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ABSTRACT ARTICLE HISTORY
Mismanagement of hazardous waste (HW) causes severe threats to eco- Received 23 January 2024
systems and human health. We conducted a systematic literature review Accepted 22 July 2024
and evaluated the evidence regarding the association between residential KEYWORDS

exposure to HW and childhood neurobehavioral effects. We consulted Hazardous waste;
international agencies websites and conducted a search on MEDLINE neurodevelopment;

and EMBASE databases by applying a “Population-Exposure-Comparator- behavior; e-waste; children
Outcome” question. The evidence evaluation, based on the quality of the

studies and their concordance, was graded in sufficient/limited/inade-

quate. Documents from international agencies were not found. Of the

seventy-five studies screened, nine met the eligibility criteria. Studies

agree on the association between residential exposure to HW sites and

negative neurodevelopmental effects. The evidence of the association was

attributed limited to cognitive and behavioral outcomes, and inadequate

to Autism Spectrum Disorder. The evidence was evaluated sufficient for

HW sites releasing lead and cognitive disorders. Residential exposure to

unsafe HW sites may contribute to childhood neurobehavioral alterations.

It is urgent to implement environmental remediation of contaminated

sites and counteracting illegal and unsafe HW management practices.

Introduction

Hazardous waste (HW) encompasses material that, due to its characteristics, poses significant risks
to human health and the environment (https://www.eea.europa.eu/help/glossary/eea-glossary
/hazardous-waste.; https://www.epa.gov/hw/learn-basics-hazardous-waste#hwid). Over recent
years, electronic waste (e-waste) has emerged as a pressing global issue (Forti et al. 2020).

Unsafe management of HW, including illegal waste dumping, can lead to contamination of soil,
water, and air, with profound implications for ecosystems and human well-being.

The Basel Convention, adopted in 1989 by 188 countries and enacted in 1992, aims to regulate
the transboundary movements of HW to prevent environmental and health hazards (UNEP 2011).
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The World Health Organization (WHO) has prioritized effective HW management as part of its
efforts to achieve Sustainable Development Goals by 2030, emphasizing sound practices and
contrasting illegal trafficking and mishandling of waste (World Health Organization Declaration
of the Sixth Ministerial Conference on Environment and Health 2017).

In Europe, the management of contaminated sites is a significant concern, with waste
disposal and treatment accounting for approximately 38% of the estimated 342,000 contami-
nated sites across 27 European Environment Agency (EEA) member states. As of 2021, only
15% of these sites had been remediated; the large volume of waste production and the
widespread use of chemicals over the past decades have caused local soil contamination due
to inadequate or unauthorized waste disposal, unsafe handling of dangerous substances within
industrial or commercial processes, as accidents (https://www.eea.europa.eu/data-and-maps
/indicators/progress-in-management-of-contaminated-sites-3/assessment/view, last accessed:
14 December 2023).

In the United States, the Environmental Protection Agency (EPA) oversees its National
Priority List of the contaminated sites (Superfund sites), which currently numbers 1,336 HW
sites (https://www.epa.gov/superfund/current-npl-updates-new-proposed-npl-sites-and-new-
npl-sites; last accessed: 7 September 2023).

Low- and middle-income countries face particular challenges, exacerbated by illegal transbound-
ary of waste from industrialized nations. This issue has been identified as a major environmental
and health risk factor in African regions, where HW has been implicated in widespread contam-
ination (McCormack and Schiiz 2012). In seven Asian countries, 679 areas have been identified as
contaminated by HW (Caravanos et al. 2013), and in three Latin American countries (Mexico,
Uruguay, and Argentina), hundreds of thousands of people have been exposed to hazardous lead
contamination from 129 HW sites (Caravanos et al. 2016).

Increased risks of cancer, respiratory and cardiovascular diseases, as well as negative reproduc-
tive effects, have been reported in populations living near HW sites. There is limited evidence of the
association between the residence close to HW sites and liver, bladder, breast and testis cancers,
non-Hodgkin lymphomas, asthma, congenital anomalies overall and anomalies of the neural tube,
urogenital connective and musculoskeletal systems, low birth weight and pre-term birth. Moreover,
there is sufficient evidence of the association between the exposure to oil industry waste releasing
high concentrations of hydrogen sulfide and acute symptoms of respiratory and digestive systems
(Fazzo et al. 2017).

The risk of adverse neurodevelopmental outcomes has yet to be thoroughly investigated and
WHO explicitly recommended focusing on neurological and behavioral effects of HW sites in
children (World Health Organization 2016).

Furthermore, there is growing evidence linking prenatal and childhood exposure to chemical
substances, potentially emitted by HW, with neurodevelopmental disorders in children
(Environmental Protection Agency 2000; World Health Organization 2017b; Rebelo and Dutra
Caldas 2016). Exposure, even at very low levels, to environmental pollutants, such as lead (Pb),
methylmercury, and selected pesticides, flame retardants (polybrominated diphenyl ethers: PBDEs)
and polychlorinated biphenyls (PCBs), affects the brain and nervous system development, increasing
the risk of neurobehavioral alterations in children and higher susceptibility to neurodegenerative
diseases later in life (Carroquino et al. 2012; Gomes et al. 2024; Grandjean and Landrigan 2014; World
Health Organization 2017a). Pre- and postnatal exposure to air pollutants has also been implicated in
neurodevelopmental and behavioral disorders, those related to autism spectrum disorder (ASD) and
attention-deficit hyperactivity disorder (ADHD) (World Health Organization 2018).

Specifically, neurodevelopmental disorders (NDDs) refer to a group of heterogeneous conditions
that manifest early in childhood, including ASD, ADHD and intellectual disability (ID). Notably, it
has been hypothesized that the significant rise in the prevalence of NDDs over the past few decades
could be explained, at least in part, by increased exposure to environmental contaminants
(Grandjean and Landrigan 2014). Synergistic actions of environmental exposure with genetic
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factors and developmental timing have been hypothesized to influence neurodevelopment from the
embryonic stage through adulthood (Scattolin et al. 2022).

Our systematic review aims to comprehensively summarize existing studies exploring
possible association between residential exposure, including maternal and prenatal exposure,
to HW sites (including illegal dumps, and e-waste sites) and neurobehavioral outcomes in
children.

Materials and methods

The reporting of this systematic review was guided by the standards of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement (Page et al. 2021).
A five-step process, as described by Woodruff, was followed: 1. Specify the research question, 2.
Carry out the literature search, 3. Select studies for inclusion, 4. Assess the quality of individual
selected studies, 5. Rate the confidence in the body of evidence for each outcome (Woodruff and
Sutton 2014).

Eligibility criteria

The eligibility criteria for the inclusion of the studies in the review were formulated in terms of
Population-Exposure-Comparator-Outcomes (PECO) question. The population of interest con-
sisted of children, infants, or toddlers residentially exposed to waste sites, including prenatal
exposure. Exposure considered HW sites, including industrial and electronic waste landfills and
illegal dumps. There were no limitations on the comparators considered. The outcomes of interest
were neurodevelopmental and behavioral disorders: ASD, ADHDs, cognitive alterations, and
language disorders, and alterations in emotional and conduct domains. The exclusion criteria
involved discrepancies with the PECO question, i.e. excluding human adult population, and
laboratory and animal studies.

Information sources

International agencies’ documents and reports and original articles complying with the eligibility
criteria were searched.

International agencies’ documents

The following websites were browsed (January 2023) to locate documents and/or reports addressing
the topic of interest, searching with specific website ad hoc filters and keywords matching the PECO
search question: United States Environmental Protection Agency — EPA (https://www.epa.gov);
International Programme on Chemical Safety - IPCS INCHEM (http://www.inchem.org);
Toxicology Excellence for Risk Assessment - TERA (http://tera.org); Agency for Toxic
Substances and Disease Registry — ATSDR (http://atsdr.cdc.gov); Office of Environmental Health
Hazard Assessment - OEHHA (https://oehha.ca.gov); World Health Organization - WHO (https://
www.who.int); National Institute of Environmental Health Sciences — NIEHS (https://seek.niehs.
nih.gov/texis/); Centers for Disease Control and Prevention - CDC (https://www.cdc.gov/index.
htm); International Agency for Research on Cancer — IARC (https://www.iarc.who.int).

Original papers

To highlight the published articles, MEDLINE and EMBASE databases were searched through the
STN International platform (on 14 December 2022). The International Prospective Register of
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Systematic Reviews (PROSPERO) was last consulted in April 2023. Reference lists or bibliographies
of included studies were not examined.

Finally, the authors checked the list to add relevant articles that did not emerge from the database
systematic research.

Search strategy
The search strategy, based on the aforementioned PECO, is reported in Table 1. Boolean operators
were used to combine exposure and outcome terms (Table 1).

All original publications and reviews written in English, Italian and French were considered,
with no restriction on the publication year.

Selection process

Each study/record was screened independently by two reviewers, and a third investigator was
consulted in case of discrepancies. Screening was done in a first step by reading the title and
abstract, and in a second step based on the full-text analysis.

Data collection process and data items

Data extraction of the selected articles was performed by the entire reviewer team, and each article
was analyzed independently by two reviewers. Study design, characteristics of the population,
exposure assessment and its measurement, statistical analyses and funding source were sought.

Quality and risk of bias assessment
The quality assessment of each selected article was performed independently by two reviewers, and
in case of disagreement the whole team of reviewers was consulted.

An adapted version of the Newcastle-Ottawa Quality Assessment Scale (NOQAS, https://www.
ohri.ca/programs/clinical_epidemiology/oxford.asp.) was used as an assessment tool for original
studies (Wells et al. 2023). The scale contains a list of items, grouped by domains (selection,
comparability, outcome) and a scoring system that allows rating each study from 0 to 9 stars. The
reliability of the studies is divided into three classes: “good” (7-9 stars), “satisfactory” (5-6 stars), or
“unsatisfactory” (0-4 stars). The modifications of the scale concern some aspects of the ascertainment
of the exposure (in the selection domain) and the control of confounding factors (in the comparability
domain). For systematic reviews, a Measurement Tool to Assess Systematic Reviews (AMSTAR 2,

Table 1. Search strategy: descriptors and text words searching in MEDLINE and EMBASE.

Phase 1: Descriptors

# 1 Exposure  (ELECTRONIC WASTE/CT OR HAZARDOUS WASTE+NT/CT OR INDUSTRIAL WASTE/CT OR E-WASTE/CT OR
HAZARDOUS WASTE+NT/CT OR INDUSTRIAL WASTE+N/CT) AND (ENVIRONMENTAL EXPOSURE+NT/CT OR
ENVIRONMENTAL HEALTH+NT/CT OR ENVIRONMENTAL EXPOSURE+NT/CT OR ENVIRONMENTAL HEALTH/CT)

# 2: Outcomes (NEURODEVELOPMENTAL DISORDERS+NT/CT) OR (MENTAL DISEASE+NT/CT)

#3 #1 AND #2

PHASE 2: TEXT WORDS

# 4: Exposure  (INDUSTR? OR ILLEGAL OR HAZARDOUS OR TOXIC OR ELECTRONIC)(W)(WAST? OR LANDFILL OR DUMP?) OR
E(W)WASTE(3A)(LANDFILL OR DUMP?)

#5: Outcomes (NEURODEVELOP? OR NEURO?(W) DEVELOP? OR NEURO? OR NEURAL OR (NEURODEVELOP? OR NEURO?(W)
DEVELOP? OR NEURO? OR NEURAL OR COGNITIVE OR BRAIN OR BEHAVIOUR? OR PSYCHO? OR LANGUAGE
OR SOCIAL OR DEVELOPMENT? OR INTELLECTUAL OR AUTISM OR AUTISTIC)(3A)(DISORDER OR SKILL OR
DEFICIT OR DELAY OR DISABILITY)

#6 #4 AND #5
PHASE 3: DESCRIPTORS OR TEXT WORDS, AND POPULATION
#7 #3 OR #6

#8: Population #7 AND (CHILD OR BABY OR INFANT OR NEWBORN OR TODDLER OR HUMAN)
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https://amstar.ca/ Amstar-2.php.) was used (Shea et al. 2017). The tool counts 16 items, with a focus on
seven critical items. The overall confidence in the results of the review could be rated in four classes:
“high” (no or one “non-critical” item not satisfied), “moderate” (more than one non-critical item not
satisfied), “low” (one critical item not satisfied), “critically low” (more than one critical item not
satisfied).

Quality assessment was not performed for institutional reports and documents, as they were
published by experts and multidisciplinary evaluation teams.

Synthesis methods/evaluation of strength of the body of evidence

No meta-analysis was conducted, since the aim of the study is to offer a synthesis of the evidence,
and because of the low number of the selected articles, often using different and heterogeneous
methods for the outcomes’ assessment and different measurements of the risk, to allow
a quantitative overall estimate.

The strength of the evidence of association between each neurodevelopmental outcome and HW
exposure was evaluated taking into account the reliability of each study, and the concordance
between study findings. Among the concurring different risk estimates, those from higher quality
studies were given higher weight. The body of the evidence was evaluated separately for the
following outcomes: “cognitive outcomes”, including alterations in cognitive (e.g. intelligence
quotient, IQ) and language disabilities; “behavioral outcomes”, including alterations in emotional
social, and conduct domains; “ASD”.

The evidence was rated in three grades: Sufficient/Limited/Inadequate, partly derived from the
approach used by the International Agency for Research on Cancer (IARC) Monograph (https://
monographs.iarc.who.int/wp-content/uploads/2019/07/Preamble-2019.pdf.), but specifically
defined, as reported in Table 2.

Results
International agencies’ documents

The results of the search on websites of the main international agencies are described in
Supplementary materials SI.

Eight documents fitting the PECO question were selected. HW was mentioned among the
potential sources of exposure to contaminants with effects on childhood neurodevelopment, but
reports that estimated the risk in children and adolescents living near illegal and HW sites
specifically were not found. There are several indications that make HW a potential risk factor
for childhood neurodevelopmental disorders, based on the neurotoxicity and behavioral effects
(including ADHD, ASD, learning disabilities) of specific contaminants potentially emitted by
unsafe handling of waste (heavy metals and PCBs, in particular); further defined and harmonized
ad hoc epidemiological studies were recommended (Environmental Protection Agency 2000;
Environmental Protection Agency 2003; ATSDR, 1995; Environmental Protection Agency 2013;
Environmental Protection Agency 2019; UNICEF and Pure Earth 2020; World Health Organization
2021; World Health Organization WHO Initiative on E-waste and Child Health 2021).

Characteristics of included articles

From MEDLINE and EMBASE searches, 75 records were retrieved, excluding 11 duplicates. Out of
them, 46 were considered not relevant for the present review because they did not fit the PECO
question, based on title and abstract. The evaluation of the 29 remaining articles, based on the
reading of the full text, highlighted seven papers concerning the object of the present investigation.

Table S2 (Supplementary Material) describes the excluded articles and the motivations for their
exclusion.


https://amstar.ca/Amstar-2.php
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Table 2. Criteria used to rate the evidence of the association between each outcome and the exposure to hazardous waste.

Grading of the evidence

Criteria

SUFFICIENT: the evidence is sufficient to infer the presence of
a causal association.

The strength of association, considerations on dose-response
relationship, time coherence and biological plausibility
further support causality.

Alternative explanations, in particular the role of random
variability, bias, confounding factors, can be reasonably
excluded.

LIMITED: the evidence is limited, but not sufficient to infer the
presence of a causal association.*

A role of random variability, bias and confounding factors may
not be completely excluded.

one or more than one international and national
Agency documents state as “sufficient” the evidence
of the association or provide information at this regard;
quantitative meta-analyses or more than one original
study of “satisfactory” quality report positive findings
with strong, precise and consistent association.

one or more than one international and national
Agency documents/reviews of “high” or “moderate”
quality report “suggestive” or “limited” evidence;
quantitative meta-analyses/more than one original

study of “satisfactory” or “good” quality report positive
findings;
® one original study of “satisfactory” or “good” and one or
more reviews of “low” quality” provide positive results.
INADEQUATE: the evidence is not adequate to infer the ® more than one international and national Agency docu-
presence or the absence of a causal association.* ment/review investigate the association, but the results
are not consistent (conflicting evidence);
® one or more than one reviews report positive findings,
but the quality of the reviews has been evaluated “low/
critically low”;
® only one original study reports positive findings;
® more than one original study report positive results, but
the quality of the studies has been evaluated
“unsatisfactory”;
® two original studies of “satisfactory” or “good” quality
investigate the association, but the results are not
consistent (conflicting evidence).

*Among the concurring different risk estimates, those from higher quality studies were given higher weight.

Two articles (Grant et al. 2013; Liu et al. 2015) known by the authors but not retrieved by the
search were added.

Finally, the evaluation of the evidence was based on nine articles.

Figure 1 shows the flow chart of the literature search and screening process, based on PRISMA
2020 flow diagram for new systematic reviews.

The nine selected articles include two reviews, the first on the association of several health
outcomes with e-waste sites (Grant et al. 2013), the second on ASD in children living in US
Superfund contaminated sites with HW (Rossignol et al. 2014), and seven cross-sectional studies,
four carried out in China, one in the USA, one in Chile, and one in several countries with Pb
contaminated HW sites. The seven original studies concern children living in areas contaminated
by HW (Wright et al. 2006; Chatham-Stephens et al. 2014; Burgos et al. 2017), in some cases with
a specific focus on HW, including e-waste (Liu et al. 2015, 2018; Zeng et al. 2021, 2022).
Supplementary Table 3 reports the characteristics of the nine articles considered.

Based on NewCastle Ottawa and AMSTAR 2 scales, the quality of the seven original studies was
evaluated as satisfactory/good quality, while the quality of the two reviews was rated as low or
critically low (see Supplementry Table 3).

Effects on cognitive outcomes

Wright et al. (2006) investigated the association between hair metal levels and neuropsychological
outcomes in children aged 11-13 years living in an area with a 100-year history of Pb and zinc mining,
where waste was dumped on the ground. They found that hair arsenic (As) and manganese (Mn) levels
were negatively associated with scores on the Full-Scale IQ and Verbal IQ as measured by the Wechsler
Abbreviated Intelligence Scale (WASI), as well as with verbal learning and memory as measured by the



)

Identification of studies via databases and registers

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 7

Identification of studies via
other methods

c
o
E=1 Records removed before . i .
§ Records identified from Medline screening: Records identified from:
= ~ ; Personal knowledge of the
E=1 and Embase databases (n= 86) Duplicate records removed _
c _ authors (n=2)
o (n=11)
3
__
'S
Records screened and assessed L
for eligibility by reading title and Reé’ogstexct'“de_dfg reading fitle
abstract (n=75) and abstract (n = 46)
=
c
‘s
0
(4
G v
(7}
Reports assessed for eligibility Reports excluded by reading the Reports assessed for eligibility
by reading the full text (n= 29) full text (n=22) Original studies (n=1)
Original studies (n= 24) Original studies (n= 18) Reviews (n= 1)
Reviews (n= 5) Reviews (n=4)
)
\ 4
3 Studies included in review (n=9)
3 Original studies (n=7) <
e Reviews (n= 2)

Figure 1. Flow diagram for identification of included studies.

California Verbal Learning Test-Children (CVLT-C) and the story memory subtest of the Wide Range
Assessment of Memory and Learning (WRAML), respectively. Moreover, these scores were lower in
children with higher exposure to both As and Mn. Hair cadmium (Cd) levels were not associated with
scores on any neuropsychological tests. Liu et al. (2015) found that 3-year-old children living in Guiyu,
a town with a more than 30-year history of informal e-waste recycling, have significantly lower cognitive
and language scores, as assessed by the Bayley Scales of Infant Development, third edition (BSID-III),
and higher Pb blood levels compared with the reference group. In a subsequent study (Liu et al. 2018),
they also measured Cd blood levels: mediation analysis showed that only Pb negatively correlated with
both cognitive and language scores, as already reported in the previous study. Another study investigated
cognitive performance as assessed by the Wechsler Intelligence Scale for Children, Third Edition
(WISC-III) in children aged 12-16 years living in the neighborhood of Arica (Chile) close to waste
sites polluted by heavy metals (Burgos et al. 2017). They found that children born in the study area
during the period of the highest exposure (before the remediation of waste sites) had an average total IQ
10 points lower compared to those born afterward (81.9 points vs. 91.1 points). Chatham-Stephens et al.
(2014) calculated that nearly 800,000 children under 4 years of age were potentially exposed to Pb from
200 toxic waste sites in 31 low-middle income countries, the majority of whom were predicted to have
mean blood Pb levels (BLLs) greater than 5 ug/dL. The authors estimated that these BLLs result in a loss
of 5.41 to 8.23 IQ points, an incidence of 6.03 cases of mild mental retardation per 1,000 population, and
76.1 disability adjusted life years (DALYs) per 1,000 inhabitants.
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Effects on behavioral outcomes

In the same area considered by Liu et al. (2015, 2018), Zeng et al. (2021) investigated the effects of
Pb exposure in children aged 3-7 years on behavioral outcomes, as assessed by the emotional
symptoms subscale of the Strengths and Difficulties Questionnaire (SDQ), and on serum levels of
dopamine, substance P, and neuropeptide Y (NPY), all neuromodulators involved in the regulation
of emotional behavior. They found that children of both sexes from the exposed area, Guiyu,
exhibited higher “behavioral symptom scores” (as defined by the authors, the score relative to the
emotional symptoms SDQ subscale) than the reference group, with exposed girls being more
impaired. Children living in the exposed area also had significantly higher levels of dopamine
and substance P, and lower levels of NPY compared to those living in the reference area. They found
that the behavioral symptom score was positively correlated with blood Pb and substance P levels,
and negatively correlated with NPY. Additionally, the authors investigated the prevalence rate of
behavioral symptoms, classifying children as “normal” or “at-risk” based on the scores obtained in
the SDQ subscale. They found that the prevalence rate of behavioral difficulties was higher in the
exposed group compared to the reference group (48.2% vs. 13.9%).

In a subsequent study, the same authors (Zeng et al. 2022) extended the behavioral assessment to
all subscales of the SDQ, finding that SDQ scores for emotional symptoms, conduct problems,
hyperactivity-inattention, peer relationship problems, and total difficulties were higher in Guiyu
than in the reference area, while prosocial behavior scores were lower in Guiyu than in children
from the reference area. Additionally, they also found a significant increase in serum levels of pro-
inflammatory cytokines, including interleukin-6 (IL-6), interleukin-1p (IL-1B), and tumor necrosis
factor-a (TNF-a), in children living in Guiyu.

The review published on 2013 considered two studies investigating mental health outcomes and
Pb exposure from e-waste: the evidence of an association between e-waste exposure and changes in
childhood temperament and behavior was evaluated as suggestive (Grant et al. 2013).

In contrast with what was reported for cognitive outcomes, Wright et al. (2006) did not find
significant associations between hair metal levels and behavioral outcomes in children, as assessed
by self-report, parent, and teacher questionnaires (see Supplementry Table 3, for major details).

Effects on autism spectrum disorder

Only one systematic review has been found on ASD and HW sites (Rossignol et al. 2014), based on
two cross-sectional studies performed in US Superfund sites with HW, evaluated that the studies
provided evidence for an association between ASD prevalence and HW sites, although the limits
due to the study design did not allow firm conclusions on causation.

Grade of evidence

The grade of the evidence of the association between neurodevelopmental outcomes and residential
exposure to HW sites, following the criteria described in Table 2, was attributed as follows: limited
for “cognitive outcomes” and for “behavioral outcomes”, and inadequate for “ASD”. In addition,
considering the strength of association, dose-response relationship, time coherence and biologic
plausibility, the evidence was defined as sufficient for the association between HW sites releasing Pb
and cognitive outcomes.

Supplementry Table 3 reports the characteristics of the considered papers and the attributed
grade of the evidence for each outcome. Wright et al. (2006) was reported twice, since it considered
both cognitive and behavioral outcomes.

Discussion

The present review highlights the possible association between residential exposure to HW sites
(including prenatal and maternal exposure) and cognitive and behavioral disorders in children. The
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evidence supporting this association is limited: while multiple studies show positive results, the role
of random variability, bias and confounding factors cannot be completely excluded.

Specifically concerning HW releasing Pb, the evidence for its association with cognitive out-
comes was evaluated as sufficient, based on considerations of dose-response relationship, temporal
coherence, and biological plausibility supporting causality. Considering the etiology of the out-
comes, the exposure to contaminants through HW could contribute, along with other risk factors,
to influencing brain development. As for ASD, current literature did not allow for the inference of
the presence or absence of a causal association and the evidence was defined as inadequate.

Our review focused on studies involving populations living near inadequately managed HW
sites. These practices occur in various regions, including both high- and middle- to low-income
countries, with a notable increase in the latter. This situation poses a global emergency for public
health (World Health Organization Declaration of the Seventh Ministerial Conference on
Environment and Health 2023). The absence of environmental regulations, such as a proper
waste management control, leads to illegal dumping and burning by crime organizations, and
fosters illegal and uncontrolled international movements of HW, often from the industrialized to
middle- and low-income countries.

The present review employed rigorous and established methodology and a priori criteria for
reviewing literature and assessing evidence strength. The topic is complex in terms of exposure and
outcome characterization and is associated with significant sources of heterogeneity that require
specific considerations.

Firstly, HW sites as contamination sources involve a wide range of materials and chemicals of
various origins, resulting in exposures to mixtures of contaminants through different routes
(inhalation, dermal absorption, dietary ingestion). These factors studies’ limit the ability to identify
all potentially harmful contaminants, determine correct exposure time windows and the related
health effects, and provide a comprehensive understanding of HW related environmental health
scenarios. Suitable exposure assessment approaches capable of addressing these sources of hetero-
geneity might benefit from multimedia exposure assessment procedures developed for risk assess-
ment purpose, which could be ideally integrated into environmental epidemiological studies
(Hoech et al. 2018; European Commission 2020; Luijten et al. 2023; Cattaneo et al. 2023).

Another source of heterogeneity among studies lies in health outcome assessment. The outcomes
and assessment tools vary across studies, hindering direct comparison and quantitative assessment
of the association between HW exposure and neurodevelopmental outcomes.

Furthermore, the etiology of the investigated health outcomes, such as cognitive and behavioral
disorders and ASD, is multifactorial and not fully understood in a significant proportion of cases,
despite their prevalence (from 5% to 20%) in the general population (Patel and Merrick 2020), with
an increased trend in 5-17 years-olds from 1997 to 2019 (Environmental Protection Agency 2019).
Exposure to both psychosocial and environmental risk factors often varies by social class and
ethnicity, with populations in HW contaminated sites frequently experiencing socio-economic
deprivation. Thus, it is essential to consider the broader developmental environment encompassing
psychosocial adversity, environmental toxicants and malnutrition (Volk and Sheridan 2020).

Additionally, this review primarily relied on cross-sectional studies. Although many used
biological monitoring for exposure assessment and controlled for major risk factors, the role of
random variability, bias and confounding factors cannot be entirely excluded. These studies, in fact,
are designed to analyze both exposure and health outcomes data from a population at a single point
in time. Longitudinal analytical studies, such as residential cohorts following individuals over
extended periods, are crucial to providing more robust evidence, particularly for investigating
medium- to long-term effects like the neurodevelopmental disorders (NDDs). The complexity
and limitations of existing research on the neurodevelopmental effects of HW in children are
compounded by low environmental exposure levels and small relative risks. These factors, com-
bined with the relatively small proportion of children exposed in residential settings, limit the
power to analyze the associations of interest. Residential cohort studies that include all children
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residing in a HW contaminated area are recommended to better evaluate potential associations,
particularly for medium- to long-term effects. Specifically, ASD requires further investigation using
specialized methods for exposure and outcome assessment, given the limited available literature at
the time of this review.

Despite the overall scarcity and heterogeneity of available data, the results from selected studies
align with the robust epidemiological and preclinical evidence demonstrating detrimental effects of
early life exposure to heavy metals commonly found in HW sites, as reported in Agencies’ reports
(ATSDR, 1995; Environmental Protection Agency 2003, 2013, 2019; UNICEF and Pure Earth 2020;
World Health Organization 2021; World Health Organization WHO Initiative on E-waste and
Child Health 2021).

The susceptibility of organogenesis and early childhood to chemical exposure, as well as
physiological and behavioral factors, is well documented (Environmental Protection Agency
2000; World Health Organization 2017b). The developing brain is particularly vulnerable due to
immature condition of both detoxification mechanisms and the blood-brain barrier. Increased
risks of behavioral disorders in children have been linked to the transfer of chemical substances (As,
Pb, Hg) via placental and breast milk pathways (Rebelo and Dutra Caldas 2016).

Specifically, we evaluated sufficiently the evidence supporting an association between residence
near HW sites emitting or releasing lead and cognitive impairments, considering the strength of
association, dose-response relationship, temporal coherence and biological plausibility. This con-
clusion is supported by extensive literature on the neurotoxic effects of lead exposure (Bellinger
et al. 2017; Santa Maria et al. 2019; Dingkol et al. 2022). Mechanisms of lead neurotoxicity include
interference with neuronal calcium ion neuronal functions, including membrane excitability,
synaptic transmission, signal transduction, neurotransmitter release, neuronal signaling, and
NMDA receptor distribution (Tartaglione et al. 2020; Bjorklund et al. 2024). Other mechanisms
include increased oxidative stress leading to reactive oxygen species (ROS) production due to
glutathione depletion and elevated neuroinflammatory profile, due to an increase of pro-
inflammatory cytokines, such as IL-6, IL-1B, and TNF-a reported in the forebrain and hippocam-
pus following Pb exposure (Zeng et al. 2022). Epigenetic alterations, such as global decreases in
DNA methyltransferase (DNMT), have also been observed, potentially affecting brain function and
aging (Eid and Zawia 2016).

Similar mechanisms of action may apply to e-waste which contains various chemicals and metals
(Pb, Cd, Hg, etc.) as recently reported for different e-waste in Africa (Okeke et al. 2024), as well as
organic compounds like polycyclic aromatic hydrocarbons (PAHs), flame retardants such as
PBDEs, and polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs). Additionally, emerging
evidence suggests that environmental pollutants may influence the microbiota-gut-brain axis by
altering commensal microbe compositions and their metabolites with known effects on brain
function (Teffera et al. 2024). Notably, gut microbiota modulation appears crucial for neurodeve-
lopmental trajectories (Cowan et al. 2020).

E-waste, often disposed alongside chemical HW, poses a growing global health issue (Parvez
et al. 2021). Global e-waste generation reached 53.6 million tons in 2019 and could rise to
74.7 million tons by 2030. Most e-waste is illegally disposed or informally recycled, considering
that only 17.4% of e-waste generated in 2019 reached formal waste management or recycling
systems. Informal e-waste processing is present in Africa, Asia, Latin America, and in certain
industrialized economies where impoverished individuals live near informal dumps and landfills
(World Health Organization 2021). Annually, 1.3 million tons of discarded electronic products are
illicitly exported from the EU to other countries, highlighting the global challenge of illegal e-waste
trafficking (World Economic Forum 2019).

Given the significant impact of contaminated sites on both human well-being and
environmental sustainability, it is crucial to prioritize their identification and remediation
within policy discussion. Soil protection has been integrated into the Sustainable
Development Goals (SDGs) endorsed by the 193 members of the United Nations General
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Assembly (United Nations General Assembly 2015). Measures to reduce mortality and
illnesses from hazardous substances include restoring degraded land and soil, promoting
the best practices for chemical and waste management to minimize environmental release
and mitigating adverse impacts (Payad Pérez and Rodriguez Eugenio 2018; World Health
Organization Declaration of the Seventh Ministerial Conference on Environment and
Health 2023).

The findings of this review underscore the necessity for further investigations into
neurodevelopmental outcomes among children living in HW contaminated sites.
Addressing the limited evidence of the association between cognitive and behavioral out-
comes and residential HW exposure requires implementing target public policies to reduce
environmental exposures and supporting families, pregnant women and children in these
areas. Neurodevelopmental disorders occurring in early childhood appear to be more severe,
especially if not identified on time. The adoption of screening tools and intervention actions
before health effects get worse (or to prevent their appearance) would therefore allow more
effective healthcare, education and social pathways, thereby reducing developmental inequi-
ties and social inequalities (Scattolin et al. 2022).

Promoting waste reduction, recycling and reuse in a circular economy framework, represents
a priority step toward minimizing environmental exposures to harmful substances. Moreover,
efforts to contrast illegal and informal waste management practices, and to curtail illegal HW
trafficking must be implemented at both local and international levels. Simultaneously, environ-
mental remediation and redevelopment of contaminated sites, involving local communities and
stakeholders in a participatory process, are essential for promoting health and well-being, in socio-
economically disadvantaged areas frequently affected by HW contamination, thereby addressing
environmental inequalities.

Conclusions

To the best of our knowledge, our systematic review is the first to examine the association
between residential HW exposure and neurobehavioral outcomes, evaluating the overall evi-
dence based on the quality of the studies and its findings’ concordance. The evidence regarding
the association between the residence in HW contaminated sites and cognitive and behavioral
disorders was evaluated limited. Specifically, evidence was evaluated sufficient for HW sites
releasing lead and cognitive disorders. The association between residential exposure to HW and
ASD was evaluated as inadequate. Despite the paucity of studies included, this systematic review
poses urgent issues in terms of both research and public health policies. Besides the need for
further investigations, the results highlight that unsafe and uncontrolled HW management
practices may contribute to cognitive and behavioral disorders in children residing near HW
sites. This conclusion, added with existing knowledge on the health impacts of these sites,
emphasizes the necessity for implementing appropriate public health actions. These actions
include environmental remediation of contaminated sites, and efforts to counteract illegal and
unsafe HW management practices.
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