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Abstract

Background A growing body of epidemiologic and toxicologic literature indicates that fine airborne particulate mat-
ter (PM, ;) pollution is neurotoxic and threatens children’s neurobehavioral development, resulting in reduced cogni-
tive function. Understanding the magnitude of this effect is critical for establishing public health policies that will
protect children’s health, preserve human capital, and support societal progress.

Objective To quantify the association between ambient PM, s air pollution and loss of cognitive function in children,
as measured by Intelligence Quotient (IQ) scores, through a systematic literature review and meta-analysis.

Methods Following PRISMA guidelines, we conducted a systematic literature search across seven databases: Agri-
cultural and Environmental Science, BIOSIS Citation Index, Embase, GreenFILE, PubMed, Scopus, and Web of Science
to identify original scientific studies that investigated the impact of PM, s exposure during pre-and postnatal periods
on 1Q loss during childhood. Using data from studies included for final review, we conducted a meta-analysis, using
arandom effects model to compute a beta coefficient that quantifies the overall effect of PM, s exposure on Full-Scale
1Q (FSIQ), Performance 1Q (PIQ), and Verbal 1Q (VIQ).

Findings Of the 1,107 unique publications identified, six studies met the inclusion criteria for final review, represent-
ing 4,860 children across three continents (North America, Europe, and Asia). The mean PM, s concentration across all
studies was 30.4+24.4 ug/m>. Exposure timing ranged from the prenatal period to mid-childhood. Children were

an average of 8.9 years old at the time of cognitive testing. We found that each 1 ug/m? increase in PM, . concentra-
tion is associated with a -0.27 point change in FSIQ (p <0.001), 0.39 point change in PIQ (p=0.003), and -0.24 point
change inVIQ (p=0.021).

Conclusion Through a systematic review and meta-analysis, we identified a statistically significant relationship
between increased exposure to PM, s air pollution and reduced cognitive function in children, with the most pro-
nounced impact on PIQ. This analysis will enable estimation of the burden of adverse neurobehavioral development
attributable to PM, s in pediatric populations and will inform local and global strategies for exposure prevention.
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Background

Ambient air pollution is a severe and pervasive haz-
ard to population health. It is of particular concern for
the health of children. The World Health Organization
(WHO) estimates that 99% of the world’s population
breathes air in which levels of fine airborne particulate
matter pollution with a mass median diameter of 2.5 pm
(um) or less (PM, ;) exceed the WHO guideline of 5 pg/
m? air. Due to their extremely small diameter, PM, 5 par-
ticles can penetrate directly into the brain via the olfac-
tory bulb and deeply into the lungs upon inhalation. The
smallest inhaled particles can cross the alveolar-capillary
membrane and enter the bloodstream, where they trans-
locate through systemic circulation, inducing oxidative
stress and triggering the body’s immune response, lead-
ing to persistent inflammation [1-3].

The health consequences of PM, . pollution exposure
include multiple adverse respiratory, cardiovascular,
immune, neurological, and neonatal outcomes, includ-
ing premature mortality [4]. Air pollution was estimated
to have caused 6.67 million deaths worldwide in 2019.
Approximately two-thirds (4.14 million) of these deaths
were attributable to ambient PM, ; pollution. This global
burden of disease is inequitable, with an estimated 92% of
pollution-related deaths occurring in Low- and Middle-
Income Countries (LMICs) [4].

A growing body of literature has examined the neuro-
logical effects of PM, .. Studies in adults have identified
PM, ;s as a risk factor for neurodegenerative conditions,
including cognitive impairment, neuronal death, neu-
roinflammation, and the accumulation of neuropatho-
logical markers [5]. In children, a limited but growing
number of studies have identified linkages between PM, .
exposure and decreased cognitive performance, quan-
tified by Intelligence Quotient (IQ) loss [6—11]. Other
components of air pollution such as sulfur dioxide, nitro-
gen dioxide, polycyclic aromatic hydrocarbons (PAH),
and PM,, have also been linked to decreased cogni-
tive performance on verbal and math tests [12, 13]. Two
recent reviews have examined associations between air
pollution and a suite of child health outcomes, includ-
ing cognitive and behavioral outcomes [14, 15]; however,
neither produced a pooled beta coefficient linking PM, -
exposure and changes in children’s IQ.

Children are uniquely susceptible to PM,, exposure
due to their higher minute ventilation rate, greater oxy-
gen consumption per unit body weight, permeable bio-
logical membranes (e.g., blood—brain barrier, airway
epithelium), and immature immune/detoxification sys-
tems. Children’s vulnerability is further enhanced by the
extraordinary complexity of brain development in early
life. Damage done to the developing brain in utero and
in early postnatal life can result in permanent injury

Page 2 of 17

and increase the risk for adverse neurobehavioral out-
comes across the life course. At highest risk are children
born prematurely and children with pre-existing health
conditions.

Until now, a key impediment to quantifying the impact
of PM, 5 pollution on IQ loss in children has been the lack
of an exposure-response function linking pollution to IQ
loss [16]. This study aims to close this knowledge gap
and develop concentration-response functions quantify-
ing the relationship between airborne PM, ; concentra-
tions and IQ loss. Such functions can be applied in future
epidemiologic studies and utilized to estimate the global
burden of disease attributable to air pollution (Fig. 1).

Methods

PECO Statement

The Population, Exposure, Comparator, and Outcomes
(PECO) strategy was used to define our research ques-
tion: In children aged 0—18 years (Population), how does
exposure to higher levels of PM, . during the prenatal,
postnatal, and childhood period (Exposure) compared to
lower levels of PM, . (Comparator) affect neurodevelop-
ment, as measured by IQ scores (Outcome)?

Information Sources and Search Strategies

We conducted a systematic literature search follow-
ing PRISMA guidelines to characterize the correlation
between PM, . exposure and IQ loss in children. The
search was conducted across seven databases: Agricul-
tural and Environmental Science, BIOSIS Citation Index,
Embase, GreenFILE, PubMed, Scopus, and Web of Sci-
ence on 27 October 2022 (Table 1). These databases were
selected as they covered a broad range of topics related
to medicine, public health, and environmental health.
Additionally, all the databases met the criterion of being
available at Boston College (BC), where the review was
conducted. Our search strategy was guided by a BC
research librarian. Following the initial systematic review,
a second author conducted snowball sampling by review-
ing articles that cited the identified studies on 25 Sep-
tember 2023. The newly identified studies were assessed
according to the inclusion and exclusion criteria applied
in the systematic review to ensure consistency and
relevance.

Eligibility Criteria
Reports identified through these databases were included
in this analysis if they met the following criteria:
« Reports of original research (e.g., not review articles)
+ Examined human subjects
« Studied children (persons under the age of 18 years)
+ Measured PM, : exposure prenatally and/or postna-
tally (including early childhood)
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Performance 1Q Full-Scale 1Q Verbal IQ
vy
~ ”~
” ~

“Fluid intelligence”

Measures non-verbal and spatial reasoning
abilities. Assesses problem solving skills,
visual-motor coordination through tasks like
puzzles and block designs.

“General Intelligence”

An overall measure of cognitive ability that
combines verbal and performance skills.
Integrates both VIQ and PIQ to provide a

comprehensive view of intelligence.

“Crystalized intelligence”
Assesses verbal reasoning and
language-based skills. Includes vocabulary,
comprehension, and verbal reasoning
acquired through learned knowledge.

Fig. 1 IQTypes Included in Meta Analyses

+ Measured cognitive performance using FSIQ, PIQ,
and/or VIQ

« Provided quantitative data on the correlation between
PM, ; and IQ

+ Represented the most recent report from ongoing
studies with multiple publications

Screening Process

The initial search retrieved 2,064 articles, which were
stored in Zotero, a citation-managing software. A total
of 957 duplicate reports were removed, resulting in 1,107
unique reports. After screening the titles and abstracts of
these reports, 1066 were excluded because they did not
meet our eligibility criteria.

The title-abstract screen eliminated articles according
to the following criteria: did not involve human subjects
(n=25), did not measure PM, ; (n=_876), did not measure
IQ (n=153), was not an original research report (n=9),
or a more recent report was available from the same
ongoing study (n=2). After excluding these records, 41
records were retrieved for full-text screening, and an
additional study was added following snowball sampling
(n=42). Full-text screening excluded an additional 36
articles because they did not meet the eligibility criteria.
Reasons for exclusion at this level were that the study did
not measure PM, ; (n=21), did not measure 1Q (n=7),
was not an original scientific study (n=3), did not report
a correlation between PM, ; exposure and I1Q (n=4), or
did not provide sufficient data for analysis (n=1). In sum,
this process identified six studies for inclusion in the final
review and used a pooled beta coefficient using a random
effect meta-analysis (Figs. 1 and 2).

Data Collection and Preprocessing

Data from the six studies included for final review were
compiled in Table 2. Exposure details, including the expo-
sure window (e.g., prenatal or postnatal), exposure loca-
tion, and exposure measurement, were compiled in Table 3.

Cohort details, including size, location, name, and recruit-
ment strategy, were compiled in Tables 3 and 4.

Data Synthesis

To obtain comparable values for each of our two vari-
ables, results from included studies were expressed as
a linear slope (IQ points lost per lug/m3 increase in
PM, s concentration) when reported otherwise. Rel-
evant calculations for individual studies are available in
Table 2. Data standardization conformed to the follow-
ing formulas:

For studies that reported changes
in 1Q per interquartile range
of PM, 5 exposure:

B= AlQpoints
= 'APWy5(Q4/Q3boundary—Q2/Q1boundary)

For studies that reported changes
in 1Q per X linear coefficient
increase in PM, s:

B = AlQpoints
—  APMys(linearcoefficient)

For studies that reported mean
differences in 1Q points for multi-
ple PM, 5 exposure groups:

,B _ 20i=00i=y)
T X’
Where xi are the mean PM, s levels

for each group, and y; is the 1Q dif-
ferences for each group

Statistical Analysis

All meta-analytic techniques were carried out using the
package metafor in R statistical software (v4.4.1; R Core
Team 2024), an open-source platform. To calculate a
beta coefficient relating PM, : and IQ, we performed a
meta-analysis using a random-effects model to account
for between-study variability and provide a more gen-
eralized estimate of the effect size, given the heteroge-
neity across studies. The beta coefficient (overall effect
size) represents the pooled effect across all included
studies, accounting for both within- and between-study
variability. Compared to a fixed-effects model, the ran-
dom-effects model provides a more conservative esti-
mate of the effect size, as it incorporates between-study
heterogeneity.
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Database

Search Strategy

Notes

Agricultural
and Environmental
Science

BIOSIS Citation Index

Embase

GreenFILE

PubMed

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

AND

2. (intelligen* OR IQ OR“intelligence quotient” OR “cognitive
function” OR “intelligence test” OR “intelligence tests")

AND

3. (PM2.5 OR“PM 2.5"OR PM OR “particulate matter”OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants”OR "black carbon” OR particulate* OR aerosol*)

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

AND

2. (intelligen* OR 1Q OR “intelligence quotient” OR “cognitive
function” OR “intelligence test” OR “intelligence tests")

AND

3. (PM2.5 OR“PM 2.5"OR PM OR “particulate matter”OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants” OR “black carbon” OR particulate* OR aerosol*)

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

2. (intelligen* OR 1Q OR “intelligence quotient” OR “cognitive
function” OR “intelligence test” OR “intelligence tests")

3. (PM2.5 OR"PM 2.5"OR PM OR “particulate matter”OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants” OR “black carbon” OR particulate* OR aerosol*)
4.#1 AND #2 AND #3

1.TI ((child* OR youth OR kid OR kids OR adolescen*

OR school-age* OR baby OR babies OR infan* OR neonat*)

) OR SU ( (child* OR youth OR kid OR kids OR adolescen*

OR school-age* OR baby OR babies OR infan* OR neonat*)

) OR AB ( (child* OR youth OR kid OR kids OR adolescen*

OR school-age* OR baby OR babies OR infan* OR neonat*)

) OR KW ( (child* OR youth OR kid OR kids OR adolescen*

OR school-age* OR baby OR babies OR infan* OR neonat*) )
2.TI ((intelligen* OR 1Q OR “intelligence quotient” OR “cogni-
tive function” OR “intelligence test” OR “intelligence tests”)

) OR SU ( (intelligen* OR IQ OR“intelligence quotient”
OR"cognitive function”OR “intelligence test”OR “intelligence
tests”) ) OR AB ( (intelligen* OR 1Q OR “intelligence quotient”
OR"cognitive function”OR “intelligence test”OR “intelligence
tests”) ) OR KW ( (intelligen* OR 1Q OR“intelligence quotient”
OR"cognitive function”OR “intelligence test”OR “intelligence
tests”) )

3.TI((PM2.5 OR"PM 2.5" OR PM OR “particulate matter”
OR"fine particulate matter” OR “air pollution”OR “air pollut-
ant”OR “air pollutants”OR “black carbon” OR particulate*

OR aerosol*) ) OR SU ( (PM2.5 OR“PM 2.5"OR PM OR “par-
ticulate matter”OR “fine particulate matter” OR “air pollu-
tion”OR “air pollutant”OR “air pollutants” OR “black carbon”
OR particulate* OR aerosol*) ) OR AB ( (PM2.5 OR“PM 2.5"

OR PM OR "particulate matter” OR “fine particulate matter”

OR “air pollution” OR “air pollutant” OR “air pollutants”OR “black
carbon” OR particulate* OR aerosol*) ) OR KW ( (PM2.5 OR"PM
2.5"0OR PM OR “particulate matter”OR “fine particulate matter”
OR"air pollution” OR“air pollutant”OR “air pollutants” OR “black
carbon”OR particulate* OR aerosol®) )

4.#1 AND #2 AND #3

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

2. (intelligen* OR 1Q OR “intelligence quotient” OR “cognitive
function” OR “intelligence test” OR “intelligence tests")

3. (PM2.5 OR"PM 2.5"OR PM OR “particulate matter” OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants”OR “black carbon” OR particulate* OR aerosol*)
4.#1 AND #2 AND #3

Searched each line as "NOFT" (no full text) Date run: 10-27-2022
Number of records: 522

Searched each line as “TOPIC" Date run: 10-27-2022 Number
of records: 133

Searched each line as "EMBASE ONLY" sources Date run: 10-27-

2022 Number of records: 360

Date run: 10-27-2022 Number of records: 57

Date run: 10-27-2022 Number of records: 354
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Table 1 (continued)
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Database

Search Strategy

Notes

Scopus

Web of Science

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

AND

2. (intelligen* OR 1Q OR "intelligence quotient” OR “cognitive
function” OR “intelligence test” OR “intelligence tests")

AND

3. (PM2.5 OR"PM 2.5"OR PM OR “particulate matter”OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants” OR “black carbon” OR particulate* OR aerosol*)

1. (child* OR youth OR kid OR kids OR adolescen* OR school-
age* OR baby OR babies OR infan* OR neonat*)

AND

2. (intelligen®* OR IQ OR“intelligence quotient” OR “cognitive
function”OR “intelligence test” OR “intelligence tests")

AND

3. (PM2.5 OR"PM 2.5"OR PM OR “particulate matter” OR “fine
particulate matter” OR “air pollution” OR “air pollutant” OR “air
pollutants”OR “black carbon” OR particulate* OR aerosol*)

Each line was searched within: “Article title, "Abstract’, and “Key-
words” Date run: 10-27-2022 Number of records: 379

Each line was searches as “TOPIC" Date run: 10-27-2022 Number
of records: 259

[ Identification of Studies via Databases ]

Records removed before screening:
Duplicate records removed
(n=957)

Records excluded by title and abstract (n = 1066) ‘

Systematic review check “snowballing” (n=1) ‘

Reports excluded:
Did not measure 1Q (n = 7)
Did not measure PM, . (n = 21)
Not an original scientific study (n=3)
Did not measure 1Q and PM, ; correlation (n=4)
Did not provide sufficient data for analysis (n=1)

Total records identified through
database searching (n=2064)

c
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Fig. 2 Flow Chart of Literature Search and Selection for Meta-Analysis
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Risk of Bias (RoB)

To evaluate potential biases that may affect the valid-
ity of study findings, we used a standardized Risk of Bias
(RoB) framework, assessing six domains: selection bias,
confounding bias, measurement of exposure, outcome
assessment bias, attrition bias, and reporting bias. If each
domain in a study was ranked as “low;” its overall Rob was
determined as “low” If the study had domains ranked as
“low" and “moderate,” its overall Rob was determined as
“moderate”. Details are specified in Supplemental Table S1.

Heterogeneity

Given that our three meta-analyses included a small
number of studies, we assessed for heterogeneity both
quantitatively and qualitatively. Using the metafor pack-
age in RStudio we calculated the I2 statistic, which rep-
resents the proportion of variation in effect sizes due
to heterogeneity rather than chance, tau (the estimated
standard deviation of the actual effect sizes e.g. between-
study variability), and p-value (heterogeneity) from the
Cochran’s Q-test (Supplemental Table S3). Following
this quantitative analysis, we visually inspected the forest
plots, paying attention to the degree of overlap of con-
fidence intervals and position of study estimates (e.g., if
they were clustered or staggered).

Results

Six epidemiological studies (five cohort and one cross-
sectional) were included in our final analysis (Table 2),
representing data from 4,860 children across three conti-
nents (North America, Europe, and Asia). The mean level
of PM, 5 exposure was 30.4+24.4 pg/m> (Table 3), and
the mean age at IQ testing was 8.9 years. (Table 4) With-
out exception, each study reported a negative association
between PM, ; exposure and children’s cognitive function.
We present findings by order of study publication date.

In the first study, Harris et al. 2015 [7] examined the
impact of prenatal exposure to PM,; on PIQ and VIQ
scores of children from the Project Viva Cohort (Mas-
sachusetts, USA) using a cohort study design. Pregnant
individuals were recruited during prenatal visits (median
9.9 weeks of gestation) at eight locations for Atrius Har-
vard Vanguard Medical Associates, a multi-subspecialty
group practice in urban and suburban eastern Massachu-
setts. Exposure assessment was conducted by spatially
joining geocoded residential addresses of the birthing
parent (reported at study visits and on annual question-
naires) to PM, ; models that used satellite aerosol optical
depth measurements. The average PM, ; concentration
was 12.3 £2.6 pg/m? (Table 3). IQ was assessed using the
Kaufman-Brief Intelligence Test, Second Edition (KBIT-
2) for 1109 children at eight years of age. Estimates on the
impact of PM, ; on child IQ were based on a “minimally
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adjusted model,” accounting for child sex and age at cog-
nitive tests. The authors found that an increase of 2.5 pg/
m? in PM, . concentration in the year before testing was
associated with a -0.4 (-1.8, 1.0) point change in PIQ and
a -1.0 (-2.2, 0.2) change in VIQ. To re-express this rela-
tionship as a beta coefficient, we divided the change 1Q
points by 2.5. Thus, each 1 pg/m? increase in PM, ; con-
centration was associated with a change in -0.16 PIQ
points and -0.40 VIQ points (Table 2).

In the second study, Porta et al. 2016 [9] examined post-
natal exposure to PM,; and children’s FSIQ, PIQ, and
VIQ scores from the Gene and Environment Prospective
Study on Infancy in Italy (GASPII) using a cohort study
design. Newborns born at two large obstetric hospitals in
Rome, Italy to individuals over the age 18 from 2003-2004
were enrolled. Exposure assessment was conducted by
spatially joining geocoded residential addresses of par-
ticipants (as reported at study visits on questionnaires) to
PM, ; estimates generated from land-use regression mod-
els developed within the European Study of Cohorts for
Air Pollution (ESCAPE). The average PM, ; concentration
was 19.5+2.2 pg/m> (Table 3). IQ was assessed using the
Wechsler Intelligence Scale for Children, Third Edition
(WISC-III) for 474 children at seven years of age. Estimates
modeling the impact of PM, ; on IQ were adjusted for child
age, gender, maternal and paternal education level, socio-
economic index at birth, maternal age at delivery, maternal
smoking during pregnancy, number of older siblings, and
the psychologist who administered the test. Attrition bias
was reduced by inversely weighting for the probability of
participation at baseline and follow-up. The authors deter-
mined that for each 10 pg/m?® increase in PM, - exposure
during pregnancy, there was a change in -1.9 (-7.9, 4.1)
FSIQ points, -0.44 (-5.5, 6.4) change in VIQ points, and -4.1
(-3.4, 1.2) change in PIQ points. We divided IQ points lost
by a coefficient of 10 to re-express the reported relationship
in IQ points lost per 1 pg/m? increase in PM, ;. Thus, each
1 pg/m® increase in PM,; concentration was associated
with a change in -0.19 FSIQ points, -0.04 points, -0.04 VIQ
points, and -0.41 PIQ points (Table 2).

In the third study, Wang et al. 2017 [10] examined the
impact of postnatal exposure to PM, ; on the FSIQ and
PIQ scores of children from the Risk Factors for Antiso-
cial Behavioral (RFAB) twin study (California, USA) using
a cohort study design. Families were recruited from Los
Angeles and surrounding counties, generating a socio-
economically diverse, multi-ethnic population. Exposure
assessment was conducted by spatially joining geocoded
residential addresses (identified through self-reports
every 2-3 years) to PM,; estimates generated from a
spatial-temporal model from the United States Envi-
ronmental Protection Agency Technology Transfer Net-
work. The average PM, ; concentration was 13.7+ 6.7 ug/
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m? (Table 3). IQ was assessed using the Wechsler Abbre-
viated Scale of Intelligence (WASI) for 1085 children
aged 9-11 and 18-20. Estimates on the impact of PM, ;
on child IQ were based on “Adjusted Model IId,” which
adjusts for individual/family characteristics (e.g., age, sex,
race/ethnicity, socioeconomic status, parental cognitive
abilities) and neighborhood characteristics (e.g., greens-
pace, traffic density, and parent-reported neighborhood
quality). The authors divided the sample into four quar-
tiles according to PM,; exposure: in quartile 1, PM, -
exposures ranged from 2.14-16.08 pg/m?; in quartile 2,
(16.09-18.67 pg/m?), quartile 3, (8.66-21.12 pg/m?), and
quartile 4, (21.14-25.36 pg/m?). For each interquartile
increase in PM,;, there was a -2.00 (-4.84, 0.24) point
change in FSIQ, -3.08 (0.12—6.04) point change in PIQ,
and -1.42 (-4.48, 1.64) change in VIQ. To re-express this
relationship as a beta coefficient, we divided the reported
IQ points lost by the interquartile range for PM, ; (i.e.,
the 75th minus the 25th percentile of the distribution).
From this calculation, we determined that each 1 pg/
m? increase in PM, 5 concentration is associated with a
change in -0.40 FSIQ points, -0.61 PIQ points, and -0.28
VIQ points (Table 2).

In the fourth study, Seifi et al. 2021 [12] examined the
impact of childhood exposure to PM, ; on the FSIQ scores
of children residing in Bushehr province, Iran, using a
cross-sectional study design. Children were randomly
selected from schools in three low-privileged geographic
areas between 2019 and 2020. Exposure assessment was
conducted using real-time measurements of PM, ; mass
concentrations from environmental dust monitors based
on an optical scattering method. Indoor and outdoor
exposures were simultaneously measured using direct
reading equipment. The average PM,: concentrations
were 39.0 & 16.9 pg/m? for the low-exposure group, 58.0
+ 23.9 pg/m? for the intermediate-exposure group, and
84.2 & 32.2 pg/m3 for the high-exposure group (Table 3).
IQ was assessed using the Raymond B. Cattle Scale I-A
for 369 children at six to eight years of age. Estimates on
the impact of PM, ; on child IQ adjusted for e adjusted
for age, gender, economic conditions, maternal education,
and type of delivery. The authors determined that chil-
dren’s IQ in the area with high pollution was 7.48, lower
than that in moderate pollution, and 16.628, lower than
that in the region with low pollution. To re-express these
data as a linear relationship, we created a scatter plot of
IQ change vs. PM, ; levels for the three respective expo-
sure groups and fitted a regression line using Stata statisti-
cal software. Using this method, each 1 pug/m? increase in
PM, ; concentration was associated with a -0.36 change in
FSIQ points (Table 2).

In the fifth study, Ni et al. 2022 [11] examined the impact
of prenatal exposure to PM,; on FSIQ of children from
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the Environmental Influences on Child Health Outcomes
(ECHO) Cohort, with representation from California,
New York, Minnesota, and Washington USA. The ECHO
Cohort was created by pooling participant data from three
individual prospective cohort studies, detailed in Table 4.
Exposure assessment was conducted by spatially joining
geocoded residential addresses of participants (collected
at enrollment and updated at each subsequent point of
contact) to PM, ; estimates from spatial-temporal mod-
els using data reported on a two-week scale. Additional
cohort-specific monitors enhanced these measurements.
The average PM, - concentration was 8.75 + 2.0 pg/m>
(Table 3). IQ was assessed using the Stanford-Binet Intel-
ligence Scales, Fifth Edition (SB-5), the Wechsler Intel-
ligence Scale for Children, Fifth Edition (WISC-V), and
the Wechsler Preschool & Primary Scale of Intelligence,
Fourth Edition (WPPSI-IV) for 1311 children at four to
six years of age. Estimates on the impact of PM, ; on child
IQ were based on the “primary model,” which controlled
for child sex, age, study site, child race, maternal educa-
tion, log-transformed region, inflation-adjusted house-
hold income, household members, an interaction between
household members and income, material status, maternal
age at delivery, birth order, pregnancy smoking, pregnancy
alcohol consumption, maternal depression, maternal IQ,
child second-hand smoke exposure, and Child Opportu-
nity Index (domains of educational and economic oppor-
tunity) in the corresponding window of PM, 5 exposure.
The authors determined that a 2 ug/m3 increase in PM, ¢
during pregnancy was associated with —0.26 (—1.53, 1.01)
points. To re-express this relationship as a beta coefficient,
we divided the change IQ points by 2. Thus, each 1 pg/m?
increase in PM, ; concentration was associated with -0.13
FSIQ points (Table 2).

In the sixth study, Sun et al. 2023 [8] assessed the
impact of prenatal exposure to PM, ; on FSIQ of children
from the Shanghai-Minhang Birth Cohort (Shanghai,
CN) using a cohort study design. Pregnant individuals
who underwent their first prenatal examination at 12-16
weeks of gestation in the Minhang Maternal and Child
Health Hospital in 2012 were enrolled. Exposure assess-
ment was conducted by spatially joining geocoded resi-
dential addresses of the birthing parent (reported during
enrollment and follow-up visits) to PM,; estimates
developed using satellite-based monitoring and aero-
sol optical depth retrieval. Ground measurements from
approximately 1000 monitors were used for cross-valida-
tion, which was reported to be consistent with real-time
measurements (R*=0.78). The average PM,  concen-
tration was 38.8 £ 6.2 |,lg/m3 (Table 3). IQ was assessed
using the Wechsler Abbreviated Scale of Intelligence
(WASI) for 512 children at six years of age. Estimates on
the impact of PM,; on child IQ adjusted for maternal
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factors (age, BMI before pregnancy, I1Q, parity, educa-
tion, intake of folic acid in early pregnancy, depression in
early pregnancy), paternal factors (education), gestational
weeks, and trimester-specific temperature and humid-
ity. The authors reported a -1.34 (—2.71, 0.04) change in
FSIQ points for every 5 pg/m3 increase in PM, ; during
the first trimester of pregnancy. To re-express this rela-
tionship as a beta coefficient, we divided the change IQ
points by 5. Thus, each 1 pg/m?® increase in PM, ; concen-
tration was associated with -0.27 FSIQ points (Table 2).

Pooling data from the studies included for final review,
our meta-analyses indicated a significant negative asso-
ciation between PM, ; and each IQ domain. Specifically,
a 1 pg/m?® increase in ambient PM, ; is associated with
a -0.27 (-0.37, -0.17) point change in FSIQ (»<0.001), a
-0.39 (-0.65, -0.14) point change in PIQ (p=0.003), and
a -0.24 (-0.45, -0.04) point change in VIQ (p=0.021)
(Tables 5, 6 and 7). Forest plots are detailed in Tables 5,
6and 7.

Overall, we determined that there was a high degree
of heterogeneity among our studies. Through our quan-
titative analysis, the I* statistic was high (>88%), and
Cochran’s Q test of heterogeneity was significant (p <0.05)
for all meta-analyses (Supplemental Table S3). Qualita-
tively, we observed a moderate degree of overlap in the
confidence intervals and a narrow spread of the effect
sizes around the pooled estimates in our FSIQ model, sug-
gesting moderate heterogeneity (Table 5), while a slight
overlap of the confidence intervals for our PIQ and VIQ
models (Tables 6 and 7), suggesting high heterogeneity.

Table 5 PM,; and Full-Scale IQ
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Discussion

To our knowledge, this is the first study to quantify the
correlation between PM,; air pollution exposure and
decreased cognitive function in children based on a sys-
tematic review of the world’s literature. All six of the
studies included in our analysis consistently found that
prenatal and childhood exposures to PM, ; pollution are
associated with declines in verbal and nonverbal cogni-
tive abilities, as measured by IQ loss. Our findings, which
include data from geographically, socially, economically,
and culturally diverse populations, indicate that PIQ is
the component of cognitive function most profoundly
affected by PM, .. PIQ is more severely affected than
either VIQ or FSIQ, suggesting that it is an especially
sensitive indicator of brain injury caused by adverse envi-
ronmental exposures.

Children’s communication and language skills—the
“crystallized” cognitive abilities reflected by VIQ —may
be more resilient to adverse environmental exposures
such as PM, ; pollution due to the ubiquitous nature and
importance of daily communication and social interac-
tion, as opposed to PIQ, which reflects non-verbal, more
“fluid” cognitive abilities such as the ability to reason and
to solve novel problems and is contingent on adequate
sensory input and rich play environments. Differences in
critical periods of brain development may also help to elu-
cidate the differential impact of PM, 5 on PIQ. Thus, expe-
rience-dependent synapse formation peaks around two
months of age for the visual cortex [17], a brain structure
supporting PIQ, whereas the receptive language/speech

Study Exposure Window Age at Study Location Sample Weight Beta Coefficient*
Testing Size (%)
(years)
Porta et al. (2016) Postnatal 7 Rome, Italy 474 13 -0.19 [-0.28, -0.10]
| —
Wang et al. (2017) Postnatal 9-20 California, USA 1085 29 -0.40 [-0.46, -0.34]
——
Seifi et al. (2021) Childhood 6-8 Bushehr Prov., Iran 369 10 -0.36 [-0.46, -0.26)
Ni et al. (2022) Prenatal 4-6 Multiple Loc., USA 1311 35 . ! -0.13 [-0.18, -0.08]
Sun et al. (2023) Prenatal 6 Shanghai, China 512 13 B -0.27 [-0.36, -0.18)
Combined RE Model 3751 100 ———————— -0.27 [-0.37,-0.18]
(p=0.001) :
r T T T T R
05 04 03 02 0.1 0 :

Forest plot showing effect of PM, s exposure on FSIQ using a random effects model. A significant overall effect size of -0.27 (-0.37, -0.18) FSIQ points lost per 1ug/m?
increase in PM, 5 (p = 0.001) was observed. Plot presents point estimates and 95% confidence intervals for each study included in the meta-analysis. Individual studies
are represented by squares (point estimates) and horizontal lines (confidence intervals). Pooled effect estimate is indicated by a diamond at the bottom, with its width

representing the confidence interval

*Q Points lost per 1ug/m? increase in PM, s All meta-analyses generated using a Random Effects model in R Statistical Software (v4.4.1)
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Table 6 PM,; and Performance IQ
Study Exposure Window Age at Study Location Sample Weight Beta Coefficient*
Testing Size (%)
(years)
Harris et al. (2015) Prenatal 6-11 Massachusetts, USA 1109 38 . -0.16 [-0.22, -0.10]
Porta et al. (2016) Postnatal 7 Rome, Italy 474 16 -0.41 [-0.50, -0.32]
Wang et al. (2017) Postnatal 9-20 California, USA 1360 46 -0.61 [-0.66, -0.56]
—
Combined RE Model 2943 100 R — -0.39 [-0.65, -0.14]
r T T T (p=0.003)
0.8 06 04 0.2 0 :

Forest plot showing effect of PM, sexposure on PIQ using a random effects model. A significant overall effect size of -0.39 (-0.65, -0.14) PIQ points lost per 1ug/m®
increase in PM, 5 (p = 0.003) was observed. Plot presents point estimates and 95% confidence intervals for each study included in the meta-analysis. Individual studies
are represented by squares (point estimates) and horizontal lines (confidence intervals). Pooled effect estimate is indicated by a diamond at the bottom, with its width

representing the confidence interval

*IQ Points lost per 1ug/m? increase in PM, s All meta-analyses generated using a Random Effects model in R Statistical Software (v4.4.1)

Table 7 PM,; and Verbal IQ

Study Exposure Window Age at Study Location Sample Weight Beta Coefficient*

Testing Size (%)
(years)

Harris et al. (2015) Prenatal 6-11 Massachusetts, USA 1109 38 -0.40 [-0.46, -0.34]

——
Porta et al. (2016) Postnatal 7 Rome, Italy 474 16 -0.04 [-0.13, 0.05]
P ey
Wang et al. (2017) Postnatal 9-20 California, USA 1360 46 -0.28 [-0.33,-0.23]
.
Combined RE Model 2943 100 R ——— -0.24 [-0.45, -0.04]
T T T T T (p=0.021)§

Forest plot showing effect of PM, s exposure on VIQ using a random effects model. A significant overall effect size of -0.24 (-0.45, -0.04) VIQ points lost per 1ug/m?
increase in PM, 5 (p = 0.021) was observed. Plot presents point estimates and 95% confidence intervals for each study included in the meta-analysis. Individual studies
are represented by squares (point estimates) and horizontal lines (confidence intervals). Pooled effect estimate is indicated by a diamond at the bottom, with its width

representing the confidence interval

*IQ Points lost per 1ug/m? increase in PM, ; All meta-analyses generated using a Random Effects model in R Statistical Software (v4.4.1)

production area (critical for VIQ) peaks later, around
eight months of age (Supplemental Figure S1). It is pos-
sible that children are more susceptible to PM, ; exposure
in the early postnatal period when the development of
brain regions associated with PIQ is most rapid.

Loss of non-verbal cognitive function, as measured
by PIQ loss, has significant implications for children’s
health, development, and future life accomplishments.
Long-term follow-up studies of children who suffered
IQ loss from early-life exposures to neurotoxicants other
than PM, ; pollution have found linkages to a range of
developmental and behavioral deficits. These include
a shortened attention span, compromised reading and
math abilities, reduced control over impulsive and
aggressive behaviors, and increased rates of school failure

[18]. Longer-term ramifications include increased risks
of juvenile delinquency, criminal behavior, and incar-
ceration [19-21]. Additional neurobehavioral conse-
quences of early-life exposures to PM, ; pollution include
increased incidence of behavioral abnormalities, such as
autism spectrum disorder (ASD) and attention-deficit/
hyperactivity disorder (ADHD) [14, 15, 22-28].
Population-wide reduction in mean cognitive capac-
ity by as little as 5 IQ points results in a more than 50%
decrease in the number of children with superior intelli-
gence (IQ above 130) and a corresponding increase in the
number of children with IQ scores below 70. Such a loss
of cognitive capacity in a population represents a mas-
sive erosion of human capital, reduces a society’s future
leadership potential, and threatens national survival [29].
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At the same time, the significant increase in the number
of children with reduced cognitive capacities imposes
substantial economic and social burdens on societies by
reducing the lifelong productivity of future generations
and increasing the need for remedial education and cus-
todial care. For these reasons, and given the widespread
nature of children’s exposure to excessive levels of PM, ;
air pollution, our finding that early-life PM, ; exposure
is associated with concentration-related loss of cognitive
function in children has significant economic and policy
implications [30].

The high degree of heterogeneity we observed (both
quantitatively and qualitatively) across the studies we
examined was expected as the studies included for final
review used different methodologies to model air pollu-
tion exposure (Table 3) and examined neurobehavioral
outcomes of children at various ages in diverse geograph-
ical locations (Table 4). Further, differential access to
opportunities for educational and social engagement may
have mediated cognitive outcomes, obscuring the direct
effects of PM, ;. For these reasons, our findings should be
interpreted cautiously and reexamined as additional data
become available.

Our findings are consistent with an expanding body of
literature on the harmful impacts of pre- and postnatal
exposures to PM, ; air pollution on children’s neurobe-
havioral development [14, 15]. Because many millions
of children across the globe are exposed to PM, ; pollu-
tion, the aggregate losses in cognitive function resulting
from these exposures have the potential to be as large or
more prominent than those caused by other exposures to
other widespread neurotoxicants. A study of Full-Scale
IQ (FSIQ) losses in American children less than 5 years
of age reported that lead was responsible for an aggregate
loss of 23,000,000 FSIQ points, methylmercury for a loss
of 285,000 FSIQ points, and organophosphate pesticides
for a loss of 17,000,000 FSIQ points [31].

Our study has several limitations. First, our derivation
of a concentration—response function relating PM, 5 con-
centration to IQ loss in children is based on only six stud-
ies. This scarcity of available data underscores the early
stage of research on the neurobehavioral consequences
of early-life exposure to air pollution. Moreover, only
one author screened all studies included in this analysis,
which may introduce bias in the selection process. To
mitigate this limitation, future research should consider
employing multiple reviewers to ensure a more rigorous
and unbiased screening.

Another limitation is that we were not able to assess the
potentially synergistic impacts of air pollution and other
neurotoxicants in children’s development. Although all
of the studies in our analysis included comprehensive
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evaluations of potential confounding from demographic
and socioeconomic variables, none formally evaluated
the possibility of other adverse environmental exposures
exacerbating the adverse impacts of increased PM, 5 on
children’s 1Q scores. Further, our models do not account
for potential non-linear trends, an essential considera-
tion for geographic locations with pollution exposures
outside our study range. Mounting evidence from other
toxicological exposures (e.g., endocrine-disrupting chem-
icals from plastic additives) suggests that non-mono-
tonic dose-response relationships may be common. We
lack the data to determine whether the concentration—
response functions we derived for IQ loss at PM, 5 con-
centrations are linear, supralinear, attenuated, or flat at
higher PM, ; concentrations. Estimating IQ losses in chil-
dren with higher exposures will necessitate either direct
study or extrapolations that incorporate assumptions
about the shape of the concentration—response function
at those exposures.

Yet another limitation of our study is that it could not
account for differences in the chemical constituents of
PM, ;5 pollution that may occur in different places around
the world. For example, biomass burning in wildfires
produces PM, . with higher concentrations of PAHs
as opposed to more complete combustion processes
such as vehicle emissions. Such variability could modify
the concentration-response function. However, in the
absence of studies that parse out the relative contribu-
tions of different constituents of PM, ;, the assumption
of equitoxicity has been widely used in epidemiologic
studies of the health effects of air pollution, including the
Global Burden of Disease (GBD) study [32-34].

We note that IQ loss in children caused by harmful
environmental exposures such as PM, ; pollution is not
included in the Global Burden of Disease (GBD) calcu-
lations unless exposures are so severe that they result
in IQ scores below 70 (the criterion for diagnosing a
child as having an “intellectual disability”) [32, 34]. The
consequence of this unfortunate omission is that most
cognitive impairments associated with toxic environ-
mental exposures are not counted in the GBD study.
This impedes the estimation of the actual population
health impacts and human capital losses caused by air
pollution and other neurotoxicants. For the many coun-
tries that utilize GBD findings to guide priority setting
and resource allocation in public health, this omission
underestimates the adverse impacts of air pollution on
children’s cognitive function and results in opportunities
for prevention being lost. We encourage future research
initiatives undertaken in partnership with the GBD
study collaborators to address this information gap and
improve the ability of the GBD study to guide preventive
policy in pediatrics [32, 33].
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Future epidemiological studies should seek to diversify
their patient populations and geographical locations, as
we were unable to identify studies matching our search
criterion that represented populations in South America,
Africa, or Oceania. We note that each study included for
the final review used proximal estimates to determine
children’s PM, ; exposure (e.g., geographical information
systems, land-use regression models, satellite imagery).
While effective and efficient for population-level cohorts,
continued research should seek to quantify exposure
at the individual level (e.g., biomarkers and wearable
devices) to increase sensitivity and precision when gen-
erating exposure—response functions. In the setting of
unprecedented planetary changes, we stress the need to
evaluate the impact of PM, ; on children’s neurodevelop-
ment with other adverse co-exposures, such as extreme
heat, stress from displacement/migration, altered nutrient
availability/quality, and increased vector-borne disease.

Lastly, since children’s brains are experiencing rapid
periods of tightly organized growth and development,
it is necessary to track IQ over time to characterize
neurodevelopmental trajectories. For example, the dif-
ference between IQ scores among children of high SES
versus those of low SES was tripled at age 16, when
compared to their difference at age two in a British
cohort [35] — demonstrating that adverse events/expo-
sures during the early years of childhood exacerbate
existing health inequities, but also serve as opportuni-
ties for resiliency in children’s neurodevelopment.

Conclusion

Our combined effect estimates, based on data gen-
erated from six epidemiological studies represent-
ing children from three continents (North America,
Europe, and Asia), use standard coefficients, support-
ing a negative impact of PM, ; exposure on children’s
neurocognitive development, as measured by IQ
scores. Though relatively small, the estimated effect
sizes for FSIQ, PIQ, and VIQ are of significant pub-
lic health importance, considering the lifelong effects
of adverse neurodevelopmental on children’s health,
well-being, and human capital and the wide extent
of children’s exposure to levels of PM,; air pollu-
tion that exceed WHO guidelines. Substantial gains
in economic productivity have occurred in countries
that reduced airborne lead pollution by removing lead
from gasoline [30]. Similar benefits may be expected
to result from sustained reductions in PM, 5 pollution.
Developing an exposure-response function linking
PM, 5 concentration to IQ loss provides the means for
quantifying these benefits and translating them into
public policy.
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Abbreviations

1Q Intelligence Quotient
FSIQ  Full-Scale Intelligence Quotient
PIQ Performance Intelligence Quotient

ViQ Verbal Intelligence Quotient

PM Particulate Matter

PM,,  Particulate Matter Air Pollution 10 Micrometers in Diameter
PM,s  Particulate Matter Air Pollution 2.5 Micrometers in Diameter
SDI Socio-demographic Index

WHO  World Health Organization

LMIC  Low or Middle-Income Country
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