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BACKGROUND: Children are routinely exposed to chemicals known or suspected of harming brain development. Targeting Environmental Neuro-
Development Risks (Project TENDR), an alliance of >50 leading scientists, health professionals, and advocates, is working to protect children from
these toxic chemicals and pollutants, especially the disproportionate exposures experienced by children from families with low incomes and families
of color.

OBJECTIVE: This scoping review was initiated to map existing literature on disparities in neurodevelopmental outcomes for U.S. children from popu-
lation groups who have been historically economically/socially marginalized and exposed to seven exemplar neurotoxicants: combustion-related air
pollution (AP), lead (Pb), mercury (Hg), organophosphate pesticides (OPs), phthalates (Phth), polybrominated diphenyl ethers (PBDEs), and poly-
chlorinated biphenyls (PCBs).

METHODS: Systematic literature searches for the seven exemplar chemicals, informed by the Population, Exposure, Comparator, Outcome (PECO)
framework, were conducted through 18 November 2022, using PubMed, CINAHL Plus (EBSCO), GreenFILE (EBSCO), and Web of Science sour-
ces. We examined these studies regarding authors’ conceptualization and operationalization of race, ethnicity, and other indicators of sociodemo-
graphic and socioeconomic disadvantage; whether studies presented data on exposure and outcome disparities and the patterns of those disparities;
and the evidence of effect modification by or interaction with race and ethnicity.

RESULTS: Two hundred twelve individual studies met the search criteria and were reviewed, resulting in 218 studies or investigations being included
in this review. AP and Pb were the most commonly studied exposures. The most frequently identified neurodevelopmental outcomes were cognitive
and behavioral/psychological. Approximately a third (74 studies) reported investigations of interactions or effect modification with 69% (51 of 74
studies) reporting the presence of interactions or effect modification. However, less than half of the studies presented data on disparities in the out-
come or the exposure, and fewer conducted formal tests of heterogeneity. Ninety-two percent of the 165 articles that examined race and ethnicity did
not provide an explanation of their constructs for these variables, creating an incomplete picture.

DiscussION: As a whole, the studies we reviewed indicated a complex story about how racial and ethnic minority and low-income children may be
disproportionately harmed by exposures to neurotoxicants, and this has implications for targeting interventions, policy change, and other necessary
investments to eliminate these health disparities. We provide recommendations on improving environmental epidemiological studies on environmental
health disparities. To achieve environmental justice and health equity, we recommend concomitant strategies to eradicate both neurotoxic chemical
exposures and systems that perpetuate social inequities. https://doi.org/10.1289/EHP11750

Introduction

Evidence of disparities in pollutant and chemical exposures and
disproportionate impacts of environmental hazards in commun-
ities of color and low-income communities is long standing
and rnounting.“5 Scholars on race, racism, and environmental
justice have linked these disproportionate exposures to racist and
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discriminatory policies and processes such as racial residential
segregation,® disproportionate citing of polluting sources in com-
munities of color,'®7 and government-backed policies to dispos-
sess Native Americans of their lands and cultures.’~!? These
environmental injustices contribute to disparities in harmful expo-
sures and the erosion of the health of Indigenous communities and
communities of color across all age groups.'>~!¢ However, as noted
by science writer Harriet Washington, environmental assaults on
the developing brain are particularly pernicious because the effects
can have lifelong implications.'”

Neurodevelopmental disorders in children have increased
substantially over the last few decades.!® As reported by Zablotsky
etal.in 2019, one in six children in the United States has a develop-
mental disability, including learning disabilities, intellectual
impairment, attention deficit and hyperactivity disorder (ADHD),
and autism.'® The rate is even higher among African American
children and those from low-income families or living in rural
areas.'82% For example, in 20162018, non-Hispanic Black chil-
dren (16.9%) were more likely than non-Hispanic White (14.7%)
or Hispanic (11.9%) children to be diagnosed with either ADHD or
a learning disability compared with 13.8% of children 3-17 years
of age overall.'” Widely used chemicals are known or suspected
neurodevelopmental toxicants associated with serious learning
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disabilities and loss of intelligence, poor impulse control, develop-
mental delays, hearing impairment, ADHD, and autism, any of
which can affect a child’s potential with long-term consequences
for mental and behavioral health in adulthood.?'-23 Further,
mounting evidence shows that social conditions can modify associ-
ations between environmental contaminant exposures and neuro-
development.?* For example, poverty, maternal material hardship,
and poor diet have been shown to heighten the toxic effects of air
pollutants and other chemical exposures on cognitive functioning
of children.?*% The cumulative impacts of exposures to these
chemicals and social inequities present dangers not only for
today’s children but also for future generations.

Despite growing concerns about cumulative environmental
health risks/impacts and the relationship with health disparities,
to our knowledge only three previous reviews have examined
how neurodevelopmental outcomes in children are impacted by
exposures to environmental contaminants and social disadvant-
age. In a 2016 systematic review, Appleton et al. examined the
interplay between environmental and social stressor exposures
in relation to several commonly assessed childhood health out-
comes, including cognition and behavior.*® The researchers
found evidence supporting the conclusion that social and environ-
mental risks operate jointly to affect child health. In addition,
they observed that air pollution (AP) was the most commonly
studied environmental exposure, whereas socioeconomic status
(SES) was the most commonly studied social exposure.>® In a
2016 review, Ruiz et al.3! identified a wide range of social and
environmental exposures associated with children’s cognitive
health. In 2019, Barrett and Padula reported on epidemiological
literature (published since 2015) regarding joint impact of chemi-
cal and nonchemical stressors on pregnancy and child develop-
ment outcomes. Although they excluded studies of AP and heavy
metals, these authors concluded that stronger associations with
adverse health outcomes occur when chemical and nonchemical
stressors are combined.’> However, no systematic or scoping
reviews have been conducted specifically on children living in
the United States to examine both exposure disparities and the
joint effects of combined exposures of environmental neurotoxi-
cants and social disadvantage as they relate to disparities in neu-
rodevelopmental outcomes.

Targeting Environmental Neuro-Development Risks (Project
TENDR) is an alliance of >50 leading scientists, health professio-
nals, and advocates focused on preventing exposures of children
and pregnant women to toxic substances that are harmful to brain
development and eliminating disproportionate exposures among
children of color and children from low-income families.?
To achieve these goals, Project TENDR combines scientific evi-
dence with advocacy to inform and empower decision-makers to
create policies that ensure no child is exposed to chemicals that are
toxic to the developing brain. Project TENDR formed a Health
Disparities Workgroup that included 13 experts from academic,
governmental, and nonprofit advocacy organizations to conduct a
scoping review of the scientific literature regarding social dispar-
ities in neurodevelopmental health outcomes for children living in
the United States in relation to seven exemplar neurotoxic chemi-
cals and pollutants: combustion-related AP, lead (Pb), mercury
(Hg), organophosphate pesticides (OPs), phthalates (Phth), poly-
brominated diphenyl ethers (PBDEs), and polychlorinated biphen-
yls (PCBs).22-33:34

To carry out this review, we adapted the Healthy People 2020
definition of health disparity as “a particular type of health differ-
ence that is explicitly linked with social, economic, or environmen-
tal disadvantage.”3> Thus we defined [neurodevelopmental] health
disparities as health differences that are avoidable, unnecessary,
unfair, and unjust,?® impacting population groups that have
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been historically economically/socially marginalized or made
vulnerable.?” As articulated by Ward et al., meaningful assessment
of disparities in health should include examination of the distribution
of the outcomes and exposures across racial/ethnic minority groups
as “critical companions to assessment of interaction and stratum-
specific effects.””® In addition, to better address health disparities, it
is also important to understand how social differences are concep-
tualized and measured in epidemiological studies. For example,
scholars have noted that race is notoriously poorly measured.***! In
recent years there have been renewed calls for environmental epide-
miological (and epidemiology in general) research to rigorously
report and measure race/ethnicity, and by extension other constructs
of difference, as is typically done for reporting environmental expo-
sure measurement.*>~** Thus, our scoping review on neurodevelop-
mental outcome disparities related to environmental exposures
aimed to address the following questions:

1. What proportion of studies provide a conceptualization
(i.e., definition) of race/ethnicity and other indicators of
sociodemographic and socioeconomic disadvantage?

2. How are race/ethnicity, sociodemographic, and socioeco-
nomic disadvantage data operationalized (i.e., measured
and coded)?

3. Do the studies present data on exposure and outcome dis-
parities by race/ethnicity and other indicators of sociode-
mographic and socioeconomic disadvantage, and what are
the patterns of those disparities?

4. Did included studies investigate effect modification by or
interaction with race/ethnicity and other indicators of soci-
odemographic and socioeconomic disadvantage?

Methods

This review follows guidance for undertaking scoping reviews,
and reports findings based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses extension for Scoping
Reviews (PRISMA-ScR) checklist.*° “Scoping reviews seek to de-
velop a comprehensive overview of the evidence rather than a quan-
titative or qualitative synthesis of data™*® and have been used in a
variety of fields, including finance, health care service delivery, and
occupational health. Thus, scoping reviews help to identify gaps in
the literature, which fits with Project TENDR’s mission to encour-
age the scientific community to work in collaboration with impacted
communities and populations to build a more complete picture of
the challenges and possible solutions for disparities in exposures
and neurodevelopmental outcomes. We used this approach to
broadly map, report, and discuss key concepts from a wide array of
studies on disparities in neurodevelopmental health outcomes
resulting from exposures to the seven exemplar neurotoxic chemi-
cals and pollutants.

45-48

Inclusion/Exclusion Criteria

To inform our inclusion/exclusion criteria and search strategy, we
used the Population, Exposure, Comparator, Outcome (PECO)
framework (Table S1) and the following question: Are O- to 18-year-
old children living in the United States who are members of popu-
lation groups that have been historically economically/socially
marginalized (i.e., P) and who are exposed (pre- and/or postna-
tally) to the seven exemplar environmental neurotoxicants (AP,
Pb, Hg, OP, Phth, PBDE, and PCB) (i.e., E) at greater risk of neu-
rodevelopmental disability or delay when compared with chil-
dren who are not exposed to the neurotoxicants or social
disadvantage (i.e., C)? Studies were considered eligible if they
were published in English; conducted in the United States and its
territories only; involved 0- to 18-y-old children and adolescents
and/or pregnant women exposed to one or more of the seven
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exemplar neurotoxicants; and included explicit group comparisons
by indicators of social disadvantage (e.g., low vs. high SES) or
focused on populations of special interest for health disparities (e.g.,
racial and ethnic minority populations). No restriction was placed
on publication year. During the initial screen for eligibility, we
included all studies with PEC components regardless of outcome.
Articles identifying neurodevelopmental outcomes were tagged
after PEC screening. We decided to take this approach to ensure we
would not miss any relevant study based on how the health outcome
was described or named by authors. Neurodevelopmental outcomes
cover a variety of outcomes and can be assessed by a wide array of
protocols. Comprehensiveness of the results was assessed by check-
ing against articles identified through other means (e.g., checking
against studies included in the prior review articles cited above) to
ensure inclusion of the majority of a priori known publications. Our
initial and final inclusion and exclusion criteria are detailed in Table
S2. Our process for finalizing our criteria is explained below.

Information Sources

Public health librarian (N.T.) and graduate assistant (K. Hirabayashi)
searched four databases. Dates for the literature searches were from
inception of the databases—PubMed, CINAHL Plus (EBSCO),
GreenFILE (EBSCO), and Web of Science—through 18 November
2022.

Search Strategy

Search terms were identified from the authors’ prior knowledge,
in relevant articles found from preliminary searches, and in pub-
lished similar systematic reviews. In addition, keywords, syno-
nyms, and controlled vocabulary terms representing the PECO
components were combined using the Boolean operators AND,
OR, and NOT. Searches were refined to ensure inclusion of the
majority of articles from previous reviews. Additional hedges
and filters were employed to exclude non-English studies, studies
conducted outside of the United States, animal studies, and non-
observational studies. The search strategies for all databases
searched are available in Table S3.

Selection of Sources of Evidence

Records from databases were imported into CADIMA (https:/
www.cadima.info/), a free web tool that allows for an automated
duplicate removal and blinded review of records by several
reviewers. Authors D.C.P.S. and K.E. and graduate assistant
K. Hirabayashi conducted consistency checks reviewing titles
and abstracts on 5% of the studies in CADIMA to assess inter-
rater reliability and refine study inclusion and exclusion criteria.
Reviewers were required to attain at least 80% agreement. As a
result of the consistency checks, we added more detailed descrip-
tions for the criteria under each of the PECO components. For
example, in addition to screening for studies of “in utero develop-
ment,” we included studies “on pregnant women” and excluded
studies that did not make specific reference to our target population
(e.g., children, adolescents, in utero development, pregnant women).
Our finalized inclusion and exclusion criteria are also detailed in
Table S2. After updating inclusion/exclusion criteria, one reviewer
(K. Hirabayashi) used the inclusion and exclusion criteria to perform
the preliminary screening of all titles and abstracts. The other two
reviewers (K.E. and D.C.P.S.) each independently rated 12% of the
titles and abstracts.

Three reviewers (D.C.P.S., K.E., and graduate assistant
K. Hirabayashi) conducted full-text screening. All discrepancies
were identified and resolved through discussion and consensus
among the three reviewers. Studies found to be of the wrong
study type, population, exposure, comparator, and/or outcomes
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were removed. Studies included after full-text screening were
categorized based on the PECO components. Studies examining
neurodevelopmental outcomes were identified and tagged by out-
come subcategory (birth defects; other relevant physical out-
comes measured at birth; cognitive, behavioral/psychological,
motor or sensory outcomes>’; or other neurological outcomes),

population, exposure, and comparator terms.

Data Extraction

For the included studies, we extracted basic information regard-
ing study design (case—control; ecologic; longitudinal; cross-
sectional), location (U.S. state), sample size, age of study subjects
(infancy: neonatal to 12 months; early: 1-6 y old; mid: 6-12 y old;
adolescence: 1218 yold), exposure assessment method (direct
exposure, such as biomonitoring, or indirect exposure, such as
ambient environmental measurements), neurodevelopmental out-
come (as defined above), covariates, main disparity comparator
employed (e.g., race; ethnicity; socioeconomic indicator; geogra-
phy), description of primary results, and evidence of effect modi-
fication or interaction, if conducted. In addition, we noted for
each article if authors provided a working definition of the com-
parator terms (yes/no; if yes, verbatim definitions were recorded)
to examine whether study authors had an a priori conceptualiza-
tion of race/ethnicity and other sociodemographic and socioeco-
nomic variables used and how these comparator terms were
coded following the approach by Martinez et al.>! and according
to Conway et al.>> We developed a set of measurement definitions
for each social comparator (Table S4) and extracted this informa-
tion from the articles. All extracted information was exported into
Microsoft Excel and subsequently visualized using Tableau
Desktop Professional Edition (version 2021.4.3; Tableau).

Disparity Assessment

Following the recommendations by Ward et al.,*® we examined
whether the studies reported disparities in exposure and out-
comes, as well as evidence for effect modification or interaction
by race/ethnicity and other indicators of social disadvantage.
Among studies that assessed heterogeneity in effects by these
comparators, we documented whether the investigators reported
either @) stratum-specific estimates (yes/no effect modification),
or b) the interaction term between exposure and the comparator
(yes/no interaction), scale used (additive, multiplicative, or not
reported) and whether authors conducted a formal statistical test
for heterogeneity, like a Cochran’s Q (yes/no). When reporting
on race and ethnicity, we maintained the terminology used by the
authors of the studies. In addition, we relied on the authors’ state-
ments/conclusions about evidence of associations between the
exposures and neurodevelopmental outcomes (effect sizes and
statistical significance). We did not conduct a meta-analysis of
quantitative results or risk bias because of the heterogeneity of
study designs, exposures, and outcomes assessed.

Community Stakeholder Engagement

During the early stages of our scoping review, Project TENDR
Health Disparities Workgroup members conducted a workshop
with 16 community and environmental justice leaders in December
2020 and January 2021. The purpose was to identify possible areas
of collaboration and opportunities for Project TENDR to support
the work of the environmental justice organizations. One recom-
mendation from the stakeholders regarding the scoping review was
that we not just focus on the seven exemplar pollutants individually
but also highlight studies that address concurrent exposures to multi-
ple chemicals or pollutants. Information on cumulative risks/
impacts is of high interest to impacted communities. In response to
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this guidance, we created an eighth category for studies examining
the effects of multi-neurotoxicant exposures.

Results

After screening over 14,000 titles and abstracts and 1,728 full-
texts, 212 individual articles met our criteria for inclusion in the
review, including one piece of gray literature, resulting in 218
studies or investigations (several articles reported separate analy-
ses of different pollutants). The complete process of selecting rel-
evant papers for this scoping review is provided in Figure 1
(PRISMA figure). Information on these articles can be found in
Excel Tables S1-S9.

Overview of Study Characteristics

Publication dates ranged from 1974 to 2022, with studies of Pb
exposure having the longest history (Table S5). Fifty-seven per-
cent of all articles (120 of 212 articles) were published between
2010 and 2019. We mapped study locations by state (Figure S1),
and several regions of the United States were not represented.
The most frequently analyzed data sets (Table S6) included the
Columbia Center for Children’s Environmental Health (CCCEH)
cohort; the Center for the Health Assessment of Mothers and
Children of Salinas (CHAMACOS) cohort; the Mount Sinai
Children’s Environmental Health Study; the Cincinnati Lead
Study (CLS); the National Health and Nutrition Examination
Survey (NHANES); and the Childhood Autism Risks from
Genetics and the Environment (CHARGE) study. Among the

seven exemplar neurotoxicants, the most frequently studied expo-
sures were Pb (63 of 218 studies or 28%) and ambient AP (52 of
218 or 24%), followed by OPs (41 of 218 or 19%), Phth (12 of
218 or 6%), PCBs (7 of 218 or 3%), Hg (6 of 218 or 3%), and
PBDE:s (3 of 218 or 1%), with exposures to chemical mixtures or
concurrent exposures to multiple contaminants examined in 17
studies (of 218 or 8%) (Figure 2).

The most frequently identified neurodevelopmental outcomes
were cognitive and behavioral/psychological (203 of 218 or 93%)
using a wide variety of assessment protocols and measures (Table
S7). Thirty-two studies of 218 or 15% evaluated motor, sensory,
and other neurological outcomes, whereas 12 (or 6%) examined
outcomes at birth, including head circumference and birth anoma-
lies. Most of the studies were longitudinal analyses (135 of 218 or
62%) and examined effects during early childhood (0-6 years of
age) (78 of 218 or 36%). A majority of studies reported adverse
neurodevelopmental outcomes associated with exposures to the
exemplar pollutants/environmental contaminants (203 of 218 or
93%). Articles often examined multiple pollutants and types of out-
comes, and thus counts are not mutually exclusive.

Conceptualization and Operationalization of Race/Ethnicity
and Other Indicators of Sociodemographic and
Socioeconomic Disadvantage

Study authors used a variety of comparator variables in their
analyses, either as covariates, confounders, effect modifiers, or
for interaction terms. These comparators included race, ethnicity,

Identification of studies via databases and other methods

23 July 2019; Updated: 12 July 2021; 18 November 2022
* PubMed: n=6,117

+ GreenFILE (EBSCO): n=155
* Web of Science: n=16,820
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Figure 1. PRISMA flowchart of study inclusion (included articles: n=212). Note: PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-

Analyses.
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Figure 2. Frequencies of TENDR exemplar contaminants examined by the studies. Some studies are counted more than once if they examined multiple exem-
plar neurotoxicants separately. Note: AP, air pollution; ETS, environmental tobacco smoke; Hg, mercury; mixtures, chemical mixtures; OP, organophosphate
pesticides; Pb, lead; PBDE, polybrominated diphenyl ethers; PCB, polychlorinated biphenyls; Phth, phthalates; TENDR, Targeting Environmental Neuro-

Development Risks.

geography, SES, social adversity indices, language, and Home
Observation for Measurement of the Environment (HOME)
Inventory>3>* scores. One or more SES variable was used in every
study. As shown in Figure 3 (and in Excel Table S10), the propor-
tion of articles with participants’ race designated was somewhat
constant, between 1970 and 2009, at ~ 72% on average per decade
(of an average of 18 articles per decade), then reached a peak of 85%
(99 of 117 articles) during the period 2010-2019 before declining.
Conversely, the use of ethnicity increased from 33% (1 of 3 articles)
in the 1970s to a peak of 81% (95 of 117 articles) in the 2010s (simi-
lar to race) and then decreased recently (Figure 3). Meanwhile the
use of social adversity indices and a language proficiency variable
both increased from zero articles in the 1970s to 32% and 21%,
respectively, of the 28 articles published recently (period of 2020—
2023). Use of HOME scores peaked within the decade the measure
was first published by the developers, Bradley and Caldwell, in the
late 1980s.

Among the 165 articles that included race and/or ethnicity vari-
ables, a majority (151 of 165 articles or 92%) did not provide a defi-
nition or a conceptualization. Among the few that did, the reasons
varied from “because other studies included race”> and race “as a
distinct human type based on inherited physical characteristics™>°
to race as culture with influence on diet** and “behaviors and pat-
terns of consumption.”’ Race and ethnicity were sometimes con-
flated and together considered as indicators of culture.5¥°0 One
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article explicitly considered race as a proxy for institutional racism
and psychosocial stress®! and another stated that race was a marker
for “diminished life chances.”®? SES variables were used in 100%
of articles, yet only 4 of 212 articles or 2% defined constructs for
SES as material hardship, economic stress, or household depriva-
tion known to affect child development and well-being.%3-6°
Among the articles that used the predefined HOME index, two
studies offered their own conceptualizations, inferring that low
HOME scores denoted “less optimal parental intellectual stimula-
tion”®” or “[low] quality of intellectual stimulation provided by the
mother.”%8

We captured the operationalization of the social comparator
variables by tracking how authors measured these variables and
their coding schemes for race and ethnicity. As shown in Table S8,
similar proportions of publications did not provide details on how
race (43% or 71 of 165 publications that used a race variable) or
ethnicity (47% or 63 of 135 articles that included ethnicity) were
ascertained (“unclear or not stated”) as the proportion stating that
self-classification—assessment through a closed-ended question
such as census questionnaire, birth records (although these might
be completed by a third party)—was used (45% for race and 47%
for ethnicity). SES was measured in a variety of ways (income, pa-
rental education, poverty status, insurance) at the individual, fam-
ily, and area level. Papers often used more than one SES variable in
their analyses. Measurement of SES variables was less likely to be
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status.

“unclear or not stated”” as compared with race and ethnicity varia-
bles. Use of the other three comparator variables (HOME scores,
adversity indices, and language) always had details on how they
were measured.

We identified 179 coding schemes and nearly 29% were
strictly racial, whereas the most frequently observed ethnic cod-
ing was Hispanic/Latino (Table 1). However, vastly more articles
used ethnoracial coding schemes (110 of 179 coding schemes or
62%)—meaning combined or conflated racial and ethnic data—
such as “Black, Hispanic/Latino, White, and other” or “Black,
Dominican.” Recent articles were more likely to include Asian
and Native American populations than articles published in the
earlier decades. In addition, more recent articles (data not shown)
were more likely to distinguish between Black and White non-
Hispanic and Hispanic study participants and to include coding
for participants who identified as more than one race. But these
observations represent a small proportion of the coding schemes
from the articles in this review. This suggests that certain popula-
tion groups and communities may be understudied for harms
associated with neurotoxicant exposures.

Exposure and Outcome Disparities

Thirty-nine percent of studies (84 of 218 studies) provided data
on the distribution of pollutant exposure and 41% (90 of 218
studies) provided data on the health outcome disparity at baseline
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(Table S9). Among studies that presented exposures by sociode-
mographic and socioeconomic comparators, greater Pb exposures
were found among low-income and Black children®+%°=78; higher
ambient AP was found in predominantly non-White and low-
income communities®®7°-88; children in households with lower
incomes, or of mothers who were non-White or with less than a
high school education were more likely to have significantly
higher PBDE levels®’%%; Phth metabolite concentrations were
higher among non-White mothers®!-?*!; and Black and Hispanic
children were exposed to higher levels of OPs 57:92-97

Evidence of Effect Modification and/or Interaction

Seventy-four of 218 studies (or 34%) included evaluations of
effect modification or interactions between the exemplar pol-
lutants and sociodemographic or socioeconomic comparators
(Tables 2-8). Fifty-three of the 74 studies (or 72%) reported het-
erogeneity in the effects. However only 18 studies of these 53
studies (or 34%) used formal tests of heterogeneity (e.g., Wald
test, chi-square, Cochran’s Q or conducted regression analysis
using interaction terms). Among the 43 studies that conducted
assessment for interaction, only 5 presented results with scale
(mostly multiplicative). For Pb exposures, significantly more
studies examined interaction compared with effect modification
(stratified analyses). This is distinct from the ambient AP and OP
studies, which overwhelmingly examined effect modification
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Table 1. Most common racial, ethnic, and ethnoracial coding schemes,
1974-2022.

Coding scheme (total publications

with racial/ethnic coding, N =179) n Percentage of total (%)
Racial 51 28.5
African American/Black 11 6.1
Black, White 17 9.5
Black, White, other 7 3.9
Ethnic 18 10.1
Hispanic/Latino 14 7.8
Ethnoracial 110 61.5
Black, Dominican 18 10.1
Black, Hispanic/Latino, other, White 15 8.4
Black, Hispanic/Latino, White 11 6.1
Hispanic-Latino, non-Hispanic black, 8 4.5

non-Hispanic white, other

Note: Coding schemes that represent >3% of all coding schemes.

instead of interaction using regression and cross-product terms.
Cognitive outcomes were the most frequently assessed outcomes
for interaction or effect modification (47 studies) followed by be-
havioral/psychological (34 studies), birth anomalies (5 studies),
motor (4 studies), and other physical outcome (1 study). SES was
the most frequently used strata/comparator for effect modification
or interaction (46 studies or 62%) followed by race (27 studies or
37%), ethnicity (16 studies or 22%), adversity indices (12 studies
or 16%), geography (5 studies or 7%), HOME scores (3 studies or
4%), and language (3 studies or 4%). Many articles used more
than one comparator/strata for effect modification or interaction
analysis. A majority of studies that found heterogeneity by SES—
income strata reported stronger associations between exposure
and outcome for lower SES groups (25 of 31 studies, or 81%).
For example, McGuinn et al. observed “suggestive evidence of a
stronger association between PM, 5 (fine particulate matter; PM
<2.5 pm in aerodynamic diameter) exposure in the first year of
life and autism spectrum disorder (ASD) for those living in more
deprived neighborhoods.”!%3 Some authors reported statistically
significant heterogeneity among strata without explicitly noting
which groups had higher vs. lower associations, and a few papers
reported trends that were inconsistent with expected outcomes
(e.g., “Besides differing from most other Pb study samples in
terms of the prevalence of socioeconomically advantaged fami-
lies, our sample also does not reflect, in the period between birth
and 24 months, the inverse association usually noted between
children’s Pb exposure and social class”!1®).

A majority of papers that used interaction or effect modification
to examine race found heterogeneity by racial group (19 of 27 stud-
ies or 70%). Twelve of these 19 studies or 63% reported stronger
associations between exposure and outcome for racially minori-
tized groups. For example, Evens et al. noted “[these] models also
indicated significant interaction between race/ethnicity and blood
Pb for non-Hispanic black children compared with non-Hispanic
white children.””® Similar to analyses using SES, some authors
reported statistically significant heterogeneity among strata with-
out explicitly noting which groups had higher vs. lower associa-
tions, and a few papers reported trends that were inconsistent with
expected outcomes (e.g., “Control of race by stratification demon-
strated a lead effect within both black and white strata, and dis-
closed an increased effect size for lead in white subjects.”!3%)
There were other unexpected results where the direction of
enhanced effects was reported among higher-income or White
mothers.®! Some scholars have advanced the idea of “satura-
tion”!4° among minority populations to explain such unexpected
results. But as far as we can tell, this theory has not been rigorously
tested, and, given the poor treatment of the race variable by epide-
miology generally, we are not yet convinced.
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Data Visualization

Characteristics and findings from the articles included in this
scoping review are also available in an interactive format using
Tableau. See https://public.tableau.com/app/profile/project.tendr/
viz/HealthDisparitiesScopingReview/heatmap_dash?publish=yes
and description in Figure S2. We created a data visualization tool
to supplement the manuscript, allowing readers to interact with
and quickly find articles included in the scoping review that align
with their questions, interests, and areas of expertise. The Tableau
tool provides links to all of the included articles in the scoping
review. The data in the heat maps, the selectable article links, the
exposure—outcome relationship descriptor, and the effect modifica-
tion/interaction count visualization are automatically filtered by
pollutant type using the selection buttons at the top. The counts in
the heat map report the number of studies for the combination of
outcome and disparity comparator based on any pollutant selec-
tions. The heat map cells may also be used to further narrow the ex-
posure—outcome relationship counts, the effect modification and
interaction counts, and the article links. Some articles included
multiple pollutants, comparators, or outcomes, and so there may be
multiple studies within some articles that are reflected in the
counts. Links to pollutant-specific Tableau views are provided in
each of the pollutant summary sections. All of the data that is
reflected in the Tableau tool may be downloaded by clicking on the
download icon on the upper righthand side of the tool.

Pollutant-Specific Results

Given the diversity in study design and outcomes measured, we
summarize below the findings on neurodevelopmental disparities
for each of the seven exemplar neurotoxic pollutants and the stud-
ies that addressed multiple pollutant exposures. We follow guid-
ance by Ward et al. and report on group-specific differences in
outcome prevalence, and exposure prevalence and whether the
relationship between the exposure and outcome differ between
groups for each pollutant category, to the extent possible.® Given
that an overview of how studies conceptualized and operational-
ized comparator terms is provided earlier, we do not address this
here under the pollutant-specific results.

Ambient AP. Overview. We found 69 investigations of AP
exposures and neurodevelopment, including 52 (or 24% of
218 studies) on outdoor ambient AP and 17 (or 8% of 218
studies) of environmental tobacco smoke exposures (ETS)
(Excel Tables S1 and S2 and the AP-specific view in Tableau
at https://public.tableau.com/shared/J9K649DDQ?:display_
count=né&:origin=viz_share_link). Twenty-six of the ambi-
ent air pollution-related articles (or 50%) reported adverse
effects29-36-81,83-85.87.99.104,107-109.150-162, 24 (or 46%) reported
mixed results,26:63.79.82.86.88.98.100-103.105.106.110.112.163-171 4] there
were 2 (or 4%) with null findings.!'""'7? Traffic exposures were
associated with neural tube defects (NTDs)!® and ASD,'® early
life exposure to PM, s was associated with intelligence quotient
(IQ) loss,” and polycyclic aromatic hydrocarbon (PAH) expo-
sures were associated with lower cognitive test scores?” and with
psychiatric symptoms in school-age children.!%® Exposures to am-
bient PM, 5 among children was found to be associated with pedi-
atric psychiatric emergency department (ED) utilization.”® ETS
exposure was associated with greater neurodevelopmental impair-
ment in 10 studies, 114116173178 with mixed findings in 6 stud-
ies, 24 117:179-182 and null associations observed in 1 study.'8?

Disparities in exposures and outcomes. Twenty-one of the
ambient AP studies (or 40% of 52) and 8 of the ETS studies (or
47% of 17) included comparison of exposures by sociodemo-
graphic and/or socioeconomic characteristics. Except for 1 study
on PM <10 pm in aerodynamic diameter (PM(),!%” exposures
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among women with a household income of

likely than control-women to have a urinary Hg

between urinary Hg levels and NTD risk among
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the highest socioeconomic group in the study.
Among women with household incomes

Description of EM or interaction results
Authors reported they observed a strong association
of >5.62

Statistical test for
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<$10,001 and an OR of 1.2 among women with a
household income of between $15,000 and

$25,000. CIs were not reported for these other

income strata.
No significant interactions with the sociodemo-

NA NA

Non-Hispanic white children scored Unclear

SES Did not present.

EM

Orenstein et al.!3*

graphic variables (maternal IQ, prenatal smoking,

higher on the WRAML than

children of other races or

ethnicities.

parental education, household income, breastfeed-
ing) were observed with PCBs. Quantitative

results were not presented.

Note: CI, confidence interval; Hg, mercury; IQ, intelligence quotient; N, no; NA, not applicable; NHANES, National Health and Nutrition Examination Survey; NTDs, neural tube defects; OR, odds ratio; PCBs, polychlorinated biphenyls; SES,

socioeconomic status; WRAML, Wide Range Assessment of Memory and Learning; Y, yes.
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were higher in study populations identified as low-income and
predominantly racial and ethnic minority populations®®79-88 For
example, in Mohai et al., 44.4% of White schoolchildren in
Michigan attended schools located in the highest 10th decile AP
category, in comparison with 81.5% of African American and
62.1% of Hispanic schoolchildren.>® Disparities in prenatal and
child ETS exposure?*63:116:176.183 followed similar patterns as
ambient AP.

Only 19 of the AP studies (or 37% of 52) also included a
descriptive statistical analysis of disparities in outcomes. Most
articles showed worse outcomes among low-income and minority
children. Examples include increased risk of kindergarten grade
retention and poverty'!>; higher NTDs and mothers who were
Hispanic, had a lower education level, or had a lower household
income®®; delinquent behavior and African American and lower
SES households®7; higher absentee rates in households below the
poverty line!®%; lower grade point averages and qualifying for
free or reduced lunch®; and higher rate of adjudications per
10,000 and the number and percentage of African Americans in a
population.®® Seven of the ETS studies (or 41% of 17) presented
data on the disparities in outcomes at baseline. For example,
maternal material hardship was associated with worse neurodeve-
lopmental outcomes.?*!77

Evidence of effect modification or interaction. Nineteen (or
37% of 52) of the ambient AP studies included an investigation
of effect modification, 3 (or 6%) examined interaction and 3 stud-
ies (or 6%) presented results for both (Table 2). The impacts of
AP exposures on juvenile delinquent behavior was stronger in
families with psychosocial adversities,?” associated with worse
scores on the Wide Range Assessment of Memory and Learning,
2nd ed. assessment (WRAML2), among Hispanic and Black
boys with exposure to high prenatal stress,'*" associated with
more adverse Performance IQ scores among children from fami-
lies with low SES,® and had stronger association with ASD for
those living in high- rather than moderate- or low-deprivation
neighborhoods.!®> Confidence in these associations were bol-
stered with statistically significant interaction terms reported by
authors. Other studies that evaluated interactions between PAH
exposures, as measured by cord PAH-DNA adducts, and compar-
ator variables found that joint exposure with material hardship
resulted in reduced 1Q?® and multiple ADHD symptom scores
(more symptoms),®> whereas there was no evidence of interaction
between AP and ethnicity (defined by authors as Black and
Dominican) impacting 1Q.'%°

Among the studies with analyses on effect modification, all but
two reported significant differences in effects by race, ethnicity, or
SES. One of the few studies that included Asian populations, Al-
Hamdan et al., reported effect modification by race/ethnicity was
significant only for Asian populations exposed to unhealthy air
quality [as measured by air quality index (AQI)] for ASD outcomes
[odds ratio (OR) =2.96; 95% confidence interval (CI): 1.11, 7.88]
as opposed to Hispanic populations (OR =1.308; 95% CI: 0.607,
2.820), Black populations (OR =1.398; 95% CI: 0.827, 2.364),
and White populations (OR=1.219; 95% CI: 0.760, 1.954).%%
Maternal age and race/ethnicity was a significant modifier for
proximity to Toxic Release Inventory (TRI) sites with chemical
emissions and NTDs, but was significant only for mothers >35
years of age and for non-Hispanic white mothers.!!? SES status
was a significant modifier for fine particle exposures and lower
1Qs, and this was stronger with the Performance 1Q results.3
However, formal tests of heterogeneity were not performed by
these authors for any of these studies. Investigations of effect
modification with formal tests included findings that neighbor-
hood SES was a significant modifier for effects of exposures to
criteria pollutants on NTD,!?7 early life stress magnified the

131(9) September 2023



*K1oanoadsar sjoe yuanburjap jo Kouanb
-1 o) pue ‘A[oanoadsar s1oe yuenburfop jo sed£) anbrun jo requinu
31 10q 10J SFOV MO[ Yim asoy) Fuowr A[uo asn esoydA[s pue
SOJLIAAIONYD YIIm Y[ PAILAJJO PIAIISO SIOYINE ‘A[ISIOAUO)) “SIO8
juanburyap jo Aousnbaiy pue s1ow Juanburap jo sad4) anbrun jo sarer
10USIY (1M PAIBIDOSSE SEM ST UOTYIR[RW STV YSIY (im 9soy) Suowry
‘pooypnpe Sunok ur sioiaeyeq juanburjop pue Suryel-ysu uo SgOV
M Passasse AJISIOAPE pooyp[Iyd pue asn apronsad oy Kyurxord

Tenuapisal [ejeudld Uaam)aq SUONIBIDUI JO SOUIPIAD ANI] SBM AL, 1501 axenbs-1y) X VN 1uesad jou piq 1uoesad Jou piq xopuy A)ISIOAPY WA
“Rylo
‘s[opoul pajsn(pe ajeLRAnNW ora Jo (IS T UIIM [[]
Ul X3S 10§ 71" = "OWHNId Jr X pue 908l 10J 9’ () = "orHNd gqq g sjuedronued yoerg pue
QuoAtsuodsar [e100s 10100d Yim pojeroosse sem JgAX ‘syuedronied owedsiy QYA 10] S[OAD] UBOW
ur aseaIdul pioj-0 yoes ‘syuedronted yoeq Suowry xas Aq pue adel pue YA SA Yor[g y3noye ‘gqq ewsis
£q sN02U2S012)0Y 21oM SUOTIBID0SSE S[POW Pajsn(pe deLreAnnu ur Ul SO100S SYS UBaW JO S[AQ Ul AJ[IqeLIeA
‘$91008 S PUB SJO UIMIAq UONRId0SSE ou pajtodar sioyine ySnoyly VN N VN 10ySI1y POAIdSqO SIOYINY arow pey syuedonred yoerg 0y qog
*(UMOys Jou eiep) AJIOTUI)9/208r
£Qq SN09UAF01219Y 10U IIM SIALWNSI 109JJ9 ‘T-AISH YUOW-H7 Y1 1Y
‘sdnois arjoqeiowr
Ay Jo Aue 10J A)IOTULIO/A9BI [IIM UOTORIAUI OU PUB PUNOJ SEM [[B
-IOAO SYIUOW 7T 18 [(Id oY) pue SAI[oqeIdw JO udamiaq diysuone[or
ou ‘[(1d 104 JAN I-AIS ] WUOW-T | PUE S[OAJ] JOYIEWOIq JO [BIeUdId
*Kyroruy)a
/90e1 0) SUIPIOIOE SAIBWINSI 109JJ0 JHX Ul punoy sem K)1oua5oI1a)ay oN
“UAIP[IYO ANMYAN Suowre
$21008 [(JIAL 1912q [IIM PAIRIOOSSE 21oM saInsodxa TaySTy 1ety 20N
100°0> = "OmHAd {(g0°g
T80 11D %S6) SH H(90' 1= 19°S— 11D %S6) se'e— =¢ *'30T1dINa
790 =" (L8
QI'E= 1D %S6) 98°0 (SE'T ‘00 €~ 11D %S6) £€°0— =4 *'SoT1daa
1000 =" ‘988
69°0 1D %S6) LL'Y {(0L°0~ “88°S— 11D %S6) 6T€— =¢ *'SoTdva “parodar arom
novIRNL] (1) 9,66) uraw paysnipe $109lqns Apms oy (1D %S6) Ayroruyio/eoer £q sedudray
Ipe zuuo_.n_zm %ﬂ:«z i:mn— TH/AdR[g 9[1119) pue IaxIeworqg 4O =J1p JuedlL _:m_ rﬂvp—:mmvE
AN TI-AIS I YPUOW-Z| PUB S[AA] JONIBWOIq JO [BIRUI] VN N 1uoasaid Jou piq SANOQEIAW € A} JO T 10 Kyrotuye 90wy pog
ST0 =dNAz “'307
60 =ddag 5o
81°0 =dvag 501
1dd puow-$g
200 =dNag "'307
090 =dddzx *'501
900 =dvax *'So *SANIUNWWOd
AN yuow-g IjIomuLiey woly
:san[eA-d UondeIUI JO—ANOIUYIo R0y 110702 ouner] & Ajurewr
‘syuedronred oruedsiy SESODVINVHD 'SH0Y0d
Suowre uoneroosse oAneSou Suons oy Aq udALIp 92150p oSIe| B $S010® Te[IuIs A[irey
01 sem sy ySnompre (010~ *L9°7— 1D %S6 6€' T-=¢ dVAR) 2Ane “a)s Apmys QI0M SUONNQLNSIP NS
-Sou [[s sem uonerosse pajood [[e1aA0 ) ‘sdnoid oruiyIo/[eIoRT SSOIOY VN SODVINVHD Y snyy -0dxa JAQT Ay searym
(16°0- “LL €= 11D %S6 *$€T-=¢ dNAR TI 1= IL 1D P T PIM IS~ pue Kyoruyo druedsiy ‘SHOYO00 IO [[B Ul Uy
%$6 *16'C-=9 dVAR) dINAX PUt dVX 10j swuedronied swedsiy ue Sutsn 00> d £q uaAup AjaSre| 10402 SODVINVHD
Suowre punoj suonerdosse aanesau 1s95uons ay) I (A[pAn 1e JuROLIUSIS 9q 01 pUNOJ seMm $31008 oy ur oysiy Ajpen
-oadsar ‘70’0 = d pue 9’ = d) Koruyeeoel Aq [N AU} YIm suon 2 0) SUOTORIAUL 1Ad pue [N Yy uo -Up)SqNS 2I9M SUONRIUD
-BI00SSE JINAX PUB JVAR ) Ul K110u25012)9Y JUed1jIuss sem a1y, [[e PIOPISUOD DA\ X Teapoun dO Pu® 20vI JO UONORINU] -u0d JINAX PUB VAR IND Kyrotuye ovy pog
$)[NSAI UONIBINUI 10 AF Jo uonduasaq (pasn J1) (N/A) {INF ut uonorIUI ourjaseq e Ajred Kedsip Jojeredwo)) uonoeiaut
N ur Kyouadoraloy Krouagoray aanesrdnnu -SIp dwoNo Jo uondrosaq amsodxa jo uonduosaq 10 (INE)
10J 189) [RONISIIRIS 10§ 159) [BULIO *SA QADIPpE uonedyIpowr
passassy 0apg

‘(41 = #) UONOBINUI PUB UONEDIJIPOW 109JJ0 10J SUONRSNSIAUL (PIM sarpn)s sopronsad ojeydsoydoursio jo Arewwing *g qe ],

131(9) September 2023

096001-17

Environmental Health Perspectives



JULOTUSIS 919M SUOU ‘[dPOU [N ) Ul sa[qeLIeA dryderSowaporoos
s amsodxa sojukdIo[yo usamiaq SuLId) UONOLIdUI SUNSI) UAYM JOAIMOH
. ToA9] 21n50dXa JO SSApIETaI $100S
UBAU JOMO[ SUTARY UIP[IYD UBDIUTIIO( (I “QUIT) JOAO PISBAIOUT
sdno1s om) 2} JO $109s [ UL ) UIIMIDQ OUIJJIP A}
ey Ul ‘AIOTUYS JO 193JJ2 AY) UL W) I9AO IFURYD JUBDLJIUTIS B OS[B SBA
oy [, "syutod ouwir) [ENPIATPUT OY) JB S[NSAI YIIM JUAISISUOD ‘SAI00S (A
uo (g0’ = d) $21098 INOH PUe (100°0 = d) 20v1 §10q JO §103JJ2 193
-qns-uIyIIm JURdLTUSIS edIpul pIp sisA[eue IO [9y1],, pajou sioyine
oy ‘uontppe uf(sutod £8°98 sa siutod £1°¢g) syurod ¢> Apysis
SEM JIOLJOP O} WOYM I0J ‘UIP[IYD URIIUTWO(] J0J JUBDIFIUSIS JOU SEM
nq ‘(syutod 186 A swutod /°88) siutod g Jo 1I91Jap B YIIM ‘UIP[IYD
Yor[g 10§ (0" > d) JuedIUSIS SEA S2I09S [(A] U0 199JJ9 sojukdiofyo
L (surod ¢1°66 "sA siutod G6'g6) siutod g ~ Sem JITJap A “aIns
-0dxo MO "SA YTy (1M UIp[Iyd uedrurwoq Suowry “(syurod 7z 01
sasyutod /(26) sutod £ ~ sem31o1jop oY) ‘arnsodxo moj 'sa ySiy yim
uaIp[Iyd yoeg Suowe ‘Areayadg “sdnois LAyoruyio/edes Y1oq ur [oA9]
G009 18 JUROLIUSIS SM S21095 J(IJ U0 199JJ9 SoJLIAdIO[YD as19ApE A,
‘Suruoseay [enydedrod pue
dd1DAd pue g g usamiaq sdiysuone[ar ay) Jo UonedIpow 199559
15978213 AU} (I PIIRIOOSSE ST UONEALIAOP POOYIOqUSIoU Ul 9seaIoul
AT UE By PaAIRSqo os[e s1oyny “Suruoseay] [emdodrad pue OIS
y10q pue JHJd U99m1oq UONRIDOSSE A} 10J JBUINSI JOIJJ PIsLaIoul
IOULINJ B YIIM PAJBIOOSSE SEAM SWOIUT PIOYasnoy JO 000 00T $ JO dseatour uy
(F9°0— "SI €= 1D %5668 1~ 'J = dHd ‘8T 0~
69'T— 1D %56 81— g = (dd1Dad) dreydsoyd-(j&dord-g-ororyorp
- DSIATS0— ST IO %86 € 1— 3 = dHDE) UONEINPa JO [9A]
1S2MO[ A} (IM SISYIOW JO UIP[IYD UT SAN[OQRIAUW HJO) ATeuLin 221y} [[e
)M PaIRIdOSSE APUBDIJIUTIS OS[E S 9BOSqNS UoIsuayaIdwo)) [eqIdA Y],
(80°0— “LLT— TD %S6 *€6°0— *g) uOnLONpPa SSI[ (i
SIDYIOW JO UAIP[IYO UL OS:] Y1 PARIOSSL A[pA1RSIU OS[E Sem (JHOE)
areydsoyd-Ayiao0fyo-g-siq Areutin) *(+9:0— ‘98°7— 110 %$6) (dHAQ)
deydsoyd-jAusydip Areutin ur asearour J1un-So[ Yora 10J 2109s O] Jomo|
jutod-G/* | & pey uoneonpa Jo [9AA] SOMO] A} YIIM SISYIOW JO UIP[IYD)
*K1owopy Suryiopy pue ‘Suruoseay [emdooiod ‘uorsuayarduio)
[2QI9A ‘OIS PUE SA[OqeIall FJO ATRULIN UM19q SUOT)
-BI00SSE ) 10] ANOIUYI9/08] £Q UOHEDLJIPOW 1991Jd PIAIISQO SIOYINY

1uawdoaadpomau pue sojAdIo[yd usem1aq uoneIosse ay) AJipou
Apueoryiugis jou pip Aoaod pooyroquSiou eyl papn[ouod sIoyiny
“uone[ndod sty ut (70 =d) [AN 10 ("0 =d) [Ad IUBIUSIS
jou a19m 21nsodxa sojuAdio[yd—A119a0d pooyI0qySION SULIS) UONORIIUL
“10daI-INOK puk -[RUINLW SSOIE JUDISIS
-U0D QIOM SI[NSAI (SHDVY Aq PIIJIPOW dIOM UOTYIR[EW (1M SUOTRID
-osse Auo ‘swapqoid Surzieuraiut 10, SOV £q 9ouddsajope FuLinp
swapqoid [euonowa pue [eIoIABYdq payiodal-yInok pue -[eurojew
pue KoueuSord Surmp sowoy [eurjew reau osn apronsad [eInymor
-3k U99M)3( SUOTIBIDOSSE JO UONE:

PO JO 9OUIPIAD NI PIAIISGO I
‘Krowow Suryiom pue armsodxe 440 ereuard usamioeq diysuonejar ayy
KJTpour 10U $20P JUSWIUOIIAUD dwoy dy) jo Ayifenb oy jey) SunsaSsns
90URINIINN] [RIUAIR 10 JRLIBAOD © SB 21008 FINOH [P0, 19}
-10 Sursn JuawuoIiAud awoy ay) jo Kyrjenb oy pue sojuAdio[yd 0y ains
-odxa ereuard usamiag uondEIAIUI UL 199)op Jou pIp Kty 1odar sroyiny

VN

VN

VN

VN

VN

VN Teapoun

N Teapoun

VN Ted[OUn)

*ApualSISuU0d uaIp

-[1YO UBOTUTWO(] PAIOOS
-INO UAIP[IYO Yor[g "o5e
JO SYIUOW 9¢ Je SAI00S
10431y PaIods $1008
HINOH outy yim

-amsodxd

Y31y pey uowom
uedtutwiod Jo %6'v1 pue
uswom Joelg Jo % T
ey ut ‘arnsodxa sojukd
-IO[U JO UONNQLISIP A}
UT SOURIRJJIP AIoTuylo

SOWIOY UT PIAT] OYM UIP[IYD) /29RI JUBDIJTUSTS A1oM 1Y ],

9uesaxd jou piq 9uasaxd jou piq
(90°0= ‘%€
Q0UAIRJJIp Ueawr) K1roaod
QIOUI (IA SBATE UT OAT]
01 papuo) (8/3d £ 19 ueyy
1918213) SUONENUIOUOD
9[QPI0AP JO I[N} IS
-ysiy oy ‘amsodxa soyukd

1uasaxd jou pIq -1I0TY2 yS1y i syuedronaeg

1uasaid jou piq 1uasaid jou piq

1uasaid Jou piIq 1uasaid Jou piq

BEN

“Kydruye ‘ooey qog 6 T2 10 yney

Xapuy
KISIOApY

‘SHS ‘oovy e 6e1' T2 10 Ko10g

SAS uonorINU[ ¢6'T8 10 1SBAOT

xopuy A)ISIAPY WA g¢1°T8 19 pURlAH

HINOH uonoRIAUL L¢1°T8 19 UOLOH

S)[NSa1 uonorIANUI 10 NF Jo uonduosaq

(pasn 1)
A ut fireusafornay
10 189) [RINISHIRIS

(N/A) {INF ut
Kirouagorarey
J10J 189) [ewLIO

uonorIUI

aanesrdnnu
*SA dATIppR
Ppossassy

ourjaseq e Ajred
-SIp awooIno jo uonduosaq

Kedsip
amsodxa jo uonduosaq

J0jeredwo)) {uonoroul Apmg
10 ()
uonedyIpowr

19159

(panunuo)) *g dqe,

131(9) September 2023

096001-18

Environmental Health Perspectives



sak ‘X ‘soreyd

-soyd[AyIaIp 2101 ‘ JHAX 9[BIS SSAUIAISUOASIY [BIOOS ‘SYS (SNILIS OIWOUOIION0S ‘SHS UONBIAID PIBPURIS ‘(S SYSH SANB[I Y xopu] 1uawdo[aAd(] 1010WOYdAsd ‘T(d ‘U0qIed0IpAy onewore o[okok[od ‘Hy( 19159 areydsoydouesio ‘440
opronsad aeydsoydouesio ‘JO ‘dqedrjdde j1ou ‘yN ‘ou ‘N xopu] Juswdo[osd [RIUSIA ‘TN ‘01T )kl 20udpIduUl Y] ‘Suel s[nrenbiajur YOI Iuenonb aouddifaiur ‘O (A10JUSAUT) JUSWUOIAUH Y} JO JUSWINSBIA I0J UONBAIISGQ SWOH
‘INOH ‘UBdW JL1joWoas ‘D {[opow Ieaul] paziferouad ‘N0 uanonb soudSifiojur opess-[ng ‘OIS einsodxa aows 0098qo) [BIUAWUOIAUL ‘S 1H oreydsoydiAyiowp ‘N ‘wopaaiy jo saa13ap ‘Jp ‘aereyyd [Ayparp ‘qgq tereydsoydiAyrerp
‘dVd [AIAIUL 9OUIPLUOD ‘[ ‘SBUI[RS JO UIP[IYD PUB SISYIOJA JO JUSWISSISSY YI[BIH dY) 0] INUd) ‘SODVINVHD udwdo[aad(g uejuy Jo sa[eos Ad[Aeq ‘qISd :IopIosip wnnodds wsnne ‘qSV saouaLadxyg pooyp[iy) 9SI9APY ‘SHOV 910N

“19)SOWIL)
puodas ur diysprey [eURUL YNM (SL'9 “PE°T [ID %S6) 10°€ Pue N0
QI (92T €T 1D %$6) €6'T = YO ‘drysprey [eroueury £q payynens
uoneosidde go 01 Amwrxoxd [enuapisalr 10y YO “diysprey [eroueu

-1J [eurdjewn \mﬁ— payjipow SV pue JO 01 amsodxa uaamieq m:—m:O:N—ON_ VN N VN
(€170 ="wid) OIS
10J JUROYIUSIS SBM X3S P[IYO PUB ‘UONLIUIIU0D JY( [#10) ‘KIISIOAPR
[210) U9MIAQ UOTORIAUIL AU, ([ ]"( = "OP™NId) KIOWSIA SUDNIOA
pue ‘(g1°0 = "owHd)Juruosesy remdasiad (610 = "OHRNId)
uoIsuayaIdwo)) [BqIa A 10] JUBDLJIUSIS SBAM X3S P[IYO
PuUR ‘UOTIRNUADUOD JV (] [BIO0) ‘SIUIAD JJI[ [NJSSAIS UIM]Q UOTIOR
-1)ut oYL, (900 = ") OISA pur (0170 = ") Sutuoseay
remdaoiag 10y JuediIuSIS SEM XIS P[IYD PUL ‘UONENUIUOD

dvd o1 ‘digsuonejar priyo—juared ur L)ISIOAPE U0IM)Aq UONORIAIU]

(81°0=4d L'z~ =¢) uonounyskp Ajruey
1018913 Im pue (G190 =d ‘'z — =¢) JUSWUOIAUS SUILIRS] JIAY) Ul
ANs10ApE 101813 YIIM UAIP[IYD Suowe 1o3uons st paadg Suissaoold
pue sqy usomiaq digsuonefar ayy, (60'0=4 ‘9'¢ — =¢)
KIISIOAPE [210) 1)LAI3 IIM UIP[IYd Suowe pue (¢ g=d

“drysprey [eroueu

-1J M sIdyjowr Suowe

saseo Surdojaaap A[ed
-1dK) 'sa @SV ut saouaraIq

quasaid Jou piq sAas WA Z1z0MIRY,

‘87— =¢) Kis10Ape 1918213 pasuaLIddxe JARY SIAYIOW ASOYM
uIp[IYd Suowe 123uons S uoisuayaIdwo)) [eqIdA pue sqy( [210)
[euralew uoamiaq diysuonefar oy ‘1oy1aso) SIS pue skoq SuLpisuo) VN N Teapoun) 1uasaxd jou piq uesaid jou piq xopuj A)ISIOAPY yog epr [ 19 UG
(0 = vomrg
T6'T 90T IO %S6 “9L'T =SHMOIIYIL 'SA S¥'1 ‘9€°0
1D %S6 TL°0=SADVYSIYIAI) paroadxe ueyy uonosaxp aysoddo ayy
ur ySnoye ‘soe Kouonburfop Jo SJunod 10y sem SUONENUIU0D JV
Tereuald Yirm pajeIoosse SOUIRJJIP JurdLIUSIS A[[Ronsnels AJuo ayf,
(0€°0= """ 18T 69°0 (1D %S6 “6€ 1 = SHOVMOIIHI “paystroaodut
SATO9 “L0°T (1D %S6 *€S'T= SHOVUSIYAYI) ostoaidur SSI[ pue “pajeanpa a1ow
urese 219m 1nQ ‘SIAUNOOUD 391[0d JO SIUNOD 10 PUNOJ 1M SIOURIJJI ‘S9IBIS PAIIUN dY) UI UIoq
(g0 = "ommaNLd) JuedIuSIS A[[RONSHIRIS 10U SBM 90UDIJJIP jou ‘105unok arom oym
AU} pue 9pIm 1M SID INQ (09°E ‘SS°0 {1 %S6 1 1 = A¥) $2100S K g< samg payun s1oylow Suowre 1ySiy
IV MO PIM 3S0Y) “SA ($6°9 “S6°0 1D %S6 67T = U¥) $2109s Ay ul SUIAI] 219M oYM ApySirs a1om ‘suon
ADV YSIY [PIM 3501} 10] SUOBNUIIUOD JV( YIIM UONRIOSSE UL P SIOIOW UI0g-'§ N—uou -BIU2IU0D JY( [210)
0¢ 1sed o ut aunostu Fuidea/Sunjows 1oj ysu 1Yy APYSI[s sem a1y, 0] U10q 2501 Fuowe uow [eIRUD1] 91008 AJISIOA
*KNISIOAPE POOYPIIYD 10 X3s Aq SIOTARY2Q YSI pue amsodxa ap1d -Wwod 2I0W 2q 0} Punoj -pe mo[ Jo ySiy £q aIms
-nsad JO U29M)2q SUOTIBIDOSSE UT SOOUSIDJJIP JUASISUOD OU 2I9M IS, 1891 PlEM A VN Q19M SIOTARYAQ ANSLI (INO X -0dXa JO UT 20UAIFJIP ON XapuJ A)ISIaAPY yog 2418 12 AISES
‘proysary Koaod
Ay} 9A0QE SP[OYISNOY Ul ASOY) U Jou Inq pjoysary) A12a0d ay) mofaq
10 JE SP[OYASNOY Ut UIP[IYd Fuowe (0 — 'L~ 1D %S6 ‘8¢ — =¢)
AIowdN Sunpop pue (1°0 = “L'8= 11D %86 ¥’y — =¢) Sutuoseay
remdodrod “($'0 — ‘0L~ IO %S6 ‘8¢ — =¢) OIS pue asn apronsad
Tewrxoxd jo 9[naenb 1saySIy oY) ul SUIAT] U9OMIOQ SUONRIDOSSE JAT)
-eSou jueoijuSis A[[eonsnels poarasqo Koy Jey) papnjouod [[1s ng -98e Jo s1eak ¢
‘(70 < d) yueorjuSts A[[eONSILIS dIoM SULIY) UOTIORIAIUI ) JO dUOU 18 pooyioqusiou SHS *Kyonod
Jer) pariodar sIOINY "SRLILAOD 110 pue A112a0d ployasnoy 1oy 159yS1y "SA MO] B ul Sut PpIoyasnoy pue pooy
Surfjonuod afiym Auaaod pooyroqusSiou jo senienb [eurpio pue asn -AT[ USIP[IYO Ul paInseaut -10quS1oU YJIM PAJRIOSSE
apronsad jo sanaenb [euIpIo 9Y) 10J WD) UONOBIDUI UR PABAID SIOYINY VN N VN 521008 OS] PaseaIdaq st asn apronsad [ewrxoid N yog 1118 19 2m0y
‘(Hvd pue S14) pouad [ereuaid oy SuLinp pamseaw
samnsodxo [eorwayd 19Y)o Y} SuIpnour ‘sajeLIRA0d [euly 1o [enudjod SAS
Ay Jo Aue pue JqD U99M1AQ SUOTIORIAUI JUBDIJIUFIS OU PUnoj sioyny VN VN Teapoun 1uasaid jou piq 1uasaid jou piq VIGHUIERERIN | uonovIUL op1 T8 19 yney
$)[NSa1 uondRIANUI I0 NF Jo uondusaq (pasn J1) (N/A) (INF Ut uonorIUI qurpaseq e Aired Kredsip 10jeredwo) juonoriayur Apmg
A ut Kireusforaay Krouagoreley aanedrdnnu -SIp AWooINo Jo uondLasaq amsodxa jo uonduasaq 10 (INE)
10§ 189) [BINISIIRIS 10 189) [BULIO,] *SA QADIPPE UonEdIJIpOW
ERCIC

(panuiuo)) *g dqeL

131(9) September 2023

096001-19

Environmental Health Perspectives



1

ET . 3 psychiatric effects of PAH exposures,'%® and neighborhood low

81284 Zzz English proficiency worsened cognitive test scores within the
s 9

gl ¢ ! 5258 low PAH exposure stratum.?’

2|8 8% 2 ;;’ g § 5 Five of the 17 studies (29%) of ETS exposure investigated

Q = .50 o 7 . . . . N .

E EE £ § ENE gai effect modification or interactions. All 5 studies reported interac-
5 g 2 i3855 ¢8¢8¢§ tions or effect modification between ETS and measures of health
fO O o O < = . . . . .
3|z R ‘ﬁg 53 disparity, including poverty,!'® race,!'*!!7 and material hard-
2|2 f sss:3E858¢ ship,?*!%4 on neurodevelopmental outcomes that included learn-

= £ % % £.85 B8 . . - .
2| & CER R ERE 2 ‘E ing disabilities,''® cognitive deficits,”*'8+ and ADHD.!!4!17
SleEsS££££5¢858¢% Pb exposure. Overview. Sixty-three studies examined the
8|z association between Pb exposure and child neurobehavioral

development, and 43 studies or 68% reported cognitive or

I
z3 3 behavioral deficits associated with Pb exposure, mainly meas-
g Eﬂg ured by blood Pb levels (BBLs), with the remaining having
2 % S|~ mixed (17 studies or 27%) or null findings (2 studies or
3 E L; 3%) (Excel Table S3 and the Pb exposure-specific view in

Tableau at https://public.tableau.com/shared/6H7Q76Q7M?:
display_count=né&:origin=viz_share_link). Prenatal and
postnatal exposure to Pb was related to reduced cognitive

EM? (Y/N)
NA

Formal test for
heterogeneity in

function 69741 18.119.123.126,13L172185-194.269 ttention,73124:190.195-197

verbal comprehension,'?! vocabulary development,'?! and aca-

demic achievement in reading and mathematics.”0-7>-120-187.198
22 Pb exposure in early life was also related to impaired execu-
g g 5 tive function,!”® hyperactivity,'® aggression and externalizing
gEE|e behavior,2%0-202 school suspension,’® delinquency,!3%-201:203.204,268
sEE|P and criminal behaviors.'?> The deficits in cognitive function
£ ¢ and behavior were observed at various BLLs, from Pb poison-

ing to levels below the most recent Centers for Disease Control
and Prevention (CDC) reference level of 3.5 pug/dL.25 No
threshold for Pb neurotoxicity in children has been identified.
Two studies examined lifelong effects of early Pb exposure and
found associations with firearm violence perpetration and vic-
timization?*® and criminal arrests!3? in late adolescence and
early adulthood.

Exposure and health outcome disparities. Factors including
race and ethnicity, parental educational achievement, poverty, and
parenting support were usually adjusted for in the investigation of
developmental neurotoxicity of Pb exposure. Pb exposure dispar-
ities by these factors are well documented.”? 144297 ess than half
of the Pb articles, 25 articles (40%), included comparison of Pb
exposures by sociodemographic and/or socioeconomic character-
istics, and a similar number included descriptive statistics on neu-
rodevelopmental outcomes under study. When provided, data
showed BBLs were highest in children who were Black,%+%%-78
spoke languages other than English or Spanish,”! from low-
income families and/or had other measures of lower SES (e.g.,
qualified for free/reduced lunch’?). In addition, exposure dispar-
ities were noted among children living in large families and in
deteriorated and crowded housing.'3¢ Minority and poor children
were more likely to have lower scores on cognitive® or educa-
tional assessments’ and higher prevalence of adverse outcomes,
such as ADHD diagnoses.!> In one study, a record of high BBLs
was related to school suspension by the fourth grade (OR =2.66;
95% CI: 2.12,3.32), which partially (23%) explained the difference
of suspension percentage between African American and White
school children.”®

Evidence of effect modification or interaction. Twenty-two
of the 63 studies (or 35%) on Pb exposure and child neurobehavior
and neurodevelopment examined effect modification or interactions
between Pb exposure and disparity comparators including poverty,
low parental education achievement, race, ethnicity, and parental
stress (Table 3). A majority of the 22 studies examined SES (15 stud-
ies or 68%) and race (12 studies or 55%) effects. Six of the 22 investi-
gations (or 27%) reported evidence of interaction; 3 studies (or 14%)
reported effect modification (but did not provide test for

baseline
(0.011 +1.17 cm/g) compared with

GM cephalization index was greater
White newborns 0.010 + 1.18 cm/g
with p <0.0001.

White newborns (34.23 + 1.07 cm)
for African American newborns

Description of outcome disparity at
than African American newborns
(33.24 + 1.06 cm) with p <0.0001.

Head circumference was bigger for

mothers. Quantitative results present
in a main table in publication, but

metabolites (p < 0.0001), except for
too long to present here.

Description of exposure disparity
urinary concentrations of all Phth
DEHP metabolites, than White

African American mothers had higher

Comparator
Race

Effect modification
(EM) or interaction?
Interaction

Note: DBP, dibutyl phthalate; DEHP, di(2-ethylhexyl) phthalate; GM, geometric mean; MBP, monobutyl phthalate; MBzP, monobenzyl phthalate; MEHP, mono (2-ethylhexyl) phthalate; MMP, mono-methyl phthalate; N, no; NA, not applica-

Table 6. Summary of phthalates studies with investigations for effect modification and interaction (n=1).
ble; Phth, phthalates; XDBP, total diethylphosphates; Y, yes.

Bloom et al.®!

Study
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Table 7. Summary of polychlorinated biphenyls studies with investigations for effect modification and interaction (n=1).

Statistical test

Effect modifi- Description of Assessed additive  Formal test for  for heterogeneity

cation (EM) or exposure Description of outcome  vs. multiplicative  heterogeneity in EM Description of EM or
Study interaction? Comparator disparity disparity at baseline interaction in EM? (Y/N) (if used) interaction results
Orenstein et al.'3* Interaction SES Did not present. Non-Hispanic white Unclear NA NA No significant interac-

tions with the socio-
demographic varia-
bles (maternal 1Q,

children scored
higher on the
WRAML than chil-

dren of other races or

ethnicities.

prenatal smoking, pa-
rental education,
household income,
breastfeeding) were
observed with Hg.
Quantitative results
not provided.

Note: Hg, mercury; IQ, intelligence quotient; N, no; NA, not applicable; SES, socioeconomic status; WRAML, Wide Range Assessment of Memory and Learning; Y, yes.

heterogeneity); 4 studies (or 18%) reported evidence of interaction
analyzing for both effect modification and testing interaction; and 9
(or 41%) reported no statistically significant interactions.

Nine studies revealed more adverse impact of Pb exposure in
children from families with low SES. For example, in the
Cincinnati Lead Study (CLS) with enrollment from 1979-1984,
infant BBLs at 10 d of age (mean=4.6y, range: 1-22 pg/dL)
had an interaction with SES (p=0.01) on Bayley Mental
Development Index (MDI), indicating a deficit of 16.1 points in
MDI across this range of exposure in infants from families with
below-median SES.!?? This interaction remained at 4 years of
age when the children were assessed by Kaufman Assessment
Battery for Children (K-ABC). Neonatal BBLs were inversely
associated with K-ABC Mental Processing Composite (MPC) in
children from families with below-median SES but not in children
from families with higher SES.!?* Subsequently, this research
group’s studies showed that BBLs at 78 months of age were asso-
ciated with deficits in learning/IQ in mid-adolescence (p < 0.07)
for children from families with low SES.!3!

Of the 11 studies that examined effect modification or interac-
tion by race, 5 studies (or 45%) reported worse outcomes among
racially minoritized children. Two of these studies found interac-
tions between BBLs and race on school performance, using Pb
screening data from early life and standardized test scores at school
age. In Chicago Public School children, an interaction between race
and BBLs was identified for reading and math test failure in the third
grade. The OR of reading test failure per 5-pg/dL increase in BBLs
was 1.28 (95% CI: 1.21, 1.35) in non-Hispanic black children, 1.47
(95% CI: 1.29, 1.66) in Hispanic children, and 1.93 (95% CI: 1.47,
2.54) in non-Hispanic white children.”® However, because non-
Hispanic Black children had the highest mean BBLs, the combined
racial disparities for both exposure and outcome are greater than
those ORs indicate. Lu et al. tested racial disparities in the effects
of Pb in community drinking water supplies by adding an interac-
tion term to their model and reported “effect measure modifica-
tion by grade is statistically significant for math [f= —0.0242,
standard error (SE) =0.0051, p <0.01].”'?° In other words, for
student populations with a higher proportion of non-White stu-
dents in Massachusetts school districts, “higher drinking water
lead levels were associated with a larger reduction in standar-
dized math test scores, compared with cohort years with more
than 90% White students.”!?>

Hg. Overview. Six studies investigating Hg expo-
sures!33:134:172.208-210  oxclusively were screened into our
study (Excel Table S4 and the Hg exposure-specific view in
Tableau at https://public.tableau.com/shared/MY5X9H3PR?:
display_count=né&:origin=viz_share_link). Disparity compa-
rators used included race, ethnicity, SES, and the CDC’s Social
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Vulnerability Index. Four of the six studies or 67% reported
adverse effects and two studies or 29% found no associations.

Disparities in exposures and outcomes. Authors employed
different methods for assessing Hg exposures, such as soil con-
centrations near residences of pregnant women, maternal hair
and urinary Hg concentrations, fish tissue concentrations, and
proximity to industrial emissions sources. Brender et al. com-
pared their study participants’ (who were all Mexican-
American mothers) urinary Hg levels with those of Mexican-
American women participants in the 1999-2000 NHANES, and
~28% of their study case-women and 18% of the control-
women had urinary Hg levels at or above the 95th percentile
from NHANES. 33

Four studies (67%) included a descriptive statistical analysis
of disparities in the outcomes. McKean et al. investigated mater-
nal fish consumption, newborn blood methyl Hg (MeHg) levels,
and its association with autism or developmental delay.2’® The
developmental delay group had fewer mothers with a bachelor’s
or graduate/professional degree, more mothers born in Mexico,
more Latino children, and a higher proportion of deliveries cov-
ered by public health insurance when compared with the ASD
and typically developing groups.?® Similarly, Brender et al.
found mothers (all Mexican-American) with children born with
neural tube disorder were poorer and less educated and more
likely to have been conceived in Mexico than control-women.!33
The remaining two studies noted that outcomes varied by race
and ethnicity.!34209

Evidence of effect modification or interaction. Only
two investigations'33!34 considered interactions by comparators
(Table 4). Brender et al. reported that household income modified
the association between urinary Hg and NTD,'3? whereas
Orenstein et al. found no significant interactions with the socio-
demographic variables.!3* Specifically, Brender et al. noted that
among women with the highest income (>$25,000), women
with children born with neural tube disorder were nine times
more likely (OR =9.0; 95% CI: 1.4, 57) than control-women to
have a urinary Hg level of >5.62 pg/L, a level that represented
the 95th percentile for Mexican-American participants in the
1999-2000 NHANES.!3* Quantitative results were not pro-
vided by Orenstein et al.'3*

OPs. Overview. Forty-one of the 218 studies included in our
review (19%) considered OPs and of these (Excel Table S5 and the
OP exposure-specific view in Tableau at https://public.tableau.
com/shared/ZCGGS8RIJSJ?:display_count=n&:origin=viz_share_
link), 2 studies considered OPs in combination with other pollu-
tants (discussed in mixtures section below). Most studies used pre-
natal maternal urinary OP metabolite concentrations or residential
proximity to pesticide application for exposure assessment. A few
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studies analyzed pesticides in dust and umbilical cord plasma.
Most studies were conducted in California (n = 24) involving par-
ticipants from the CHAMACOS cohort or in New York City
(n=11) and examined a variety of neurological health outcomes at
different life stages. In terms of main effects, 25 of the 41 studies
(or 61%) showed adverse effects of OP exposure on ASD,?6-211-213
infant development,”3-94143.214 intelligence,'40-215216 neural dy-
namics and executive functioning,?'”?!8 increases in abnormal
reflexes,?!”-2? inattention and internalizing behavior,'® and trem-
ors in both arms.??! There were mixed results in 13 studies (or
32%).92:97:135-137.139.222-229 Nyl| findings were reported from 2
studies (or 5%),23%23! and 1 study reported protective effects?3!
within a mostly White, educated population, with the highest levels
detected among those eating the most vegetables.

Disparities in exposures and uutcomes. Fourteen (of 41 or
34%) studies included comparison of OP exposures by sociode-
mographic and/or socioeconomic characteristics. Eleven (of 41
or 27%) studies also included a descriptive statistical analysis of
disparities in the outcomes that were the focus of their studies.
Although few studies reported disparities in exposures or out-
comes, many were conducted in special populations, urban
cohorts,??135-137 and farmworker communities.!#1-143.215,227.232
A longitudinal study by Butler-Dawson et al. that conducted
home visits with Latino agricultural and nonagricultural chil-
dren at two time points ~ 1 y apart identified few differences
between the two groups of children at both visits, but more defi-
cits in learning from the first visit to the second visit, or less
improvement, was found in agricultural children relative to
nonagricultural children.”® In addition, pesticide residues were
detected in dust samples more frequently and in higher concen-
trations in agricultural homes.

Evidence of effect modification or interaction. Less than
half of OP studies (14 of 41 or 34%) examined effect modification
by or interactions with a variety of comparators, including race and
ethnicity (although often these were combined), poverty measures,
HOME scores, and adversity (Table 5). One study reported signifi-
cant effect modification by financial hardship of the association
between OP exposure and ASD.?'? Two studies involving the
CHAMACOS cohort reported little evidence of effect modification
by childhood adversity [Adverse Childhood Experiences (ACEs)
based on the survey instrument from the CDC] on associations
between OP pesticide applications near maternal residences and
risk-taking behavior in young adults at 18 years of age!?® or in
youth-reported internalizing behaviors, hyperactivity, and atten-
tion problems at 16 and 18 years of age.!*® Authors noted that “ad-
versity can be assessed using different methods other than ACEs,”
suggesting their null results should not necessarily mean the ab-
sence of such effects.!?® Two studies found no significant interac-
tions of prenatal chlorpyrifos exposure with neighborhood
poverty®® or HOME scores on neurodevelopment at 36 months of
age or working memory at 7 years of age.'>” This result regarding
HOME scores may indicate no remediating effect of a high-quality
home environment (either parental nurturance or environmental
stimulation) on the adverse effects of prenatal chlorpyrifos expo-
sure on working memory.

Eight studies presented both stratified analyses and statistical
tests for interactions. Although statistically significant interac-
tion between proximity to pesticide use and neighborhood pov-
erty was not observed, Rowe et al. noted that the results of the
multivariable regression models stratified by household poverty
suggest that 10-y-old children in poorer households may experi-
ence greater cognitive impacts in association with OP and carba-
mate exposures.'#! Statistically significant associations were
found between living in the highest quartile of proximal pesticide
use and full-scale 1IQ (FSIQ; B= —3.8; 95% CI= —7.0,-0.5),
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Perceptual Reasoning (B= —4.4; 95% CI= —8.7,—0.1), and
Working Memory (= —3.8; 95% CI: —7.2,—0.5) among chil-
dren in households at or below the poverty threshold but not in
those in households above the poverty threshold.'*' In this same
cohort, adverse associations between prenatal OP metabolite con-
centrations and IQ at 7 years of age were stronger in children experi-
encing greater adversity, and the association between prenatal OP
exposure and FSIQ was higher among boys who experienced high
adversity in the learning environment indicated by a significant
three-way interaction between total dialkylphosphate (XDAP) con-
centration, adversity scores, and child sex.'*3

In one study from the Mount Sinai Children’s Environmental
Health Study, third trimester maternal urinary DAP metabolites
were assessed for their association with scores on the Social
Responsiveness Scale (SRS) for children 7-9 years of age.'®
Although there was no overall association, for Black children, each
10-fold increase in total diethylphosphates (XDEP) metabolites
was associated with poorer social responsiveness (f=5.1 points;
95% CI: 0.8, 9.4), as well as among boys in general (f = 3.5 points;
95% CI: 0.2, 6.8).13 The association of XDEP metabolites with
total SRS score was heterogeneous by race and by sex: XDEP
PDinteraction = 0.06 for race, and EDEP piperaciion =0.12 for sex.!3>
However, to perform this analysis, Furlong et al. had to combine
White and Hispanic study participants for sample size concerns. In
a pooled analysis across four cohorts (from California, New York,
and Ohio), Engel et al. reported that there was significant heteroge-
neity in the ZDAP and total dimethylphosphates (XDMP) associa-
tions with the MDI at 24 months of age by race and ethnicity
(p=0.06 and p =0.02, respectively), with the strongest negative
associations found among Hispanic participants for XDAP and
XDMP (ZDAP B=-291; 95% CI. —4.71, -1.12; XDMP
B=-2.34;95% CI: -3.77,-0.91).%? Authors reported that the over-
all pooled association was still negative (ZDAP B=-1.39; 95%
CI: -2.67, —-0.10) and concluded this was to a large degree driven
by the strong negative association among Hispanic participants,
specifically from the CHAMACOS cohort in California which
“accounted for approximately 70% of all Hispanics included in this
pooled analysis.”

Phth. Overview. Twelve (6%)>°-01.9091.233-239 of the 218
studies examined Phth (Excel Table S6 and the Phth exposure-
specific view in Tableau at https://public.tableau.com/shared/
8T7SJ4AGM9?:display_count=n&:origin=viz_share_link). Four
employed data from the Mount Sinai Children’s Environmental
Health Study,”0-233-234239 whereas 4 were included in the CCCEH
study.>*0%%! Studies were conducted primarily in urban environ-
ments, with 9 studies located in New York City, 1 in the Charleston,
South Carolina, metro area, and 1 in Alabama; most were longitudi-
nal. Associations with adverse neurodevelopmental outcomes were
found in 7 studies (or 58%),60-61:21234-236.238 improved outcomes in
1,% and mixed results in 4 studies (33%), with worse outcomes
only in girls.>*0233.239 Null findings were reported in a pilot study
that compared concentration of Phth metabolites in serum or urine
samples collected from children with and without ASD?37 from
communities along the Gulf of Mexico in Alabama, a state with 14
Superfund sites.

Disparities in exposures and outcomes. Notably, only a few
studies assessed differences in Phth exposure by race. Doherty
et al.”% found that Phth concentrations among non-White mothers
were 1.4-3.1 times the concentrations among White mothers.
Study authors of the two studies using the CCCEH cohort noted
that Phth concentrations in their African American and Dominican
study populations were slightly higher but overlapped with those
measured in U.S. women in general in NHANES 24!

Evidence of effect modification or interaction. Only one
study (Table 6) assessed interaction. Bloom et al. used cross-
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product terms for race X Phth X time in regression models and
found reduced head circumference associations with prenatal Phth
exposures were stronger among White mothers than among
African American mothers.®! It was unclear if these interactions
were on the additive or multiplicative scale.

PBDEs. Overview. Our review included only three studies
on PBDEs (Excel Table S7 and the PBDE exposure-specific view
in Tableau at https://public.tableau.com/shared/6 TTIXK49X?:
display_count=n&:origin=viz_share_link); two (or 67%) found
mixed associations between PBDEs and cognitive outcomes
(memory, reading ability).>8% Liang et al. found associations
between PBDE serum concentrations and worse reading scores
at 5 and 8 years of age, but the associations were not statisti-
cally significant after covariate adjustment.?® Cowell et al.
found associations between prenatal PBDE exposure (cord
blood) and poor working memory only among girls.’® Attina
et al. (2019) applied existing exposure-response relationships
between PBDEs and IQ loss to national-scale PBDE exposure
estimates to examine racial disparities in disease burden and
associated costs.>’

Disparities in exposures and outcomes. All studies used ei-
ther serum or plasma PBDE concentrations as the measure of
exposures. Two studies included comparison of exposures by
comparator and both found higher concentrations among racial
and ethnic minority participants and among those from lower-
income households.>”%° Two studies presented data showing dis-
parities in outcome. Attina et al. reported associated disease bur-
den and costs for IQ loss and intellectual disability due to PBDE
exposure were higher in racial/ethnic minorities in proportion to
their respective population.’ In the study by Liang et al., chil-
dren in households with lower incomes, of mothers with less than
a high school education, and/or of non-White mothers were more
likely to have lower reading scores.®’

Evidence of effect modification or interaction. Interactions
between PBDE and indicators of social disadvantage were not
assessed in any study. Therefore no results are presented.

PCBs. Overview Seven studies included in this review exam-
ined PCBs (Excel Table S8 and the PCB exposure-specific view
in Tableau at https://public.tableau.com/shared/NGXY5SBXNW?:
display_count=n&:origin=viz_share_link), with exposure meas-
ured in a variety of ways, including environmental media (soil,
fish tissue, and sediments), placental tissue, prenatal maternal se-
rum, breast milk, and cord serum. Prenatal PCB exposure was
significantly associated with reduced cognitive functioning in
four of these seven studies (or 57%)°7-68:242:243 and with psycho-
motor outcomes>** after controlling statistically for a broad range
of potential confounding variables that included SES, education,
and HOME characteristics. Although larger quantities of PCBs
are transferred by lactation than in utero, there were no deleteri-
ous effects of PCBs associated with breastfeeding in either of the
studies exploring this exposure.®®243 In fact, one study found the
association of prenatal PCB exposure with cognitive outcomes to
be stronger and statistically significant only among the non-
breastfed children. One explanation offered is that certain
nutrients in breast milk attenuate adverse neurological effects
associated with prenatal PCB exposure. Almost all of the adverse
associations between breastfeeding and cognitive outcome could
be accounted for statistically by measures of quality of parental
intellectual input.5®

Disparities in exposures and outcomes. None of the studies
presented exposure data by comparators. Only one study (Orenstein
et al.) described disparities in neurodevelopmental outcomes by
sociodemographic and socioeconomic characteristics.!>* Children
with higher household income and parental education, and who
were non-Hispanic white, performed better on the WRAML. '3
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Evidence of effect modification or interaction. Only one
study assessed interaction (Table 7): Orenstein et al. found no
significant interactions with PCBs and the sociodemographic var-
iables (i.e., maternal IQ, prenatal smoking, parental education,
household income, and breastfeeding).!>* Perhaps this is not sur-
prising given that the authors did not find significant associations
between prenatal PCB exposures and memory and learning skills
as assessed by the WRAML or other learning outcomes. !4

Multiple chemical exposures/mixtures. Overview. Seventeen
of 218 studies (8%) included in the review explicitly sought
to examine the effects of multiple contaminant exposures on
neurodevelopment (Excel Table S9 and the chemical mixtures
exposure-specific view in Tableau at https://public.tableau.
com/shared/DZRSQHICS ?:display_count=né&:origin=viz_share_
link).33-62,66,80.145.147.148,209,245-253 Thege studies focused on mul-
tiple metals [e.g., Pb, Hg, cadmium, arsenic (As)], OPs in combina-
tion with other chemical exposures, and toxic air pollutants and
PCBs in combination with other exposures. Outcomes assessed
were wide ranging and included NTDs, cognitive and behavioral
outcomes, ASD, and adjudicated juvenile felonies. Mixtures or
combined exposures to multiple pollutants (by class or functional
group) were found to be associated with neurodevelopmental out-
comes. Ten of these 17 studies (59%) reported adverse effects, 5
(29%) reported mixed associations, and 3 (20%) were null studies.

Disparities in exposures and outcomes. Among these 17
studies that evaluated health outcomes in relationship to mixtures
or combined effects of multiple pollutants, 7 (41%) reported soci-
odemographic, socioeconomic, or geographic disparities in these
exposures,30-145:147.148.246.249.251 Preonant women residing near
mountaintop mining operations were more likely to have a lower
level of education and births with congenital anomalies, “reflecting
the chronically disadvantaged nature of mining-dependent econo-
mies and the associated burden of poor health for Appalachian resi-
dents in coal mining areas.”?*® Haynes et al. reported in their main
text that airborne metals and particulate matter emissions were pos-
itively correlated with county sociodemographic characteristics,
including population size, population density, and number and per-
centage of African Americans and that poverty measures (median
family income and percentage of families below the poverty level)
were not related to air pollutant emissions.®? Authors speculated
these findings may be explained by elevated emission concentra-
tions in metropolitan areas that contained a mix of high- and low-
income populations®’; the correlation statistics were found only in
their supplemental material (Appendix Table 1). Using univariate
associations, Dickerson et al. found that ambient concentrations of
metals of interest (Pb, Hg, As) decreased for tracts with a greater
percentage of White residents (p < 0.01) and a median household
income in the upper quartile (highest 25th percentile) compared
with areas with incomes in the other quartiles (p < 0.01).'4> Tests
for trend also indicated a negative (inverse) trend for proportion of
White residents and ambient air concentrations of As, Hg, and
summed metal concentrations (p = 0.01).'*> In their study on ASD
prevalence and proximity to industrial facilities known to release
Hg, Pb, or As, Dickerson et al. found counterintuitive results. U.S.
Census tracts reporting a greater proportion of Black residents
were significantly farther away from industrial facilities, whereas
tracts with a greater proportion of White residents and Hispanic
residents were closer in proximity to industrial facilities.?!
Conversely, Persico et al. found that Black families in Florida were
much more likely to live near Superfund sites and that mothers
with children living within 2 mi (3.2 km) of a Superfund site were
less well educated compared with mothers of all Florida chil-
dren.'*® In a later study, Persico et al. found that schools within
1 mi (1.6 km) of a TRI site were relatively less White and slightly
more economically disadvantaged.'#’
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Disparities in target health outcomes at baseline were noted in
9 of the 17 studies (53%). Studies that examined ASD reported
higher rates among White and better educated mothers,'43-24%-25!1
reflecting past trends in ASD prevalence. Rates of learning or in-
tellectual disabilities and ADHD were found to be higher among
poor and racial and ethnic minority children.?43-248.250.252

Evidence of effect modification or interaction. Five of the
17 mixtures studies (29%) assessed for effect modification by or
interaction with sociodemographic or socioeconomic comparator
variables (Table 8).6%!45-148 Only Furlong et al. and Dickerson
et al. found evidence of effect modification.'*>-!4® For example, in
census tracts below the poverty level and with combined metal
concentrations (Pb, Hg, and As) in the 50th to the 75th percentile,
adjusted relative risk (RR) for ASD prevalence was 1.36
(95% CI. 1.06, 1.74) compared with those in the lowest quartile of
exposures.'® Conversely, among tracts above the poverty level,
the RR was 1.10 (95% CI: 0.57, 2.10) for the same exposure com-
parison.'*> When stratifying results by race, Furlong et al. noted
that the association between the sum of dimethylphosphate metab-
olites (XDMPs) and decrements in the Working Memory Index dif-
fered by race/ethnicity, with a negative or inverse association
among Black participants and no associations among White or
Hispanic participants when accounting for other chemical expo-
sures (9 Phth, 3 pyrethroid, and 5 phenol metabolites modeled as
coexposures).'4® This is counterintuitive because it suggests that
pesticide exposures lead to better neurodevelopmental outcomes
among Black children. The authors stated that this association
between ZDMPs and executive functioning among Black partici-
pants, but not Hispanic or White participants, was unexpected and
may reflect residual confounding by race-specific factors or may
be a chance finding given the small sample size.'*® Neither
Dickerson et al. or Furlong et al. mentioned a formal test of hetero-
geneity. In addition, Furlong et al. often used the terms effect modi-
fication and interaction interchangeably, and their “Methods”
section did not provide enough information as to whether they also
used interaction terms.

The studies by Dellefratte et al. and Persico et al. did not find a
statistically significant difference in the exposure—effect relation-
ships by poverty (air toxics and ADHD) or by race (proximity to
TRI facilities and Superfund sites and cognitive outcomes) or statis-
tically significant interaction terms.®®'4” Although Persico et al. did
not find differences in exposure—effect relationships by race (i.e.,
children from all backgrounds are harmed by proximity to
Superfund sites before and during cleanup), these authors estimated
that the racial disparities in exposures to environmental toxicants
from Superfund sites alone accounted for ~ 2% of the Black—White
cognitive test score gap in Florida during their study period.'4®
However, Persico et al. reported that results differed by income
groups and tended to be stronger for children of low-income fami-
lies: the likelihood of repeating a grade B =0.046 +SE of0.014
and a reduction in scores on Florida Comprehensive Assessment
Tests, = —0.068 + SE of 0.024.148

Discussion

In this scoping review, we examined the epidemiological literature
published in 1974-2022 considering the relationships between
exposures to seven exemplar neurotoxic chemicals and pollutants
and disparities in neurodevelopmental health outcomes for children
living in the United States. Our results indicate a complex story
about how racial and ethnic minority and low-income children may
be disproportionately harmed by exposures to neurotoxicants, and
this has implications for targeting interventions, policy change, and
other necessary investments to eliminate these health disparities.
We took a unique approach and evaluated these environmental
epidemiological studies for the authors’ conceptualization and
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operationalization of the race and ethnicity variables, as well as for
other variables traditionally used to denote social disadvantage,
which may contribute to the ambiguous results reported in some
cases, along with the qualitative assessment of study results typical
of scoping reviews. We identified several key points: ) the need for
better reporting on and the interpretation of effect modification and
interaction, b) the importance of exposure disparities, ¢) the need for
improving the use of race and other variables to denote social group
difference in environmental epidemiology studies, and d) the need
for more research examining impacts of neurotoxicant exposures
into later childhood and adolescence.

Interpretation of Effect Modification and Interaction in the
Context of Environmental Health Disparities

The traditional approach in environmental epidemiology for
answering the question of “who is more harmed?” is to examine
the statistical significance and magnitude of an interaction term
between the chemical and social comparator (sometimes called
social stressors) and/or to conduct analysis stratified by the social
comparators of interest (or their proxy). The practice and report-
ing of these types of analyses has come under some criticism,?3*
especially with regard to research on health disparities by race
and ethnicity.3343:255:256 Kauffman and MacLehose noted that
one of the most “egregious improprieties is to assert heterogene-
ity of the effect on the argument that the exposure has a ‘signifi-
cant’ effect in one stratum of the baseline covariate, but not in
another.”?>* Therefore, we note that <9% of articles presented
stratum-specific estimates and appropriate tests for interaction
when asserting evidence of heterogeneity of effects.

In this review we also observed that many researchers use the
terms effect modification and interaction interchangeably, and this
complicates interpretation. Effect modification occurs when the
magnitude of the effect of the primary exposure on an outcome dif-
fers depending on the level of a third variable. Many researchers
interpret effect modification as evidence of susceptibility or vulner-
ability, whereas interaction refers to the joint effect of two or more
exposures on a disease or outcome. These “exposures” are consid-
ered to be on the causal pathway, combining to affect a health out-
come. We observed that although a majority of studies that
reported heterogeneity by SES, racial, or ethnic group identified
stronger associations in more disadvantaged groups, this trend is
not entirely consistent across comparators. Approximately 80% of
the papers that reported heterogeneity in outcomes by SES strata
found the strongest associations in lower SES groups. Of the stud-
ies that found heterogeneity in outcomes by race or ethnicity, stron-
ger associations in the more disadvantaged group were only
reported in 63% (race) and 60% (ethnicity) of articles.

It is preferable to report results of interaction with scale—
additive or multiplicative. However, this was rarely done among
the studies in this review. Only five of the studies on interaction
presented interaction results with scale, mostly multiplicative, sug-
gesting that when scale of interaction is reported, authors find that
the effects of having both exposure to a selected pollutant and a
marginalized identity or socioeconomic disadvantage is greater
than the product of their individual effects. Remedies to improve
the reporting of effect modification and interaction results by study
authors (e.g., formal tests of heterogeneity, scale for interaction)
are readily available,?3*?>7 which we support. Our results provide
directions for which specific pollutant exposures and neurological
outcomes to target next for closer examination of heterogeneity in
effects and apply these recommend tools to improve the reporting
where possible.

Evidence of effect modification hypothetically suggests one av-
enue for intervention and that is to focus on the primary exposure,
whereas interaction (between two exposures) suggests both could
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be targets for interventions to reduce those exposures. This raises a
question about how to approach designing interventions if the
effect modifier or the second “exposure” is considered fixed or
unchangeable or static, such as how race and ethnicity are often
treated in environmental epidemiological studies (more on this
below). Hence, this is why environmental health researchers tend
to interpret effect modification as evidence of susceptibility/vul-
nerability and advocate for the accounting of vulnerability in envi-
ronmental regulatory policy, especially when the legal framework
mandates protection of public health while “allowing an adequate
margin of safety.”?>® Promulgating environmental standards that
are protective of vulnerable populations is needed. However, we
are concerned about two dangers this interpretation creates: a) the
assumption that populations defined by the modifying variable are
inherently or uniformly more vulnerable than the comparison
group (e.g., Black Americans as a racial group are inherently or
uniformly more vulnerable than White Americans), and b) condi-
tions or social policies creating the vulnerabilities in the first
place remain unaddressed. Rather, environmental epidemiologists
should work more toward “build[ing] the evidence on the features
of the landscape that render different social groups differentially
vulnerable to the health impacts of [environmental exposures]”*?
so that the policy targets are clearer. This means developing more
rigorous frameworks and conceptualization on the meaning of
race, ethnicity, and other social comparators than what is presented
in the studies we reviewed.

Why Exposure Disparities Are Still Important in the Context
of Health Disparities

Ward et al. cautioned against relying solely on evidence of effect
modification or interaction to identify disparities in health out-
comes as impetus for policy action. Health disparity may arise
because of disparities in exposures or heterogeneity in effects by
social group, or both. They further recommend that assessment of
health disparities should also evaluate the underlying distribution
of the outcome and exposure across racial/ethnic/social groups
along with the assessment of interaction terms and stratum-
specific effects.?® The reason being that interventions based on
evidence of effect modification or interaction alone may overlook
other scenarios that lead to disparities. For example, there can be
situations where race or ethnicity—exposure interaction is not
present, but differences in exposure prevalence produce racial
disparities in outcomes.'*® Thus, it is just as important to focus
on population groups with demonstrated increased exposures to
neurotoxicants and address the drivers of the higher/increase in
harmful exposures. Among the few studies that provided this in-
formation (84 of 218 studies), we observed persistent greater Pb
exposures among low-income and Black children, higher ambient
AP and mixture exposures impacting non-White and low-income
communities, higher Phth metabolite concentration among non-
White mothers, and higher levels of prenatal and postnatal OPs
among Black and Hispanic children. In addition, several articles
that did not find effect modification presented compelling evi-
dence about the benefits to the neurological health of minority
children from polices and environmental programs aimed at
cleaning up Superfund sites,'® reducing TRI reporting facilities’
emissions,'#’ and reevaluating acceptable soil metal concentra-
tions.?>° Being clear on how minority and low-income children
are more harmed gives insight on where to focus action.

Improve the Rigor and Treatment of Race in Environmental
Epidemiological Studies

In the spirit of being clearer on where to focus actions to address
racial, ethnic, and SES disparities in neurodevelopmental and

Environmental Health Perspectives

096001-26

neurological health associated with exposure to neurotoxicants,
environmental epidemiology needs to look farther upstream and es-
tablish more comprehensive conceptual frameworks regarding the
meaning and use of race and ethnicity in studies. We evaluated how
authors operationalized race, ethnicity, SES, and other indicators of
social disadvantage and captured the variety of ways authors meas-
ured these comparators, adapting the approach from Martinez et al.>!
We found that detailed conceptualization and justification for the
use of race and ethnicity were rarely provided, even among the more
recently published articles. Nearly half of all studies did not provide
description for how these variables were measured. The treatment
of race and ethnicity in epidemiological studies deserves as much
rigor as exposure and health outcome assessment. This is especially
important for informing policy and intervention responses to
research reporting effect modification and interaction. To start,
racial categories must be recognized as social constructions whose
meanings are not static** and are the result of racism and racializa-
tion, processes that allocate differential economic, political, social,
and even psychological rewards to groups along racial lines?> and
are maintained to preserve status differences.®!* Scholars on race
and health inequities offer a number of approaches that environmen-
tal epidemiologists can take to better reflect a more rigorous under-
standing of race, ethnicity, and other proxy variables for the
processes of marginalization.!3:144344.260 For example, if minority
race is meant to confer excess stress or adversity, it would be better
to incorporate measures for these features directly into analytical
models rather than or in addition to race. In our review, we observed
aslightincrease in the use of adversity indices by study authors over
our study period, which is promising. In addition, conducting stud-
ies on entirely racial and ethnic minority populations allows
researchers to explore variability within groups by geography, ad-
versity, or education, for example, which may provide clues to the
social features that create vulnerabilities to the health effects of neu-
rotoxicant exposures (e.g., Perera et al.%%; Vishnevetsky et al.?%;
Pagliaccio et al.'%; Brender et al.'33; Stein et al.'**; Engel et al.??).
After all, “race and ethnicity have different meanings in relation to
health across place that is not simply related to markers of socioeco-
nomic status.”*?

Although the vast majority of studies did not define race or eth-
nicity, a majority used ethnoracial construct (collapsing race and
ethnicity) for coding their data. Martinez et al. observed that ethno-
racial coding is the most common practice among general epidemio-
logical studies and notes this is concerning given that “race (i.e.,
skin tone, bone structure), and ethnicity (i.e., language, religion) are
distinct theoretical constructs having different embedded assump-
tions.”>! In our review, the most common ethnoracial coding
schemes were “Black, Dominican” and “Black, Hispanic/Latino,
other, White.” These schemes imply mutual exclusivity between
groups and may mask health disparities of Black Hispanic popula-
tions. Further, these coding schemes leave out Asian, Native
American, and Indigenous populations, among many others. In
addition, our review highlights a conspicuous lack of studies involv-
ing Native American and Indigenous populations. This may reflect
the absence of relevant studies that may be due to many systemic
reasons, including the need for generalizability and adequate sample
sizes to test hypotheses,?®! the funding mechanisms for research,
the locations of Indigenous communities and research institutions,
and a dearth of Indigenous researchers. These all contribute to a
knowledge gap for disproportionately exposed and underprotected
communities.?®

Understanding the Impacts of Neurotoxicant Exposure in
Later Ages

Very few studies (20 of 218 studies, or 9%) addressed health effects
of neurotoxicant exposures in later childhood and adolescence.
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Exceptional examples, however, include papers by Brokamp
et al.,”” Emer et al.,>°® Marshall et al.,'?® Sagiv et al.,>'® and
Wright et al.!32 The implications are critical given that we lack an
understanding of the long-term impacts of exposures to neurotoxi-
cants and their contribution to disparities over the life course.
Impairment in brain development in one domain could alter the tra-
jectory of development in other domains, leaving a child poorly
equipped to make good, future-oriented decisions and who,
because of poor academic success, faces restricted employment
opportunities, material hardship, and other socioeconomic stresses.
Changes in brain function occur throughout life, and some conse-
quences of early damage may not even emerge until advanced
age.?%3 Cohorts, such as the ongoing Adolescent Brain Cognitive
Development study, the largest long-term study of brain develop-
ment and child health in the United States (N = 11,878) generating
structural and functional brain imaging along with environmental,
neuropsychological, behavioral, and health assessments,?6* may
be uniquely positioned to fill these data gaps.!26-25:266 In our view,
linking neurodevelopmental outcomes across the life course would
help policymakers better account for the burden of neurotoxicant
exposures and associated costs to societal health and welfare.

Strengths and Limitations

This scoping review provides a broad overview of the existing liter-
ature assessing associations between seven exemplar environmental
contaminants, a wide range of socioeconomic and sociodemo-
graphic disparities, and the resultant neurodevelopmental outcomes.
Using explicit, systematic methods to select studies allowed us to
map key concepts on the populations, exposures, health disparity
comparators, and outcomes of interest. The broad overview pro-
vided by a scoping review also enabled us to identify major gaps in
the literature. A unique strength of our review is characterizing the
conceptualization and operationalization of race, ethnicity, and
SES, for example, by study authors. This kind of assessment is
rarely done in systematic reviews of environmental epidemiological
studies investigating environmental health disparities. However,
because we did not conduct a systematic review, we could not for-
mally assess the quality of the included studies or conduct a quanti-
tative meta-analysis.

It may be helpful to compare our findings to relevant previous
reviews. Ruiz et al., examined >100 chemical and nonchemical
stressors from the built, natural, and social environments on child-
ren’s cognitive ability.>! Although the authors affirmed the adverse
effects of Pb, they observed inconsistent results for most exposures,
including AP [PAHs and nitrogen dioxide (NO,)], PBDEs, Phth,
and pesticides. In contrast, our present review found more studies
showing evidence for adverse effects of these contaminants on cog-
nitive outcomes than did Ruiz et al.3! This may be the result of dif-
ferences in our search terminology and eligibility criteria. Ruiz et al.
identified 258 eligible studies examining cognitive outcomes,
whereas our review identified only 108 studies. We limited our
search to observational studies of children in the United States,
whereas Ruiz et al. identified observational studies, randomized
controlled trials, reviews, and meta-analyses of children worldwide.
The review by Ruiz et al.! also spanned a shorter range of publica-
tion dates (2003-2013), whereas our review included studies pub-
lished through 18 November 2022. Therefore, our review is more
timely given that this is a burgeoning field, with a wealth of new
publications on this topic. Last, we examined studies that included
both exposures to the Project TENDR exemplar contaminants and
race, ethnicity, and other indicators study authors used as proxies for
social or economic disadvantage or marginalization, whereas Ruiz
etal. 3! identified studies only through a single exposure.

In another 2016 review examining joint contributions of social
determinants and environmental exposures in a range of early
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life outcomes, researchers identified 14 studies that investigated
cognitive and behavioral outcomes, 12 of which examined effect
modification. Synergistic associations were observed in 10 (83%) of
these studies.?® In contrast, our review observed a slightly lower per-
centage of articles reporting evidence for effect modification or
interaction associations. However, our review included a much
larger number of studies owing to its broader examination of envi-
ronmental contaminants and factors related to socioeconomic and
environmental disadvantage. In contrast to Appleton et al., we ex-
plicitly searched for PBDE, OP, Pb, Hg, Phth, and combustion-
related AP and included additional factors related to race/ethnicity,
language/immigration/nativity, geography, home environment, and
neighborhood. Our review also identified a broader set of neurode-
velopmental outcomes, including birth defects and psychological,
motor, sensory and neurological outcomes. Thus, our review pro-
vides a useful map, not only of the literature on exposures to the
seven exemplar neurotoxicants and neurodevelopmental disparities,
but also on gaps in the treatment of race and ethnicity in environ-
mental epidemiology to inform a more targeted question and quanti-
tative appraisal of the evidence and quality of studies as follow-up.

Given our exclusion criteria, we were unable to examine stud-
ies of pediatric populations outside of the United States or studies
exclusively focused on documenting exposure disparities. This
likely contributed to the small number of studies on Hg, Phth,
PCB, and PBDE exposures or very specific sources of exposures
(e.g., aviation fuel as source of Pb exposure, dental amalgam,
child care centers) being included in our review. We acknowl-
edge that the literature base on these chemicals may be larger
than examined in this manuscript. In addition, numerous studies
from Europe, Asia, and Australia have contributed to scientific
understanding of the neurotoxicity of Hg, PCBs, and Phth but did
not meet our review criteria. Comparisons with studies conducted
outside of the United States may help provide valuable context,
particularly considering populations possessing differing preva-
lence of social and environmental factors. We also excluded non-
observational studies and animal studies, some of which may
provide unique insights into associations of environmental expo-
sures and health disparities with neurodevelopmental outcomes.
Publication bias may also have affected the results of our review,
given that published studies are more likely to report the presence
of associations. The majority of included studies were obtained
by searching databases for academic publications. We attempted
to reduce publication bias by including gray literature; however,
our gray literature search resulted in the inclusion of only one eli-
gible article. Last, although we employed systematic strategies to
identify and map literature for a broad range of neurodevelop-
mental outcomes, overall study quality was not assessed as would
be done in a formal systematic review. However, future studies
can take this evidence base that we mapped to evaluate the data/
quality of the literature about specific exposure—outcome rela-
tionships and the contribution to health disparities. The review by
Vesterinen et al.?%” is one example of systematic review in envi-
ronmental health sciences, although that review lacks critical ap-
praisal of the use of the race and ethnicity variables.

Conclusions

Project TENDR initially launched this scoping review to under-
stand the state of the science on neurodevelopmental outcomes for
children in the United States who face racial, social, or economic
disadvantage in addition to disproportionate exposures to seven
exemplar neurotoxicants?> and to more comprehensively inform
our work of joining scientific evidence with advocacy to create pol-
icy recommendations to protect pregnant women and children
from chemicals and pollutants known to harm brain development.
Working to eliminate the causes of children’s environmental health
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disparities is a primary goal of Project TENDR. How we frame the
question of who is more harmed by neurotoxic chemical exposures
is critical for informing the design of policy interventions.

In this scoping review, we adopted a more comprehensive
framework to assess disparities. We did not rely solely on evi-
dence of interaction, but looked at the evidence within each study
regarding underlying disparities in outcomes and chemical expo-
sures. In addition, we examined the conceptualization and opera-
tionalization of comparator variables, such as race and ethnicity,
to provide a critical assessment of the rigor by which environ-
mental epidemiologists treat constructs of social disparities. This
literature review of articles published in 1974-2022 both docu-
ments neurotoxic effects and identifies gaps in the data and inter-
pretations to help build a more complete picture of the challenges
and possible solutions. Our results indicate a complex story about
how racial and ethnic minority and low-income children may be
disproportionately harmed by exposures to neurotoxicants, and
this has implications for targeting interventions, policy change,
and other necessary investments to eliminate these health dispar-
ities. Although researchers in this field look to evidence of effect
modification or interaction by race, ethnicity, or SES as indicators
of disproportionate harm, the interpretation is challenging
because the meaning of these variables is rarely presented. For
future epidemiological research, we recommend improving the
rigor and treatment of race and ethnicity in environmental epide-
miological studies; conducting studies on the social processes
that create vulnerabilities, and not just accepting race, ethnicity,
or SES as fixed markers; increasing the reporting of underlying
disparities in exposures and outcomes along with more formal
tests of heterogeneity to support interaction and effect modifica-
tion results; and conducting more studies on the long-term
impacts of prenatal and child exposures to neurodevelopmental
toxicants among minority and low-income populations. Effective
actions to address racial inequities in children’s environmental
health must be directed at the social mechanisms or racialization
processes as the plausible explanations of environmental expo-
sures and illnesses. Policymakers should not wait for further evi-
dence to act, because this perpetuates harm. Overall, the studies
in this review reported that children of color and those living in
poverty were more highly exposed to seven exemplar neurotoxi-
cants and thus at greater risk of cognitive and behavior disorders.
Decisive action grounded in authentic stakeholder engagement to
reduce exposures and health inequities is needed now to protect
disproportionately exposed children and communities.
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