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Abstract
Purpose of Review Epidemiologic evidence exists that manymetals are associated with adverse neurobehavioral effects in young
children, including lead (Pb), methylmercury (meHg), manganese (Mn), and arsenic (As) (Antunes dos Santos et al. J Trace Elem
Med Biol. 38:99–107; Tolins et al. Ann Glob Health. 80(4):303–14; Vollet et al. Curr Environ Health Rep. 3(4):392–404;
Bellinger Curr Opin Pediatr. 20(2):172–7). Importantly, chemical insult can vary depending on host factors and exposure
circumstance. This systematic review summarizes the recent literature investigating modifying factors of the associations be-
tween metals and neurodevelopment, including immutable traits (sex or genetics) or exposure conditions (timing or co-
exposures).
Recent Findings Of the 53 studies included in this review, the number investigating the modification of exposure effects was as
follows: 30 for sex, 21 for co-exposures, 12 for timing of exposure, and six for genetic modifiers. Sex-specific effects of metal-
neurobehavioral associations were inconclusive for all metals, likely due to the heterogeneity of outcome domains assessed and
the exposure time points measured. Seven studies evaluated both sex and exposure timing as modifying factors using deciduous
teeth or other biomarkers with repeated measures to characterize metals exposure over time. Only five studies used statistical
methods for mixtures to evaluate associations of more than two metals with neurobehavioral domains.
Summary Despite the expansion of research on susceptibility to the neurodevelopmental effects of metals exposure, considerable
gaps remain. This work remains critical, as characterizing susceptible subpopulations can aid in identifying biological mecha-
nisms and is fundamental for the protection of public health.
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Introduction

In the USA, one in six children lives with a developmental
disability and prevalence continues to rise [1]. While the

etiology of cognitive and behavioral dysfunctions is complex,
evidence supports the substantial involvement of environmen-
tal factors, even at low doses [2, 3]. Many metals and metal-
loids (hereafter collectively referred to as metals) are
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ubiquitous in the environment, commonly co-occur, and tar-
get the developing central nervous system [4]. Among the
most prevalent environmental metals with neurotoxic poten-
tial are lead (Pb), methyl-mercury (meHg), arsenic (As), and
manganese (Mn) [5–8]. Considerable epidemiologic evidence
exists that these metals are associated with adverse neurobe-
havioral effects in young children, with more evidence for
some (Pb, meHg) than for others (Mn, As) [3, 9–11].
Because neurodevelopment during the prenatal period and
early life is a dynamic and complex process of critically timed
events, chemical insult can not only have profound impacts
but can also vary by immutable traits (sex or genetics) or
exposure conditions (timing or co-exposures). Identifying sus-
ceptibility factors and other modifiers is important for under-
standing potential biological mechanisms and for the protec-
tion of vulnerable subpopulations.

This review surveys the recent literature onmodifiers of the
associations between metals and childhood neurobehavior.
Mounting evidence suggests that the structure and functioning
of many areas of the developing brain are sexually dimorphic
[12], and some epidemiologic studies have reported sex-
specific associations between individual metals and neurobe-
havioral outcomes [13, 14]. The differential expression of
genes relating to metals’ toxicokinetics or toxicodynamics
also has potential to alter the association between metals and
neurobehavior [15, 16]. Co-exposure to other metals can pro-
duce synergistic or antagonistic effects [17••, 18]. Exposure
timing also plays an important role, because the time at which
the toxic insult interferes with the neurodevelopmental cas-
cade can determine the extent of damage and the ensuing
phenotype [19••, 20••, 21].

Methods

Our review encompasses epidemiologic studies that measured
exposure to As, Hg, Mn, and/or Pb and evaluated cognitive and
other behavioral outcomes in early childhood, up to a mean age
of 8 years. We performed our search in PubMed using the
following keywords: (“child,” “childhood,” “children,” “in-
fant,” “pregnant,” “in utero,” “prenatal,” “postnatal,” “school,”
“maternal exposure”) AND (“neurodevelopment,”
“neurobehavior,” “cognition,” “behavior,” “intelligence,” “hy-
peractivity,” “ADHD,” “attention deficit,” “disruptive behavior
disorders”, “executive function”) AND (“manganese” OR “ar-
senic” OR “lead” OR “mercury” OR “methylmercury”). The
search was restricted to English language studies of humans
and publication during the past 5 years (Nov 2014–
Nov 2019). We included studies that reported results from cog-
nitive (Table 1) or other behavioral (social, personality, affec-
tive, or behavioral control) (Table 2) outcomes and investigated
modification by at least one of the following: sex, genetics, co-
exposure to other metals (including through fish consumption

or smoking status), or exposure timing. Studies that evaluated
these factors in stratified models, as interactions, or using sta-
tistical models for mixtures (e.g., Bayesian kernel machine re-
gression, weighted quantile sum regression-basedmethods, and
principal component analysis or other clustering methods) were
included. We excluded studies that adjusted for multiple metals
as confounders only (i.e., did not examine interaction, stratifi-
cation, or mixtures effects) and those that reported only autism
spectrum disorder, motor outcomes, or unadjusted associations.
The selection of studies can be viewed in Fig. 1, which follows
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flowchart.

Lead and Neurodevelopment

The inverse association between Pb exposure and child neu-
rological performance has been consistently demonstrated for
IQ, for which no known safe level of exposure exists [8, 75].
Prior literature reporting on sex-specific effects of the associ-
ation between Pb and neurobehavioral outcomes has been
inconclusive [76]. In the past 5 years, Pb research has focused
on blood levels < 5 μg/dL and has included novel biomarkers
such as tooth dentine and placenta. Studies assessing Pb and
childhood neurodevelopment have measured a variety of ex-
posure windows and outcomes, making comparisons across
studies challenging. Sex-specific findings were inconclusive
across study outcomes, potentially due to the domain-specific
nature of these sex-specific effects and the varying domains
examined among studies.

Cognitive Outcomes

Nine studies within our review parameters evaluated the effect
of Pb and modifiers of metal co-exposure on cognitive out-
comes among children [17••, 22–25, 26•, 27••, 28, 34••]. In a
cohort study from Korea, late pregnancy maternal blood Pb
(BPb) was associated with reduced cognition at 6 months
among infants with lower prenatal iron intake (< 15.1 mg/
day), compared with infants with sufficient prenatal iron in-
take (≥ 15.1 mg/day) [22]. In a cross-sectional study of 7–12-
year-old Brazilian children, Pb neurotoxicity was enhanced by
higher toenail Mn [23]. On the other hand, a cross-sectional
study among 6–8-year-old Uruguayan children reported mar-
ginal evidence for an antagonistic interaction between hairMn
and BPb [24]. In a Spanish cohort, an adverse synergistic
interaction between placental Pb and As was reported for gen-
eral cognitive scores at 4–5 years old [26•]. Rodrigues et al.
evaluated pairwise interactions of Pb with Mn and As in rela-
tion to cognitive scores among 20–40-month-olds in
Bangladesh and reported a negative Pb-As interaction in
Pabna, where Pb levels were lower (median < LOD of
3.3 μg/dL) [25]. Another study within the same districts
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reported joint adverse effects of a mixture of As, Pb, and Mn
measured in cord blood on 2–3-year Bayley Scales of Infant
Development (BSID) scores using Bayesian kernel machine
regression (BKMR) [17••]. Pb was the most neurotoxic com-
ponent of the mixture among children from one study site with
higher BPb levels (mean 6.0 μg/dL), while Pb-BSID associa-
tions were largely null at the other study site, with lower Pb
concentrations (mean 1.8 μg/dL). No interaction between Pb
and other metals was observed [17••]. In a Mexico-based
study also evaluating a mixture of metals, maternal BPb and
cadmium (Cd) contributed the most to a reduction in executive
function and rapid visual processing in 6–9-year-olds using
weighted quantile sum regression (WQS)–based models
[27••]. One study evaluating As, Cd, Mn, and Pb and BSID
scores among 13–42-month-olds observed null results using
latent class analysis [28].

Two other prospective cohort studies examined exposure at
multiple time points in relation to Pb and cognition. In rural
China, maternal BPb measured in late pregnancy was associ-
ated with decrements in auditory and visual sensory outcomes
among 6-week-olds, whereas the association was weaker for
BPb measured in early pregnancy and for cord BPb [29].
Among a Canadian cohort of 3–4-year-old children, no asso-
ciation was found between cognitive scores and prenatal ma-
ternal or concurrent child BPb concentrations [30].

Sexual dimorphism of the Pb-cognition association was
explored in four studies. Two studies reported stronger ad-
verse associations between prenatal BPb and IQ among boys,
compared with girls, in Canadian preschoolers (3–4 years old)
[30] and in preschool- to school-age children from the UK
[31•]. In contrast, two studies suggested stronger adverse as-
sociations among girls compared with boys between Pb and
executive function measured at 6–8 years [32, 33]. Maternal
BPb was associated with poorer ability to plan/organize and
worse performance on overall executive function related be-
havior among girls in the USA, although interaction terms
provided little evidence of effect modification by sex [32].
Concurrent BPb levels were also marginally associated with
poorer ability to inhibit inappropriate responses among first-
grade Uruguayan girls [33].

Other Behavioral Outcomes

Within our review parameters, eight studies assessed the rela-
tionship between Pb and non-cognitive behavioral outcomes
[19••, 32, 33, 34••, 65••, 66–68]. A prospective Korean study
reported sex- and time-specific associations between early life
BPb and total, internalizing and externalizing problems in 2–
5-year-old children. Boys were more susceptible to prenatal
Pb exposure, while girls were more susceptible to postnatal
exposure [65••]. In contrast, a US study of 6–8-year-old chil-
dren reported stronger associations between maternal BPb and
behavioral difficulties among girls compared with boys [32].

Horton et al. evaluated dentine Pb and metals co-exposures
and investigated potential windows of susceptibility in a
Mexican birth cohort using reverse distributed lag models
and lagged weighted quantile sum regression: Pb exposure
measured at the 8- to 12-month time point was most strongly
associated with increased anxiety and internalizing symptoms
assessed at 8–11 years [19••]. A cross-sectional study of 7–12-
year-old Brazilians found suggestive evidence of synergistic
interaction between Mn and Pb with total internalizing and
externalizing behavior problems [66]. Additionally,
Arbuckle et al. reported stronger adverse associations between
Pb and behavioral difficulties among 6–11-year-old children
whose mothers smoked during pregnancy compared with
those that did not [67].

When considering Pb-ADHD associations, two studies re-
ported sex-specific findings. The association between early
childhood BPb (< 4 years; 5–10 μg/dL vs. < 5 μg/dL) and
7–12-year-olds diagnosed with ADHD in a US cohort was
stronger among boys than girls [68]. In contrast, childhood
BPb was modestly associated with hyperactivity scores
among girls but not boys in a Uruguayan cross-sectional study
of first graders [36].

Mercury and Neurodevelopment

Historically, the neurotoxic effects of high level meHg expo-
sure on nervous system outcomes in children have been well
described from unfortunate circumstances of mass poisoning
events in the 1950s and 1970s in Japanese and Iraqi popula-
tions, respectively [77, 78]. The symptoms of prenatal meHg
poisoning in these populations included speech difficulty,
movement problems meeting criteria for diagnosis of cerebral
palsy, primitive reflexes, seizures, and mental retardation [78].
In populations with moderate exposure to meHg from con-
sumption of large predatory sea life, meHg biomarkers at birth
have been associated with decrements in memory, attention,
language, and visual-motor skills in childhood [79]. In recent
years, results from epidemiologic research on low-level meHg
exposure and children’s neurodevelopment remain mixed,
likely due to the heterogeneity of fish and rice consumption
patterns across populations [80, 81]. Fish consumption partic-
ularly complicates the associations between meHg and neuro-
behavioral outcomes because associated co-exposures may be
beneficial (e.g., selenium, poly-unsaturated fatty acids
(PUFAs) such as docosahexaenoic acid (DHA)) or deleterious
( e . g . , p o l y ch l o r i n a t e d b i ph eny l s ( PCBs ) ) f o r
neurodevelopment. Most recent studies have utilized prospec-
tive birth cohorts, in which meHg exposure was consistently
associated with adverse neurobehavioral scores in Asian pop-
ulations, but less consistently in European and North
American populations. All studies used blood or hair total
Hg as a surrogate for meHg exposure.
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Cognitive Outcomes

Seven studies investigated effect measure modification of the
association between prenatal Hg and cognition by co-
exposures related to fish consumption, reporting beneficial
[35–39], malign [42], or null [40] effects. One study in the
Seychelles reported that gestational PUFA concentrations sig-
nificantly modified the association of maternal hair Hg and
20-month BSID scores: the association was only adverse
among children born from mothers with higher serum n-6:n-
3 PUFA ratios (> 4.5), compared with children born from
mothers with lower ratios (< 3.5), consistent with the proin-
flammatory properties of n-6 PUFAs [35]. In a study of 5-
year-old South Koreans, increased maternal fish consumption
enhanced inverse associations between third trimester mater-
nal blood Hg and IQ [42]. In an Arctic population that regu-
larly consumes beluga meat, cord blood Hg (CBHg) was as-
sociated with poorer 8–14-year-old IQ, but no interaction was
found between Hg and other common pollutants (cord blood
PCB-153 or Pb) or nutrients (cord blood selenium or DHA)
from fish consumption [40]. In a US population, co-exposure
to PCBs was evaluated when estimating the association be-
tween prenatal Hg and cognition in newborns: among infants
with higher PCBs (> 61.6 ng/g lipid), maternal blood and
CBHg were associated with less need for special handling,
indicative of a calmer temperament. However, authors did
not report whether this interaction persisted after adjustment
for fish consumption [39]. In 4–5-year-old Spanish children,
detectable placenta Hg was associated with worse general
cognition only among boys [26•]. Interaction between Hg
and Mn was significant, whereby the inverse association be-
tween placental Hg and verbal function was less pronounced

among participants with higher placental Mn, suggesting pro-
tective Mn effects [26•]. None of these studies used statistical
methods for mixtures.

Four studies evaluated exposure timing, either by evaluat-
ing multiple biomarkers that captured different exposure pe-
riods [41, 43] or by using the same biomarker across multiple
time points [40, 44]. Kim et al. measured prenatal blood Hg at
three time points (12–20 and 28–40 weeks gestation, birth)
and assessed neurodevelopment at multiple ages (6, 12, 24
and 36 months) in South Korean children. Inverse associa-
tions with 6-month outcomes were strongest for maternal
blood Hg collected during early pregnancy (12–20 weeks)
[44]. Jacobson et al. measured hair and blood Hg at prenatal
and childhood time points, but only CBHg was associated
with poorer IQ assessed at 8–14 years of age [40].

Four studies investigated sex-specific effects of the Hg-
cognition association [26•, 36, 45, 46]. One Asian study re-
ported stronger inverse associations of prenatal Hg with new-
born cognitive scores among boys [52], while another report-
ed null findings for associations with 18-month BSID MDI
scores [46]. A US study reported worse asymmetric reflex
among newborn boys with increasing maternal blood Hg
levels, as compared with positive findings among girls, al-
though estimates were weak, especially after adjustment for
fish consumption [39].

Cohort studies in the Seychelles [47, 48••], England [50]
and near the Adriatic Sea [49, 51••] reported gene-
environment interactions. In the Seychelles, inverse associa-
tions of prenatal Hg and 18–20-month BSID scores were re-
ported for maternal hair, maternal blood, and CBHg among
carriers of specific glutathione related gene variants [48••] as
well as for maternal hair Hg among carriers of specific ATP-
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binding cassette transporters [47]. Snoj Tratnik et al. reported
adverse associations between cord and maternal blood Hg and
18-month BSID scores, among children with at least one
ApoE ε4 allele [49]. In an analysis combining three prospec-
tive cohorts from the Seychelles, Spain, Italy, and Greece,
maternal hair Hg and CBHg were associated with higher
14–30-month BSID scores among carriers with high
CYP3A activity alleles [51••].

Other Behavioral Outcomes

Only three studies investigated the association of meHg with
non-cognitive behaviors, one reporting null findings [34••]
and the others reporting adverse associations with anxiety
[69, 70••]. Ng et al. evaluated genetics and sex as modifiers
of the Hg-behavior association in Taiwanese 2-year-olds:
among APOE ε4 carriers, stronger inverse associations be-
tween CBHg (> 12 μg/L) and behavioral outcomes were seen
in boys, except between Hg and anxiety, where associations
were strongest among female APOE ε4 carriers [69]. Patel
et al. investigated sex and exposure timing (maternal blood
at 16 and 26 weeks gestation and delivery, cord blood at birth)
as modifiers in a US cohort of 2–8-year-olds: 16-week mater-
nal Hg was most strongly associated with worse anxiety
scores among boys compared with girls, while maternal Hg
at delivery was most strongly associated with anxiety among
girls [70••].

Arsenic and Neurodevelopment

The neurotoxic evidence for As exposure in children has been
recently described by a meta-analysis of studies published
between 2000 and 2012, which reported that a 50% increase
in As exposure was associated with a reduction of 0.4 full-
scale IQ points in children between 5 and 15 years of age [9].
Additionally, decrements were greater for verbal IQ than per-
formance IQ [9]. However, less consistent evidence exists for
low-level As concentrations (< 100 μg/L) in association with
neurodevelopment [11]. Over the past 5 years, most studies on
As and neurodevelopment have evaluated cognitive out-
comes. While several studies have observed adverse effects
of As exposure on child cognition, with some evidence of
synergistic interactions with Pb, results have generally been
inconsistent. Potential explanations include the different life
stages examined, unmeasured confounding from fish or sea-
food consumption, and the various As exposure metrics used,
which can reflect different As species. For example, while
water As primarily reflects inorganic As (iAs), total blood
and urinary As can reflect a combination of iAs, arsenobetaine
(which is non-toxic and derived entirely from fish and sea-
food), and monomethyl (MMA) and dimethyl (DMA)

arsenicals (derived from metabolized iAs or dietary sources,
such as rice, fish, and seafood) [82, 83].

Cognitive Outcomes

Five studies meeting our review criteria examined the impacts
of As and modifying metal co-exposures on child cognition
[17••, 25, 26•, 27••, 28]. One small study clustered partici-
pants based on their concentrations of hair As, hair Cd, hair
Mn, and BPb using latent class analysis and examined these
clusters in relation to BSID scores at 13–42 months, but re-
sults were null [28]. Two larger studies were conducted in the
same population in Bangladesh and evaluated BSID scores at
20–40 months. For both studies, As associations were most
apparent in a subset of participants living in a region with high
water As levels (range 4.4–130 μg/L) [17••, 25]. Rodrigues
et al. used a cross-sectional study and traditional linear regres-
sion and reported inverse associations between water As and
cognitive scores as well as a synergistic relationship with BPb,
in which As neurotoxicity was enhanced at higher BPb con-
centrations. In sensitivity analyses, stronger associations were
observed for water As measured in the prenatal period, as
compared with 20–40 months of age. No significant associa-
tions were observed for water As at 1 month of age, possibly
due to breastfeeding, as As levels in breast milk are low re-
gardless of maternal consumption of As-contaminated drink-
ing water [84]. Valeri et al. evaluated total As in cord blood as
part of a mixture with Mn and Pb using BKMR [17••]. In
contrast with the findings for water As [25], a suggestive pro-
tective relationship was observed between cord blood As and
cognitive scores, possibly due to unmeasured confounding
from seafood consumption [17••]. This unexpected finding
was less pronounced at higher levels of Mn [17••]. Two stud-
ies examined the impacts of prenatal As exposure and co-
exposures on cognitive outcomes in school-age children, and
both observed adverse effects [26•, 27••]. One study was con-
ducted in Mexico and measured total As in both second and
third trimester maternal blood, which were evaluated as part of
a larger mixture using a WQS approach (Cd, cesium, chromi-
um, Pb, antimony) [27••]. Of the two time points evaluated,
only third trimester As contributed to reduced executive func-
tion at 6–9 years of age [27••]. Consistent with this finding, a
study in Spain observed an inverse association between pla-
cental As and executive function scores at 4–5 years of age. A
significant interaction was also identified between As and Pb,
indicating that this As-executive function association was
more pronounced among children with high placental Pb
[26•]. An inverse association between placental As and quan-
titative abilities was also reported [26•].

Six studies investigated sex-specific associations, although
the majority reported no difference between boys and girls
[26•, 52, 53••, 54•, 71]. In a cross-sectional study of 4–5-
year-old children in Spain, speciated urinary As (iAs +
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MMA + DMA) was marginally associated with worse work-
ing memory for boys only [53••]. A cross-sectional study in
Uruguay also evaluated associations between speciated uri-
nary As (iAs + MMA + DMA) and cognitive outcomes at
5–8 years of age [54•]. Although they did not observe sex
differences, urinary As was significantly associated with sev-
eral subtests of theWoodcock-Muñoz Cognitive Battery with-
in certain strata of dietary folate and urinary %MMA levels
[54•]. However, the directions of the associations differed by
subtest and were inconsistent within the folate and %MMA
strata. A cross-sectional study of 7–8-year-old children in
China also examined the relationship between total urinary
As concentrations and cognitive outcomes by sex, but results
were null, possibly due to unmeasured confounding from sea-
food consumption [55]. Finally, a cross-sectional study of 6–
9-year-old Spanish children reported an inverse association
between total urinary As and measures of attention [71].
Possible sex differences were examined, but none was
observed.

Other Behavioral Outcomes

While limited, there is also some evidence that As may ad-
versely impact non-cognitive behavioral outcomes. A cross-
sectional study of 6–9-year-old Spanish children observed an
inverse association between total urinary As and measures of
attention, and there were no interactions with sex [71].

Manganese and Neurodevelopment

Manganese is an essential nutrient required for growth and
neurodevelopment, but in excess is a potent neurotoxicant
[85]. An ideal exposure range has not been identified, partic-
ularly for children, and it is unclear at what level Mn becomes
toxic rather than beneficial [86–88]. In high excess, Mn neu-
rotoxicity in adults is well described in occupational studies as
manganism, a parkinsonian-like syndrome involving motor
(kinetic tremor, bradykinesia, specific gait disturbances) and
neuropsychological (diminished concentration, working
memory, spatial orientation) symptoms [89–91]. However,
less is known about how Mn affects the developing brain.
Over the past 5 years, studies on modifying factors of the
Mn-neurodevelopment association have been conducted
around the world using drinking water and various matrices,
including placenta and teeth, to estimate exposure. Results
generally support adverse effects of Mn, with suggestive evi-
dence for effect modification by sex and exposure timing.
There is also evidence of interaction between Mn and other
metals, although much remains to be understood given the
heterogeneity in exposure metrics, route, levels, timing, and
composition of the mixture.

Cognitive Outcomes

Eleven studies evaluated metal co-exposures as modifiers of
the Mn-cognition association, with most studies examining
pairwise interactions of Mn with another metal [20••, 23–25,
26•, 56–58]. About half of these studies reported no modifi-
cation of Mn associations [23, 25, 28, 34••, 57], while the
other half reported some modification or joint effect [17••,
20••, 24, 26•, 56, 58]. In a prospective Bangladeshi study of
a mixture of cord blood Mn, As, and Pb using BKMR, Mn
was associated with lower 20–40-month BSID-III cognitive
scores and contributed to a decline in scores with increasing
levels (> 60th percentile) of the metal mixture [17••]. Another
prospective study reported a beneficial association of placen-
tal Mn on cognition and executive function in 4–5-year-old
Spanish children, which was stronger among children with
detectable placental Hg even after adjustment for fish intake
[26•]. Three other prospective studies used tooth dentine as a
biomarker of early life exposure, all of which reported modi-
fication of Mn associations [20••, 56, 58]. Prenatal Mn was
associated with lower 6- and 12-month BSID-II mental devel-
opment index scores, but only among girls whosemothers had
lower iron [56]. No Mn-Pb interactions were found, but in the
same cohort, Mora et al. estimated beneficial prenatal Mn
associations with cognition and memory at 7 years, which
appeared harmful in the presence of higher BPb (≥ 0.8 μg/
dL) [58]. This was consistent with findings from Mexico
City, where prenatal dentine Mn was estimated to have bene-
ficial effects on 6–16-year visuospatial abilities only at low
dentine Pb levels [20••].

Twelve studies examined sex-specific associations of Mn
with cognition. Six studies reported no or inconclusive evi-
dence of sexual dimorphism [26•, 57, 59–62]. Most of these
were cross-sectional analyses of school-age children, with on-
ly two prospective studies investigating prenatal exposure in
relation to 24-month BSID-II score [60] and 4–5-year
McCarthy Scales scores [26•]. Four studies with a range of
participant ages from 12 months to 10.5 years reported ad-
verse associations among girls and/or beneficial or null asso-
ciations among boys [56, 58, 63, 64•]. In contrast, a study of
7–8-year-old Chinese children reported positive associations
between urine Mn and IQ, which were stronger among girls
[55], and in a prospective study in Mexico, early postnatal
tooth Mn was associated with worse 6–16-year visuospatial
abilities among boys only [20••].

Exposure timing was evaluated in six studies [20••, 25, 55,
56, 58, 64•]. Two studies of tooth dentine Mn both reported
beneficial associations of prenatal Mn and harmful associa-
tions of postnatal Mn on cognition, memory, and visuospatial
abilities in 6–16-year-old children [20••, 58]. This is some-
what consistent with a Costa Rican study, in which maternal
hair Mn concentrations measured in the second half of preg-
nancy, compared with the first half, were more strongly
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associated with lower cognitive scores among girls [64•]. In
Bangladesh, null associations were reported between 20- and
40-month cognitive scores and drinking water Mn measured
both in gestation and early life [25]. In China, urine Mn in 7–
8-year-old children, but not cord blood Mn, was associated
with better IQ scores [55].

Other Behavioral Outcomes

Ten studies examined modifiers of the association between
Mn and non-cognitive behaviors. Four studies evaluated co-
exposures [19••, 34••, 58, 66]. Mostly adverse Mn associa-
tions and either synergistic or joint effects with Pb [34••, 66]
or with Pb and Zn [19••] were reported. The exception was in
a US prospective study of Mexican-American children, in
which postnatal dentineMnwas associated with worse behav-
iors at 7 years, but associations were not modified by BPb,
perhaps due to the low levels (median BPb 0.8 μg/dL) [58]. In
a prospective cohort in Mexico City, co-exposure of dentine
Mn with Pb and Zn at 12 months was associated with more
anxiety in 8–11-year-olds [19••]. In a cross-sectional study of
mother-infant pairs in Saudi Arabia, principal component
analysis was used to find that the combination of breast milk
Mn, Pb in maternal urine, and Mn and Se in maternal blood at
delivery was correlated with lower parent-rated learning and
behavior performance in 2–12-month infants [34••].

Five studies examined sex-specific Mn associations on be-
havioral outcomes [58, 59, 62, 64•, 73]. Two studies were
from a cross-sectional evaluation of 7–12-year-old Brazilian
children, in which hair Mn was adversely associated with
girls’, but not boys’, inattention and externalizing behavior
scores [73], whereas sex-specific associations were not seen
with teachers’ ratings of hyperactivity [59]. The lack of sex-
specific Mn associations with hyperactivity was also reported
in a cross-sectional study of 6–13-year-old Canadian children
exposed to Mn in drinking water [62] and in a prospective
cohort of Mexican-American children in relation to early life
Mn and 7-year behavioral scores [58].

Three studies evaluated exposure timing, two of which
used tooth dentine as a metric of Mn exposure. In a Mexico
City cohort, protective associations were reported for prenatal
dentine Mn against externalizing behavior in 8–11-year-olds
while postnatal Mn was associated with more anxiety and
internalizing behaviors [19••]. In Mexican-American children
in the USA, however, both prenatal and postnatal Mn mea-
sures were associated with worse 7-year internalizing and ex-
ternalizing behaviors [58]. In Costa Rica, the negative associ-
ation between maternal hair Mn and 12-month BSID social-
emotional scores in boys was stronger in the second half of
pregnancy than during the first half [64•].

Finally, two case-control studies onADHDdiffered in their
findings. In Swedish 5–17-year-olds, neither main effect of
umbilical cord serum Mn nor interaction with Se was found

in relation to ADHD [72]. In contrast, lower hair Mn levels
were reported in 4–10-year-old ADHD cases, where girls had
even lower levels than boys (− 25%) [74].

Conclusions

As our interest in understanding susceptibility factors grows,
research examining modifiers of the associations between Pb,
meHg, As, and Mn and children’s neurobehavior is also
expanding. Of the modifiers examined, sex was most com-
monly investigated. However, the evidence for sex-specific
effects was mixed for all four metals, likely due in part to
heterogeneity in the timing of exposure, neurobehavioral do-
mains assessed, and ages of the participants at time of out-
come assessment. Seven studies, however, evaluated both
multiple exposure windows and sex-specific effects for Pb
[65••], Hg [70••], or Mn [20••, 55, 56, 58, 64•]. More research
examining multiple exposure time points together with sex-
specific effects could help characterize sexually dimorphic
relationships.

Although few studies evaluated exposure timing, po-
tential windows of susceptibility were identified for Pb
[19••, 29, 30, 65••], Hg [40, 44], As [25, 27••], and Mn
[19••, 20••, 56, 58, 64•]. The majority of recent research
also measured outcomes at only one time point and the
time frame between exposure and outcome assessment
was short. Yet effects of environmental exposures on
neurodevelopment could span across childhood and ear-
ly adulthood [21]. Thus, while more challenging and
resource-intensive, studies measuring both exposures
and outcomes at multiple time points are warranted.

Despite recent expansions to the literature on co-exposures
that include studies using statistical mixtures methods to in-
vestigate joint exposure [17••, 19••, 27••, 28, 34••], research
remains limited. Similarly, recent research on genetic modi-
fiers, investigated in only five of the reviewed meHg studies
[47, 48••, 49, 50, 51••], is sparse. Both of these areas represent
ripe opportunities for future work.

In summary, our understanding of susceptibility to the
neurodevelopmental effects of metals exposure is growing,
but considerable gaps remain. Many studies conducted to
date may not have been specifically designed to evaluate
effect modification and may therefore lack statistical pow-
er. Larger prospective studies (n > 500) designed to ad-
dress susceptibility factors may help unravel the complex-
ity in metals-neurodevelopment associations. As we prog-
ress toward investigating the effects of the exposome, it is
imperative that modifying factors be more fully examined.
Characterizing susceptible subpopulations is critical for
identifying biological mechanisms and is fundamental for
the protection of public health.
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