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Abstract

Exposure to certain chemicals prenatally and in childhood can impact development and may
increase risk for attention-deficit/hyperactivity disorder (ADHD). Leveraging a larger set of
literature searches conducted to synthesize results from longitudinal studies of potentially
modifiable risk factors for childhood ADHD, we present meta-analytic results from 66 studies
that examined the associations between early chemical exposures and later ADHD diagnosis or
symptoms. Studies were eligible for inclusion if the chemical exposure occurred at least 6 months
prior to measurement of ADHD diagnosis or symptomatology. Included papers were published
between 1975 and 2019 on exposure to anesthetics (n=5), cadmium (n7= 3), hexachlorobenzene
(n=4), lead (7= 22), mercury (n= 12), organophosphates (/7= 7), and polychlorinated biphenyls
(n=13). Analyses are presented for each chemical exposure by type of ADHD outcome reported
(categorical vs. continuous), type of ADHD measurement (overall measures of ADHD, ADHD
symptoms only, ADHD diagnosis only, inattention only, hyperactivity/impulsivity only), and
timing of exposure (prenatal vs. childhood vs. cumulative), whenever at least 3 relevant effect
sizes were available. Childhood lead exposure was positively associated with ADHD diagnosis
and symptoms in all analyses except for the prenatal analyses (odds ratios (ORS) ranging

from 1.60 to 2.62, correlation coefficients (CCs) ranging from 0.14 to 0.16). Other statistically
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significant associations were limited to organophosphates (CC = 0.11, 95% confidence interval
(CI): 0.03-0.19 for continuous measures of ADHD outcomes overall), polychlorinated biphenyls
(CC =0.08, 95% ClI: 0.02-0.14 for continuous measures of inattention as the outcome), and

both prenatal and childhood mercury exposure (CC = 0.02, 95% CI: 0.00-0.04 for continuous
measures of ADHD outcomes overall for either exposure window). Our findings provide further
support for negative impacts of prenatal and/or childhood exposure to certain chemicals and raise
the possibility that primary prevention and targeted screening could prevent or mitigate ADHD
symptomatology. Furthermore, these findings support the need for regular review of regulations as
our scientific understanding of the risks posed by these chemicals evolves.
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Introduction

Early periods of brain development are critical to later life outcomes and disruptions

to normal neurodevelopment can have far-reaching impacts throughout the life course,
including impaired functioning and reduced quality of life on the individual level and
diminished productivity and high financial costs on the societal level (Gould, 2009;
McFarland et al., 2022; Roth, 2012). Even brief exposures to high concentrations of

certain environmental toxicants have been shown to adversely affect central nervous system
function (Alexander & Delves, 1972; Kanluen & Gottlieb, 1991; Rogan & Gladen, 1992;
Ruckart et al., 2004). Frequent low-level exposure to some chemicals may also affect neural
development (Axelrad et al., 2007; Perez-Fernandez et al., 2020; Rogan & Gladen, 1992).
Regulatory updates for certain chemicals over time reflect the growing body of evidence
and increasing attention to the impact of environmentally pervasive chemicals on children’s
neurodevelopment. For example, the ban on use of lead paint in 1978 (16 Code of Federal
Regulations Part 1303) and the phasing out of the previously widely used organophosphate
diazinon beginning in December 2000 (United States Environmental Protection Agency;,
2016) were issued with citations of the concern of the harm to children’s health caused by
these chemicals. Many of these and other chemicals are still in use today in the USA and
could be adversely affecting children’s neurodevelopment (Grandjean & Landrigan, 2014).

Attention-deficit/hyperactivity disorder (ADHD) in particular has been often investigated

as a neurodevelopmental outcome of interest in relation to early environmental exposures.
ADHD is a neurodevelopmental disorder characterized by six or more symptoms of either
inattention (e.g., difficulty with sustained attention, high distractibility) and/or hyperactivity/
impulsivity (e.g., restlessness, excessive talking) that are present across multiple settings and
are significant enough to interfere with quality of daily functioning (American Psychiatric
Association, 2013). During 2016-2019, an estimated 9.8% of children ages 3-17 years in
the USA had ever been diagnosed with ADHD based on parent report (Bitsko et al., 2022a)
and the disorder is associated with negative long-term outcomes, including poor academic
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achievement and criminality (Erskine et al., 2016) and higher risk of premature death (Sun et
al., 2019).

Many chemical exposures have been investigated as potential risk factors for the
development of ADHD; (Froehlich et al., 2011; Goodlad et al., 2013; Nilsen & Tulve,
2020). Lead is one of the more frequently studied chemical exposures in ADHD research.
Detrimental neurodevelopmental effects of lead exposure resulting in difficulty learning
(Bellinger et al., 1984) and behavioral problems (Needleman et al., 1990) have long been
recognized. Multiple studies have also shown positive associations between ADHD and
lead exposure, using a variety of study designs (Nilsen & Tulve, 2020). Previous meta-
analyses and systematic reviews have identified potential associations between ADHD and
exposure to mercury, organophosphates, phthalates, and other environmental contaminants
(Froehlich et al., 2011; Nilsen & Tulve, 2020), although these relationships are typically
based on fewer studies than are available on lead exposure. Exposures to other chemicals
through medical procedures, including anesthesia used during surgery, may also impact
development of behavioral disorders such as ADHD (DiMaggio et al., 2011). Timing

of chemical exposures has also been of significant interest in ADHD research, as some
chemical exposures are thought to be most detrimental to the developing brain in the womb
and hypothesized critical exposure windows are associated with increased susceptibility and
risk (The American College of Obstetricians and Gynecologists 138, 2021; Grandjean &
Landrigan, 2006). Exposure that occurs during childhood can also negatively impact brain
development (Grandjean & Landrigan, 2006).

Epidemiologic research on chemical exposures associated with the development of ADHD
is numerous; however, studies have employed various methods, and, in some cases,

have resulted in seemingly conflicting results. Differences in methodology include how
the chemical risk factors are measured, the timing of exposure assessed, and specific
outcomes of ADHD (e.g., diagnosis, symptoms). For example, one study (Sioen et al.,
2013) found a notably increased risk of ADHD in children exposed to lead prenatally,
with exposure assessment based on cord blood lead levels. However, a second study
(Forns et al., 2014) showed no association between prenatal lead exposure, measured

via maternal urine samples, and ADHD in children. Meta-analysis offers a systematic
method of summarizing the available evidence to provide more information than any single
study. Although published meta-analytic findings exist for some individual or multiple
environmental chemical exposures and their association with ADHD (for example, see
Nilsen & Tulve, 2020; Yoshimasu et al., 2014), differences in methods (e.g., inclusion/
exclusion criteria, analytic approach) across separately conducted meta-analyses preclude
comparisons of results of meta-analyses conducted on different exposures. The purpose of
this paper, in addition to providing an updated meta-analysis of current evidence regarding
risk factors for ADHD, is to apply identical meta-analytic techniques to the literature on
the associations between earlier chemical exposures and later ADHD as part of a series

of papers examining other potentially modifiable risk factors including perinatal factors
(Bitsko et al., 2022b), parenting and family environment (Claussen et al., 2022), parent
mental health (Robinson et al., 2022), parental substance use (Maher et al., this issue), and
childhood physical health (So et al., 2022). Together these papers aim to identify potential
opportunities for prevention and early intervention.
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Literature Search and Inclusion

The full review protocol of the meta-analyses in which this paper is included can be found
elsewhere (Bitsko et al., 2022b). The same analytic methods were followed in each paper, to
allow for comparisons of results across as well as within papers.

Search Strategy

Studies for inclusion were identified through a literature search of multiple publication
databases using a multi-pronged approach. We searched PubMed, Web of Science (WOS),
and EMBASE using structured and comprehensive search strings, originally in January
2014. We employed two strategies to the search: a top-down approach and a bottom-up
approach. For the top-down approach, search strings included terms to capture ADHD,
including older diagnostic names and related behavioral dimensions, and terms that identify
all studies of indicated “risk” factors. For the bottom-up approach, search strings included
ADHD or related terms and specific (e.g., organophosphate, lead, mercury) or general terms
representing chemical exposure (e.g., pesticide*, insecticid*, organochlorine*). The entire
search strings for each database are provided in Supplemental Table 1. Search restrictions
and filters (i.e., English language, human subjects) were employed to automatically refine
searches to those relevant to our study. In addition, we limited document type in WOS

to “Avrticles, Abstracts, Reviews, or Books” and in EMBASE to “Atrticle, Article in Press,
Conference Abstract, Conference Paper, Erratum, Letter, Note, Review, or Short Survey.”

Study Eligibility Determinations

Figure 1 describes the review and exclusion/inclusion process. Coders were trained and
25% of articles were double-coded initially, which was reduced to 15% after demonstrating
consistency across coders. Inter-rater reliability was continuously monitored, and coders
were retrained if Cohen’s Kappa was less than 0.70. While manually curating articles
identified through the comprehensive search, we examined the reference list of each

article to identify additional articles that may not have been captured through our initial
search. Peer-reviewed studies were included in the meta-analyses if the measurement of the
chemical exposure occurred at least 6 months before the measurement of ADHD diagnosis
or symptomatology. This includes longitudinal studies in which the chemical exposure was
measured before the outcome of ADHD and also cross-sectional studies with retrospective
reports of exposure (e.g., records of procedure codes indicative of procedures requiring
general anesthesia before age 3 years) or in which the concurrent chemical measurement is
an indicator of cumulative previous exposure (e.g., lead level in deciduous teeth).

Meta-analysis Methods

Risk factors were included in the meta-analysis if there were three or more eligible

effect sizes for the exposure-ADHD relationship from three independent samples (a single
article could have reported on more than one independent sample). Study results were
grouped first by chemical exposure and then (within each chemical exposure) by type of
ADHD outcome. Summary effect sizes were calculated, and forest plots were constructed,
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separately for measures from studies reporting continuous and dichotomous outcomes.
Correlation coefficients (CCs) with 95% confidence intervals (Cls) were calculated for
studies reporting associations with continuous outcome measures; odds ratios (ORs) with
95% Cls were calculated for studies reporting associations with dichotomous outcomes. The
chemical exposures with a sufficient number of eligible studies to be included for analyses
were anesthesia, cadmium, hexachlorobenzene, lead, mercury, organophosphates, and
polychlorinated biphenyls. Within each exposure category we included an “overall ADHD”
outcome where we pooled effect sizes with any ADHD outcome measure (separately for
continuous and dichotomous outcomes), as well as analyses of subsets of ADHD outcomes,
specifically ADHD diagnosis, ADHD symptoms, inattention, and hyperactivity/impulsivity.
Of note, all “diagnosis” analyses were dichotomous while analyses of symptoms included
both dichotomous and continuous outcome measures. A wide range of ADHD measures
were used including clinical assessment, validated scales and tests of symptoms, and
diagnosis based on parent report and medical records (see Table 1).

Subsets of studies within a specific exposure were also analyzed separately by a
characteristic of exposure (i.e., prenatal/perinatal, childhood, or cumulative exposure). Effect
sizes based on cumulative measures of exposure (e.g., lead levels in deciduous teeth) or on
measures taken at multiple time points (e.g., cumulative thimerosal exposure from childhood
vaccinations) were included in the cumulative exposure analysis. For studies where boys

and girls were analyzed separately, the effect sizes were averaged. As exposures experienced
earlier in pregnancy may have a more significant impact on neurodevelopmental disorders
(Rice & Barone, 2000) than later in pregancy, we selected first trimester exposure for
analysis over later exposures if both were presented.

Using identical methodology to the other papers in this supplement, weighted random-
effects models were used, with weights based on the inverse of both within-study variation
and among-study variation, to provide a more conservative effect size estimate compared
to a fixed-effect model (Berlin et al., 1989). For each exposure-ADHD pairing with at
least three eligible effect sizes, a single pooled effect size and 95% confidence interval
was calculated per exposure category, with each study weighted by its conditional variance
(inverse variance method). An alpha level of 0.05 was used to define statistical significance;
aggregated effect sizes are also presented. Once the weighted effect size for each group

of studies was obtained, the variance across effect sizes within that subgroup was assessed
by calculating Cochran’s heterogeneity statistic, Q. The resulting forest plots depict the
per-study effect size and confidence interval, in addition to the estimated common pooled
effect size and confidence interval (Supplemental Figs. S1-S33).

Upon completion of the original analyses as described above, we conducted an identical
process in January 2021 (using the same search terms, triage, and review process) to capture
all relevant studies published since 2014. However, we restricted our inclusion criteria to risk
factors that were already included in the prior analysis (specified in results below), rather
than identifying new risk factors with the updated search (i.e., only those chemicals with at
least three effect sizes which were identified and included in the original literature review).
No new search terms were included. See Bitsko et al. (2022b), for further details on our
meta-analytic approach.
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Our comprehensive literature search yielded 66 studies published between 1975 and

2019 (53 from the original search in 2014 and 13 studies from the updated search in

2021) that met all inclusion criteria and provided sufficient statistical information for meta-
analysis. The literature search yielded studies of prenatal, cumulative, and overall childhood
exposure to anesthesia, cadmium, hexachlorobenzene, lead, mercury, organophosphates, and
polychlorinated biphenyls. The characteristics of these studies can be found in Table 1

and the number of studies for each exposure and exposure period is quantified in Table 2.
While we also included search terms for studies examining exposure to manganese, other
pesticides and insecticides, phthalates, bisphenol A, perfluorinated compounds, polycyclic
aromatic hydrocarbon, poly-aromatic hydrocarbon, polynuclear aromatic hydrocarbon, and
brominated flame retardants, we were not able to include these exposures in any of our
analyses due to an insufficient number of eligible studies.

The number of studies included, overall sample size, and summary statistics of each
random-effects meta-analysis performed are presented in Table 2. Forest plots depicting the
per-study effect size and confidence interval, in addition to the estimated common effect size
and confidence interval are provided in the Supplemental Materials (Supplemental Figs. S1-
S33). Specific findings for each exposure should be interpreted within the context of studies
specifically included in the current meta-analyses given our focused inclusion criteria.

Specific Findings

Lead—Childhood lead exposure was significantly associated with ADHD overall for both
dichotomous (OR = 1.83, 95% CI: 1.38, 2.41) and continuous (CC = 0.14, 95% CI:

0.09, 0.19) reported outcome measures, as well as with measures of ADHD symptoms

only (OR =1.79, 95% CI: 1.17, 2.75). Childhood lead exposure was found to have
statistically significant correlations with inattention (CC = 0.16, 95% CI: 0.09, 0.23) and
with hyperactivity/impulsivity (CC = 0.16, 95% ClI: 0.08, 0.24) based on analyses of
continuous outcomes, as well as dichotomous outcomes (inattention OR: 1.60, 95% CI:
1.01, 2.56; hyperactivity/impulsivity OR: 2.62 95% CI: 1.08; 6.39). However, effect sizes for
dichotomous measures of hyperactivity/impulsivity also showed significant heterogeneity
(@5 =24.08, p=0.0002). Cumulative lead exposure was significantly associated with
ADHD overall (OR =2.20, 95% CI: 1.36, 3.55), inattention (OR = 2.00, 95% CI: 1.11,
3.59), and hyperactivity/impulsivity (OR = 2.11, 95% ClI: 1.14, 3.91). Prenatal lead exposure
was not significantly associated with ADHD or any ADHD symptomology.

We also conducted sensitivity analysis for both continuous and dichotomous reported
outcome measures of ADHD overall and association with childhood lead exposure, in

which we excluded effect sizes that used less precise exposure measurements (e.g., X-ray
flourescence spectroscopy of tibia). Sensitivity analysis of ADHD overall with continuous
outcomes yielded the same CC and 95% CI and did not alter non-significant results of
heterogeneity testing. For the sensitivity analysis of ADHD overall with dichotomous
reported outcome measures, the effect size was slightly attenuated, but the association
between lead exposure and ADHD remained significant and heterogeneity remained not
statistically significant (data not shown). Given the change over time in the suggested cutoffs
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to define “elevated” lead exposure (Chandran & Cataldo, 2010; United States Centers

for Disease Control and Prevention, 2021a), we conducted additional sensitivity tests to
understand the influence of that change on presented results. There were five studies of lead
that conducted analyses contingent upon a dated blood lead reference value (e.g., comparing
ADHD outcomes among children with more or less than 40 mcg/dl blood lead level; Burns
et al., 1999; Chandramouli et al., 2009; Davis et al., 2004; Landrigan et al., 1975; Rummo
et al., 1979). Of the seven analyses in which these analyses appear (see Supplemental

Figs. S4, S5, S6, S7, S11, S15, S16), the pattern of results remained significant for five
when removing these five studies. For the remaining two analyses (ADHD overall with
dichotomous reported outcome measures and without imprecise measures and dichotomous
inattentive symptoms), the lower bound of the 95% CI for the odds ratio included 1.00, so
those were no longer considered statistically significant (data not shown).

Mercury—Mercury exposure during childhood was not significantly related to ADHD
overall when dichotomous outcomes were considered (and there was significant
heterogeneity in these effect sizes; Qg) = 21.42, p=0.011), but it was correlated with
ADHD overall for continuous outcome measures (CC = 0.02, 95% CI:0.00, 0.04). There
was no significant association between mercury exposure and measures of diagnosis only,
or between inattention or hyperactivity/impulsivity. As with the overall ADHD analysis with
dichotomous outcomes, there was significant heterogeneity in diagnosis-only effect sizes
(Qe) = 19.89, p=0.0029). Prenatal exposure to mercury was significantly correlated with
ADHD overall (CC =0.02, 95% ClI: 0.00, 0.04). Cumulative mercury exposure was not
associated with ADHD overall and showed significant heterogeneity in effect sizes (Qg) =
17.85, p=0.0066).

Given the retractions of other papers by D. Geier and M. Geier (Kern et al., 2017), we

also conducted sensitivity analyses for the analyses of the association between mercury
and ADHD that included articles by these authors (ADHD overall with dichotomous
reported outcome measures, dichotomous measures of diagnosis, and cumulative mercury
and ADHD overall with dichotomous reported outcome measures), for which we excluded
three studies by these authors (Geier & Geier, 2005; Geier et al., 2014; Young et al., 2008).
These sensitivity analyses still yielded non-statistically significant results (in agreement
with the overall findings) and brought the summary ORs closer to the null. Furthermore,
the effect sizes from the studies included in these analyses no longer displayed signficant
heterogeneity once these three studies were excluded (see Supplemental Figs. S23, S24, S27
compared to S18, S19, S26).

Organophosphates—Organophosphate exposure was not significantly associated with
dichotomous measures of ADHD overall or inattention, although it was associated with
continuous measures of ADHD overall (CC = 0.11, 95% CI: 0.03, 0.19). The effect sizes
based on dichotomous reported outcome measures for associations with ADHD overall and
with inattention both showed significant heterogeneity (Q3) = 8.29, p=0.040, Q2 =7.15, p
= 0.028, respectively).

Polychlorinated Biphenyls—Exposure to PCBs was not significantly associated with
ADHD overall either for dichotomous or continuous reported outcome measures. However,
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childhood exposure to PCBs was significantly associated with inattention only (CC = 0.08,
95% CI: 0.02, 0.14). Effect sizes based on continuous outcomes for both ADHD overall
and for inattention only showed significant heterogeneity (Qg) = 17.50, p=0.0253, Qg) =
16.96, p = 0.0305, respectively).

Anesthesia, Cadmium, and Hexachlorobenzene—There were no statistically
significant findings associated with any of these exposures, nor was there any statistically
significant heterogeneity.

Discussion

Our findings suggest that certain chemicals may contribute to the development of ADHD
in children. Lead was the chemical exposure with the largest number of publications

that met this study’s inclusion criteria, and it was also the exposure with the largest and
most consistent associations with the development of ADHD or ADHD symptomatology.
Cumulative exposure and exposure to lead during childhood only—but not if exposed
during the prenatal period only—was found to be associated with later ADHD and ADHD
symptomatology. Other chemical exposures were positively related to ADHD and ADHD
symptomatology, though other statistically significant associations were limited to prenatal
and childhood mercury exposure and childhood organophosphate and PCB exposure.
Although these latter associations were statistically significant, many effect sizes were
small and not consistent across all analyses for each exposure. Anesthesia, cadmium, and
hexachlorobenzene exposure were all not significantly associated with ADHD and ADHD
symptomatology, though analyses for these exposures were based on five or fewer studies.
Given limited available evidence on some exposures, non-significant findings cannot be
assumed to indicate safety of these exposures.

Potential Mechanisms and Alignment with Prior Findings

Our findings regarding the consistent, statistically significant association between lead
exposure and ADHD across most sub-analyses align with other meta-analytic evidence
of ADHD risk in children exposed to lead (Nilsen & Tulve, 2020). The most pronounced
associations with lead were seen in the studies that measured exposure via blood samples,
which is the usual clinical practice for assessing lead exposure. Lead has been found to
cause damage to the prefrontal cortex (Sanders et al., 2009), an area of the brain in which
poor structure and function of circuitry is associated with ADHD (Arnsten, 2009). Nilsen
and Tulve (2020) have also proposed a mechanism in the serotonin pathway related to
N-methyl-p-aspartate (NMDA) receptors, an upstream regulator of monoamine oxidase A
(MAO-A) (Busselberg, 1995; Neal & Guilarte, 2010), which has been linked to ADHD
(Roohi et al., 2009).

Although mercury exposure has previously been linked to ADHD via meta-analytic
findings (Nilsen & Tulve, 2020; Yoshimasu et al., 2014), our study was able to separately
analyze prenatal and cumulative exposures. Our findings were mixed. When ADHD is
measured continuously, both prenatal mercury exposure and childhood mercury exposure
were associated with ADHD overall. Although the other analyses of the association of
mercury exposure and ADHD outcomes were not significant, the effect sizes were all

Prev Sci. Author manuscript; available in PMC 2024 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dimitrov et al.

Page 9

greater than one for dichotomous outcomes and all positive for continuous outcomes.

In addition, the overall and diagnosis dichotomous outcomes analyses both evidenced
significant heterogeneity in effect sizes from included studies, and analyses of inattention
and hyperactivity included only four and three studies, respectively. As ADHD has been
found to be associated with disrupted dopamine neurotransmission (Klein et al., 2019;
Kollins & Adcock, 2014), a potential mechanism by which mercury could exert effects is via
decreasing dopamine levels in certain areas of the brain, which has been demonstrated in a
mouse model (Bourdineaud et al., 2011). As with lead, a serotonergic mechanism of action
relating mercury to interference with NMDA receptors and regulation of MAO-A has also
been proposed (Nilsen & Tulve, 2020).

Negative neurodevelopmental impacts of organophosphate exposure have been documented
(Mufioz-Quezada et al., 2013) and organophosphates have previously been meta-analytically
examined in relation to ADHD in groupings with other organic contaminants, such as
PCBs (Nilsen & Tulve, 2020). When assessing effects of organophosphates independently
from other compounds, we found an association between exposure to organophosphates
and ADHD when examining continuous outcomes. The dichotomous outcome measures
were not significant; although these analyses resulted in effect sizes greater than one, the
confidence intervals were wide and there was significant heterogeneity in effect sizes of
included studies. The most documented mechanism of organophosphate toxicity is via
inhibition of acetylcholinesterase (Naughton & Terry, 2018). ADHD has been associated
with cholinergic dysregulation (Coccini et al., 2009; English et al., 2009; Johansson et al.,
2013). Similar to lead, organophosphates may also impact the serotonergic system (Slotkin
& Seidler, 2008).

Our PCB findings also provide meta-analytic evidence of a link between exposure to this
class of chemicals and symptoms of inattention. However, the significant association we
detected when analyzing continuous outcomes should be interpreted with caution, as the
effect sizes included in this analysis evidenced significant heterogeneity. In particular, the
effect size from Ethier et al. (2015), which showed the greatest positive association with

a CC of 0.60 (95% ClI: 0.28, 0.80), appeared to be an outlier in this effect size grouping.
Interestingly, Ethier et al. (2015) assessed a greater number of PCB congeners (differentiated
by the number and location of attached chlorine atoms) compared to other studies included
in this analysis, perhaps better reflecting the exposure mixture people are typically exposed
to in the environment (United States Environmental Protection Agency, 2022a). Effect sizes
for the association between PCBs and measures of ADHD overall were suggestive of
increased odds of ADHD, but not significant. The analytic results for dichotomous measures
of ADHD overall were based on three studies and had a wide confidence interval, while the
effect sizes for continuous measures of ADHD overall displayed significant heterogeneity.
Prior evidence (Bemis & Seegal, 2004) suggests that PCB exposure could also potentially
be influencing development of inattention symptomology via dysregulation of dopaminergic
activity. However, one major challenge to studying PCBs is the fact that they are a broad
class of chemical compounds, with many different congeners and differential toxic effects
depending on the congener (Giesy & Kannan, 1998; Wolff et al., 1997).
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Exposure Routes and Populations with Greatest Risk of Exposure

Some populations may be at higher risk for exposure to these harmful chemicals. For
example, many homes in low-income areas in the USA were built before the 1978 ban on
use of lead paint (United States Centers for Disease Control and Prevention, 2021b), and
lead-based paint and lead-contaminated dust in older buildings are still common sources of
lead exposure in children (United States Centers for Disease Control & Prevention, 2013).
This risk is further exacerbated for these communities by the fact that low-income areas
are also more likely to have lead-containing faucets, pipes, and plumbing fixtures which
can give rise to lead exposure (United States Centers for Disease Control and Prevention,
2021b). The United States Environmental Protection Agency estimates that drinking water
typically accounts for 20% of an individual’s total lead exposure but goes up to 40-60%
of total exposure from drinking water for infants consuming mostly mixed formula (United
States Environmental Protection Agency, 2022b). A well-known example of inequitable
community exposure to lead is the water crisis that occurred in Flint, Michigan—a city
where over half the population is Black or African American and the poverty rate is
almost 40% (World Population Review, 2022)—when the city’s drinking water became
contaminated with lead in 2014 (Kennedy et al., 2016).

Mercury is found in air, water, and soil and exists in three forms: elemental/metallic,
inorganic, and organic. Routes of exposure to mercury vary depending on the form of
mercury. Elemental mercury is used in some thermometers, dental amalgams, fluorescent
light bulbs, and in mining and other industrial processes. Children can be exposed by
swallowing mercury from a broken thermometer or when they inhale vaporized elemental
mercury. Inorganic mercury is formed when mercury combines with other elements such
as sulfur, to form salts. This can occur naturally in the environment, but these salts are
used for industrial purposes as well (United States Environmental Protection Agency,
2021a). Certain microorganisms in water can also convert other forms of mercury to

form an organic mercury compound called methylmercury, which is known to accumulate
in aquatic food chains (Mason et al., 1995). The main way that people are exposed to
mercury is via consumption of methylmercury-contaminated fish and shellfish (United
States Environmental Protection Agency, 2021a). Methylmercury exposure can also occur
through maternal consumption of contaminated fish and shellfish, as mercury is able to
cross the placenta to affect fetal development (Bose-O’Reilly et al., 2010). Thimerosal is
an organic mercury compound that is used in small amounts as a preservative in some
medications and vaccines (United States Food & Drug Administration, 2018). Vaccines
containing thimerosal were deemed safe for use by the US Food and Drug Administration
(Ball et al., 2001) and there is no evidence that low doses of thimerosal in vaccines cause
any harm aside from minor reactions such as redness and swelling at the injection site
(United States Centers for Disease Control and Prevention, 2020). However, the FDA
Modernization Act of 1997 directed the agency to identify drugs and foods that contain
intentionally introduced mercury compounds. As a precautionary measure given limited
ability to reduce environmental exposures to mercury, the FDA sent a letter to all licensed
vaccine manufacturers on July 15t, 1999, soliciting their plan to remove thimerosal from all
vaccines licensed in the USA (United States Food & Drug Administration, 2018). Today,
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all routinely recommended vaccines for children ages 6 years and younger are available in
non-thimerosal containing formulations (United States Food & Drug Administration, 2018).

Among our analyses of mercury, statistically significant meta-analytic effect sizes did not
arise from analyses which included studies examining thimerosal exposure. In contrast,
analyses yielding significant effect sizes did include four studies that had either directly

or indirectly (via choosing a study sample known to consume large amounts of marine
mammals and fish) examined fish consumption in relation to mercury exposure and
development of ADHD (Boucher et al., 2012; Ethier et al., 2015; Myers et al., 2000; Sagiv
et al., 2012). These findings are important in highlighting that populations that eat greater
quantities of fish than the general population, and therefore are at greater risk of exposure
to higher concentrations of methylmercury (United States Environmental Protection Agency,
2021b), may also have greater risk of ADHD development in children. In particular, Native
Americans’ and Alaskan Natives’ high subsistence fishing rates compared to other groups
may make them more vulnerable to mercury exposure (Gochfeld & Burger, 2011).

Children can be exposed to organophosphate pesticides by dermal absorption, ingestion, or
breathing in particles (Eskenazi et al., 1999). As exposure to organophosphates can occur
via consumption of contaminated food (Eskenazi et al., 1999), families who cannot afford
to buy more costly organic food options may be at increased risk of exposure (Curl et al.,
2015; Mie et al., 2017). There is also evidence of different exposure pathways and higher
levels of exposure to organophosphates in children living in agricultural regions (Lu et al.,
2004; Rohitrattana et al., 2014). The issue of organophosphate use as a pesticide also goes
beyond agricultural use. Children in low-income settings can also be at an increased risk of
exposure as a result of frequent use of pesticides (including use of restricted pesticides) in
and around the home due to severe pest infestations as a result of older, poorly maintained
available housing in low-income settings. The often-small living spaces in lower income
settings can further exacerbate this issue by putting children in close proximity to the treated
areas (Julien et al., 2008).

PCBs are a broad class of commercially produced synthetic chemicals that were
manufactured until 1979, when their production was banned in the USA. However, PCBs
are present in a variety of products made before the ban, including electrical equipment,
cable and thermal insulation, adhesives, and floor finish, and many current issues with PCB
exposure relate to the persistence of PCBs in the environment (United States Environmental
Protection Agency, 2022). Sources of exposure include eating contaminated food (e.g.,

fish caught in contaminated bodies of water), breathing air near waste sites, or drinking
contaminated water (United States Centers for Disease Control & Prevention, 2014). Given
these exposure routes, subsistence fishers who consume larger amounts of locally caught
fish may be at risk for high exposure to PCBs and children may be exposed in utero if
mothers eat large amounts of contaminated fish during pregnancy. Children may also be
exposed to PCBs dermally if older electrical appliances, such as television sets, heat up
while operating, and leak small amounts of PCBs. Families that live near incinerators or
other PCB-disposal facilities are also at an increased risk of exposure (Agency for Toxic
Substances & Disease Registry, 2014). Toxic waste sites are often located near communities
with higher minority populations (Hipp & Lakon, 2010; Kramar et al., 2018), putting these
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groups at an increased risk of experiencing health effects associated with chemicals found in
these sites.

ADHD has also been associated with poor socioeconomic status. US national survey data
suggests that children from families with a household income below the Federal Poverty
Level are more likely to be diagnosed with ADHD than children from families with a
household income that is at least twice as high as the Federal Poverty Level (Danielson et
al., 2018). Prior countrywide population studies in Denmark have also found associations
between ADHD and low social class (dstergaard et al., 2016), and between ADHD

and indicators of socioeconomic status, such as low parental education level, parental
unemployment, and parental relative poverty (Keilow et al., 2020). Concern for vulnerable
populations with increased exposure to these harmful environmental chemicals, as well as
higher risk for development of ADHD, further highlights the need for a closer examination
of chemical risk factors in the etiology of ADHD. Furthermore, lower income families with
children diagnosed with ADHD might face the additional burden of difficulty with access
and affordability of treatment.

Policy and Prevention

Given existing awareness of the threat to health posed by these chemicals beyond ADHD
risk (Alexander & Delves, 1972; Ratcliffe et al., 1996; Rogan & Gladen, 1992; Steenland,
1996), current policies and regulations are in place to mitigate exposure; for example,

lead in paint and leaded gasoline has been discontinued (United States Energy Information
Administration, 2020; United States Centers for Disease Control and Prevention, 2022),
production of PCBs has been banned (United States Environmental Protection Agency,
2022), and the use of the organophosphate diazinon has been prohibited (United States
Environmental Protection Agency, 2016). However, policies and regulations in the USA
have continued to change and adapt to the most current science over time, and there is not
yet a full understanding of the extent to which these and other chemicals may harm children.
For example, PCBs were in use until 1979 and the diazinon ban only went into effect

within the past two decades. The findings of this current study suggest a continued value in
examining new scientific findings regarding the impact of potentially harmful exposures and
in maintaining an openness to modifying regulations as appropriate. Given that numerous
sources of lead remain in the environment (United States Centers for Disease Control

& Prevention, 2013, United States Centers for Disease Control and Prevention, 2021b,
United States Environmental Protection Agency, 2022b) and that continued persistent
environmental contamination from disposal of already banned substances is also an ongoing
issue (Agency for Toxic Substances & Disease Registry, 2014), our findings highlight

the importance of public health prevention programs that address structural factors that
contribute to exposure. An example of a currently existing program that aims to prevent
children from being exposed to harmful chemicals is the Agency for Toxic Substance and
Disease Registry’s development of a list of site activities that should be given special
attention when establishing early care and education sites (Agency for Toxic Substances &
Disease Registry, 2018). Public health level initiatives such as these can be a valuable tool
in mitigating children’s risk of exposure to chemicals in the environment. Furthermore, our
findings suggest that early identification of perinatal exposure to certain chemicals could
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inform future screening efforts for obstetricians and pediatricians, as early identification of
risk may allow for improved early referral for intervention services for exposed children,
thus improving downstream outcomes for these children (Jones et al., 2008; McGoey et al.,
2002; Sonuga-Barke et al., 2011).

Strengths and Limitations

The current meta-analysis has several strengths. First, as mentioned above, all included
studies were those in which the exposure began at least 6 months prior to measurement

of ADHD, to focus analyses on those exposures that might represent true risk for ADHD
based on temporality. Second, we examined not just diagnosed ADHD but also ADHD
symptomology, allowing us to assess associations across a spectrum of symptoms, rather
than relying on a diagnostic cutoff. Third, our meta-analysis included data from 17
different countries, potentially providing greater generalizability of our findings. Lastly, and
importantly, our application of similar meta-analytic methods across analyses of different
chemical risk factors, in this paper, and across different non-chemical risk factors, in this
group of papers (Bitsko et al., 2022a, 2022b; Claussen et al., 2022; Maher et al., this issue;
Robinson et al., 2022; So et al., 2022) allows for comparison across several risk factors and
for a more wholistic understanding of ADHD etiology.

However, our study is also subject to several limitations. First, despite the value of

the international diversity of our sample (i.e., 17 countries), these results may not be
representative of any specific country and may not be generalizable beyond the populations
included in these studies. Notably, most studies were from moderate- to high-resource
countries, so our sample and respective findings may not be generalizable to lower income
countries. Second, to synthesize evidence on a wide range of risk factors, our inclusion
criteria allowed for a variety of different exposure and outcome measures which may have
influenced the results. For example, measures of ADHD included objective measures of
symptoms of ADHD, as well as parent and teacher report measures, and clinical assessment.
We observed significant heterogeneity in effect sizes for several risk factors, indicating
variability of findings among the individual studies included in those analyses. For example,
the analyses examining impact of childhood organophosphate exposure on dichotomized
ADHD overall consisted of 4 effect sizes, ranging from 0.86 (Dalsager et al., 2019)

to 10.29 (Ruckart et al., 2004) each examining exposure to different organophosphate
compounds. Future research could investigate correlates of larger and smaller effects within
these and other studies of the same exposures. In addition, due to the wide range of

risk factors, we focused on overall effect sizes and could not investigate covariates, effect
modifiers, or mediators, including sex, comorbid conditions, gene-environment interactions,
or interactions between different risk factors, which could be important future studies for
risk factors with significant findings in this meta-analysis. Additionally, we were only able
to assess the effect of timing of exposure for lead and mercury, due to a limited number

of studies for other risk factors. Future research examining timing of exposure could help

to elucidate sensitive periods. Third, although our literature search intended to capture all
relevant articles, our findings are limited to published studies and are not comprehensive

of all potential chemical risk factors. For example, fewer than three studies on brominated
flame retardants and perfluorinated compounds (PFCs/PFAs) were identified for inclusion
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in our original analysis and therefore, these chemicals were not included in the current
study. Given the breadth of risk factors and length of the manuscripts, we were unable to
include assessment of potential publication bias. However, we have no reason to suspect
different bias risk across the risk factors or the six papers. Finally, although we only included
studies where the risk factor was measured before ADHD was measured, we cannot rule

out the possibility that ADHD symptoms were present prior to exposure but were just not
yet assessed or recognized, and that ADHD-associated behaviors may have increased the
risk of exposure. In addition, included studies varied considerably in both the risk factor
measurement, and the outcome measurements. Thus, caution is warranted when comparing
our findings to meta-analyses that used different inclusion criteria.

Conclusions

Our findings highlight associations between specific chemical exposures in utero and during
childhood and the risk of developing ADHD. As previous individual studies on these
exposures have yielded inconsistent findings, this meta-analytic evidence addresses gaps

in the literature by summarizing across studies where the exposure occurred before ADHD
was measured. Furthermore, similarity of methods across examined risk factors allows for
comparability and provides a broader view of ADHD etiology. However, given our findings
related to exposure to mercury, organophosphates, and PCBs, further research may be
helpful to better characterize these relationships. Many of our effect sizes were small, which
is consistent with the literature indicating that many genetic and environmental factors
contribute to ADHD (Faraone et al., 2021). The inequitable distribution of the exposures
examined in this study (Ashrap et al., 2021; Gochfeld & Burger, 2011; Hipp & Lakon,
2010; Julien et al., 2008; Kennedy et al., 2016; Kramar et al., 2018) and new evidence of
the modifying effect of psychosocial status on the developmental impact of certain metals
and metalloids found in maternal blood (Ashrap et al., 2021) also support further research
aimed at elucidating potential psychosocial and demographic moderators of effect sizes in
order to develop a more nuanced understanding of how various factors may contribute to
the development of ADHD; the body of research in this area has been growing in recent
years (Ashrap et al., 2021; Eick et al., 2022; Li et al., 2022; Nilsen & Tulve, 2020) and may
be critical in elucidating unknown interactions that can inform prevention (Bellinger, 2000).
Furthermore, our findings support existing regulations of certain chemicals, may inform
future regulatory decisions, and add to the constantly evolving literature on chemicals that
are potentially harmful to children.
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Articles Identified and Included from Follow-up Review
(n=13)

Anesthesia (n=1) Mercury (n=3)

Cadmium (n=0) Organophosphates (n=2)

Hexachlorobenzene (n=1)
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Fig. 1.

Flowchart of triage process for articles identified for meta-analyses of chemical and
environmental risk factors associated with attention-deficit/hyperactivity disorder
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