
(ranging from 1.12 (95% CI = 0.87–1.06) to 1.30 (95% CI = 
0.98–1.73)), and below 1 in males (ranging from 0.92 (95% 
CI = 0.81–1.03) to 1.03 (95% CI = 0.85–1.25)). Moreover, Qu 
et al. (2021) observed possible regional differences in the asso-
ciation between PFOS and ADHD, showing a positive correla-
tion limited to the USA (OR = 1.05, 95% CI = 1.02–1.08).

Phthalates

Three systematic reviews considered the association between 
phthalates and ADHD (Praveena et al. 2020; Polańska et al. 
2012; Rivollier et al. 2019). Overall, 22 positive associations 
in 24 investigations (91.96%) were reported between phtha-
lates and ADHD. Specifically, Praveena et al. (2020) found 
15 positive associations out of 16 investigations, whereas 
Polańska et al. (2012) and Rivollier et al. (2019) showed 
positive associations on all the investigations considered 
(5/5 and 2/2, respectively). The meta-analysis of Nilsen and 
Tulve (2020) found an OR of 3.31 (95% CI = 2.59–4.02, p 
< .0001) for the association between phthalates and ADHD. 
However, the considerable heterogeneity of the included 
studies needs to be considered when interpreting the results.

Discussion

The current overview investigated existing systematic 
reviews and meta-analyses focused on the potential asso-
ciation between exposure to environmental pollutants and 
either ADHD diagnosis or symptoms. To this end, more than 
1800 studies were screened. The eligible studies were 14, of 
which 3 were meta-analyses, 4 systematic reviews and meta-
analyses, and 7 systematic reviews.

We found several pollutants through medical subject 
heading (MeSH) terms and, for the sake of critical inves-
tigation and discussion, we categorized them in 4 groups 
with relative sub-groups: air pollution (both particulate and 
gaseous air pollution); heavy metals (Pb, Mn, Hg, and other 
heavy metals); persistent organic pollutants; and phthalates. 
Some articles concurrently focused on multiple pollutants, 
whereas some others analyzed only one kind of pollutant.

With respect to the first group, air pollution, we found a 
positive association between air pollution and increased risk 
of ADHD/symptoms of ADHD in about 60% of the total 
investigations included (Aghaei et al. 2019; Polańska et al. 

2012; Rivollier et al. 2019). The only meta-analysis found a 
significant positive association between PAHs and ADHD 
(Kalantary et al. 2020).

This said, most of the studies included in these three 
reviews and in the meta-analysis exclusively considered 
ADHD symptoms and attention problems, using either self-
report questionnaires or neuropsychological tests (Kalan-
tary et al. 2020; Polańska et al. 2012; Rivollier et al. 2019). 
Only in Kalantary et al.’s (Kalantary et al. 2020) and Aghaei 
et al.’s (Aghaei et al. 2019) studies, there was only a limited 
set of studies that considered ADHD diagnosis with clinical 
confirmation, most of the associations being with symptoms 
rather than with diagnostic ADHD status.

Our findings about POPs are controversial. Whereas 
4 systematic reviews (Aghaei et al. 2019; Polańska et al. 
2012; Rivollier et al. 2019; Roth and Wilks 2014) reported 
a positive association between these pollutants and ADHD, 
the other 4 reviews and none of the meta-analyses found a 
significant association (Forns et al. 2020; Lam et al. 2017; 
Nilsen and Tulve 2020; Qu et al. 2021). Furthermore, the 
reviews underlining the correlation between POPs and 
ADHD included almost all studies that explored symptoms 
of ADHD and not diagnostic outcomes of it. A possible 
explanation for those divergent results is the remarkable het-
erogeneity within the POP category, with several compounds 
independently assessed across studies.

With regard to heavy metals and phthalates, our over-
view revealed concurrent positive associations with both 
ADHD status and symptoms. This finding differed from 
results regarding other pollutants for the notable conver-
gence across studies (Donzelli et al. 2019; Goodlad et al. 
2013; He et al. 2019; Nilsen and Tulve 2020; Polanska 
et al. 2012; Praveena et al. 2020; Yoshimasu et al. 2014). 
Moreover, most reviews or meta-analyses on these pol-
lutants included studies evaluating ADHD through car-
egiver reports, whereas most of the studies included in 
the 3 meta-analyses (of which 2 focused on Pb, Goodlad 
et al. 2013, He et al. 2019, and 1 on multiple heavy metals 
and phthalates, Nilsen and Tulve 2020) considered clinical 
diagnoses of ADHD. With due precautions, the findings of 
this overview indicate these categories of environmental 
pollutants are the most associated with ADHD diagnostic 
status. Our findings are also in line with those of the very 
recent meta-analysis of Dalla et al. (2022), which suggests 
a significant relationship between the risk of developing 
ADHD and exposure to lead and, more in general, with 
heavy metal pollution. Nonetheless, it is important to note 
that the present work differs in some relevant methodo-
logical aspects from one of Dalla and colleagues. First, 
this study is an overview of reviews and meta-analyses, 
whereas Dalla and others performed a meta-analysis of 
cohort studies. Furthermore, we employed a different 
research string from the one used by Dalla and colleagues. 
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Those differences led to an only marginal overlap between 
the present and Dalla et al.’s studies (only 9 out of 21 stud-
ies analyzed by Dalla and colleagues are included within 
our overview).

Alongside the analysis of specific environmental pollut-
ants, the present overview offers insights about the methodo-
logical quality of the inspected reviews and meta-analyses. 
For this purpose, we used the AMSTAR 2 checklists (Shea 
et al. 2017). The overall ratings of risk bias were generally 
judged as critically low, except for 1 study (Lam et al. 2017), 
indicating unsatisfactory methodological quality in the liter-
ature. Therefore, the majority of the studies included in this 
work presented weaknesses in AMSTAR 2 crucial items. In 
particular, eligible studies lacked both protocol registrations 
before starting the literature search and written protocols/
lists of the excluded studies. Beyond the weaknesses high-
lighted by AMSTAR 2 checklists, each of the reviews and 
meta-analyses we considered exhaustively acknowledged 
the methodological limitations and possible biases of their 
results, recommending caution and non-causal associations 
between environmental pollutants and ADHD, as well as 
suggesting more in-depth studies. Given these considera-
tions, at the current stage there is too limited evidence to 
determine causality for the relationships between environ-
mental pollutants and ADHD.

Starting from the observed limitations, future meta-analyses 
and systematic reviews in this field should carefully consider 
the use of critical appraisal tools, such as AMSTAR 2 check-
list, to significantly improve the methodological quality of 
the metanalytical work, and especially register their study to 
PROSPERO. Although the study of environmental variables 
is extraordinarily complex in cause-and-effect analysis, greater 
rigor in the application of guidelines makes it more possible 
to draw conclusions. In addition, future studies should focus 
on a narrower range of pollutants, such as heavy metals or 
phthalates, to increase the chance of highlighting more solid 
results. Finally, even within the same category of pollutants, 
consistency in the design — especially for longitudinal studies 
— and in the study characteristics, such as timing of exposure, 
outcome measurement, and ADHD assessment, is needed to 
reach definitive conclusions. In particular, the homogeneity of 
the exposure time and the considered levels of pollutants are 
important methodological elements to compare results from 
different studies. Given that the most critical windows for the 
detrimental effects on the brain are pregnancy and the perinatal 
period, in-depth studies on exposure to environmental pollut-
ants within this time frame are recommended.

It is also crucial to mention that the reviews and meta-
analyses considered here did not include investigations from 
Oceania, South America, and Africa. This is a limit that 
needs to be solved to assess potential differences or simi-
larities between countries in terms of degree of exposure to 
environmental pollutants. Indeed, socio-economics factors 

play a central role in determining the level of environmental 
pollutants and their potential impact on neurodevelopment 
at early stages.

Lastly, most of the studies on heavy metals did not 
wholly consider the fact that nutritionally essential metals 
may significantly modify health risks related to exposure to 
non-essential toxic metals (Goyer 1997). As an example, 
magnesium supplementation has been demonstrated to have 
protective effects against cadmium accumulation in the body 
(Matović et al. 2010). Thus, adequate nutrition may partly 
compensate for the exposure to some environmental pol-
lutants heavy metals. In light of these considerations, the 
need to focus on which countries in the study is carried out 
remains crucial, in addition to the dose, route of exposure, 
time of exposure of the environmental pollutant, and the 
nutritional status of the subject.

Our work represents the first systematic overview in the 
field of the exposure to environmental pollutants and ADHD. 
We underscored some preliminary results and considered the 
quality of the studies discussing weaknesses and offering 
suggestions for future research. Our overview also presents 
some limitations. Firstly, we used the filter for meta-analyses 
and systematic reviews in our search strategy, resulting in 
reductions in the articles considered. While being widely 
used in overview works, this criterion could have limited the 
identification of eligible studies. Furthermore, as we were 
interested in exploring the possible role of pollutants with 
specific respect to the clinical phenotype of ADHD, studies 
more focused on broader manifestation of the condition were 
not included in this study.

Secondly, we did not consider the period of exposure to 
pollutants, given that this information was seldom reported 
in the reviews/meta-analyses considered. Nevertheless, 
this datum is critical to compare and correctly interpret the 
results of these studies. Secondly, we did not include correla-
tions or analyses because of the nature of the overview, but 
umbrella review with meta-analysis can be a future develop-
ment of the present work.

Conclusion

This overview of review and meta-analyses suggests a sig-
nificant role for some pollutants, in particular heavy metals 
and phthalates, in the increased risk of developing ADHD 
symptoms. However, at the current stage, data from existing 
literature also do not allow to weight the role of the different 
environmental pollutants. In addition, this overview offers 
some suggestions for conducting reviews and meta-analyses 
in this specific area.
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