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ARTICLE INFO ABSTRACT
Keywords: Introduction: Ambient air pollution is a neurotoxicant with hypothesized immune-related mechanisms. Adoles-
Air pollution cent brain structural and functional connectivity may be especially vulnerable to ambient pollution due to the

Immune function refinement of large-scale brain networks during this period, which vary by sex and have important implications

for cognitive, behavioral, and emotional functioning. In the current study we explored associations between air
pollutants, immune markers, and structural and functional connectivity in early adolescence by leveraging cross-

Inflammation
Resting-state functional MRI
Diffusion-weighted imaging

Restriction spectrum imaging sectional sex-stratified data from the Adolescent Brain Cognitive Development™ Study®.

Brain network connectivity Methods: Pollutant concentrations of fine particulate matter, nitrogen dioxide, and ozone were assigned to each
Adolescence child’s primary residential address during the prenatal period and childhood (9-10 years-old) using an ensemble-
Sex-specific effects based modeling approach. Data collected at 11-13 years-old included resting-state functional connectivity of the

default mode, frontoparietal, and salience networks and limbic regions of interest, intracellular directional and
isotropic diffusion of available white matter tracts, and markers of cellular immune activation. Using partial least
squares correlation, a multivariate data-driven method that identifies important variables within latent di-
mensions, we investigated associations between 1) pollutants and structural and functional connectivity, 2)
pollutants and immune markers, and 3) immune markers and structural and functional connectivity, in each sex
separately.

Results: Air pollution exposure was related to white matter intracellular directional and isotropic diffusion at ages
11-13 years, but the direction of associations varied by sex. There were no associations between pollutants and
resting-state functional connectivity at ages 11-13 years. Childhood exposure to nitrogen dioxide was negatively
correlated with white blood cell count in males. Immune biomarkers were positively correlated with white
matter intracellular directional diffusion in females and both white matter intracellular directional and isotropic
diffusion in males. Lastly, there was a reliable negative correlation between lymphocyte-to-monocyte ratio and
default mode network resting-state functional connectivity in females, as well as a compromised immune marker
profile associated with lower resting-state functional connectivity between the salience network and the left
hippocampus in males. In post-hoc exploratory analyses, we found that the PLSC-identified white matter tracts
and resting-state networks related to processing speed and cognitive control performance from the NIH Toolbox.
Conclusions: We identified novel links between childhood nitrogen dioxide and cellular immune activation in
males, and brain network connectivity and immune markers in both sexes. Future research should explore the
potentially mediating role of immune activity in how pollutants affect neurological outcomes as well as the
potential consequences of immune-related patterns of brain connectivity in service of improved brain health for
all.
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1. Introduction

Outdoor ambient air pollution is a known risk factor for acute and
chronic disease states, such as asthma (Nishimura et al., 2013; Jerrett
etal., 2008; Clark et al., 2010), cardiovascular disease (Pope et al., 2004;
Peters et al., 2000), and increasingly, neurological health (Costa et al.,
2020; Lin et al., 2021; H.-C. Fan et al., 2022; Reuben et al., 2021; Lee
et al., 2016). Important criteria pollutants tracked by the World Health
Organization (WHO) and the United States Environmental Protection
Agency (US EPA) include particulate matter with diameter <2.5 pm
(PM3 5), nitrogen dioxide (NO3), and ground-level ozone (O3) (US EPA
2015). PMg 5 and NOy result from combustion of gasoline, oil, diesel
fuel, coal, or wood. O3 results from ultraviolet light-driven photooxi-
dation of volatile organic compounds and precursors such as nitric oxide
(NO) and NO, (US EPA 2016b; US EPA, OAR, 2016a). These three
pollutants have complicated environmental and chemical interactions,
such that Os is often increased when other criteria pollutants exist in
lower levels, and vice versa (Brancher 2021). Inhalation of these
ambient pollutants can cause an innate immune response, resulting in
increased systemic and neuroinflammation, circulation of immune
components, oxidative stress, and compromised tissue barriers
throughout the body, including the nasal epithelium, blood-brain bar-
rier (BBB), and in the case of prenatal exposure, the blood-placental
barrier (Glencross et al., 2020; Tripathy et al., 2021; Heidari Nejad
et al., 2015; Bové et al., 2019). However, it is important to note that
mechanisms of air pollution effects for various health outcomes,
including the nervous system, may also differ based on both the timing
of the exposure as well as an individual’s biological sex (Brunst et al.,
2015; Costa et al., 2017; Liao et al. 2023).

In this regard, the developing brain may be especially sensitive to the
neurotoxicant effects of ambient air pollution. Air pollution during the
prenatal and childhood periods has been shown to impact the brain
connectome (Herting et al., 2019; Burnor et al., 2021; Sukumaran et al.,
2023; Cotter et al., 2023b; Pérez-Crespo et al., 2022; Binter et al., 2022;
Lubczynska et al., 2021, 2020; Cotter et al., 2023a; Peterson et al., 2022;
Guxens et al., 2022). Defined as the spatial map of neural connections
that give rise to function (Shi and Toga 2017), the brain connectome can
be characterized both structurally and functionally using multimodal
neuroimaging methods, such as diffusion-weighted imaging (DWI) and
resting-state functional magnetic resonance imaging (rs-fMRI) (Power
et al., 2011; Smith et al., 2009; Yeo et al., 2011; Laumann et al., 2017).
To date, our team and others have found ambient air pollutants to relate
to both cross-sectional and longitudinal differences in resting-state
functional connectivity (rsFC) among large-scaled networks in chil-
dren between the ages of 8-13 years (Pérez-Crespo et al., 2022; Pujol
et al., 2016a; Pujol et al., 2016b; Cotter et al., 2023b). However, while
the broader neurodevelopmental literature suggests brain network
maturation varies based on sex (Satterthwaite et al., 2015; Schulz and
Sisk 2016; Grayson and Fair 2017; Sanders et al., 2023), these studies
did not find sex to moderate pollutant effects on rsFC development
(Pérez-Crespo et al., 2022; Cotter et al., 2023b). Beyond rsFC, both
prenatal and early childhood exposure to outdoor air pollution has been
linked to differences in structural connectivity as measured by white
matter microstructural integrity estimated using diffusion tensor imag-
ing (Binter et al., 2022; Lubczynska et al., 2020; Peterson et al., 2022).
Building upon this research, our team implemented an advanced
multi-compartment DWI modeling technique, known as restriction
spectrum imaging (RSI), to cross-sectionally and longitudinally assess
how air pollution exposure during childhood influences intracellular
compartments of white matter tissue (Burnor et al., 2021; Cotter et al.,
2023a). Our findings suggested unique sex- and pollutant-specific as-
sociations between air pollution exposure and white matter micro-
structural integrity. Specifically, we found that exposure to higher levels
of PMy 5 was associated with higher intracellular isotropic diffusion
(RNL hypothesized to reflect more and/or swollen glial cells) (White
etal., 2013; Palmer et al., 2021) in female youth and higher intracellular
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directional diffusion (RND; increased axon caliber or density) (White
et al., 2013; Palmer et al., 2021; C. C. Fan et al., 2022) in both sexes at
age 9 years. Alternatively, NO, affected maturation patterns of white
matter RNI in female youth over time, whereas O3 exposure influenced
white matter RNI and RND development in both sexes, but more
prominently in male youth. Taken together, these initial air pollution
and MRI studies suggest a link between outdoor air pollution exposure
and the brain connectome during development. Yet, despite a growing
literature, questions remain about the mechanisms by which air pollu-
tion may impart these effects and to what degree these may vary by sex.

A primary candidate for air pollution’s neurotoxic effects is activa-
tion of the immune system and associated systemic and neuro-
inflammation (Glencross et al., 2020; Kang et al., 2021), which have
well-documented differences depending on an individual’s sex chro-
mosomes (Klein and Flanagan 2016; Wilkinson et al., 2022). Our highly
dynamic immune system is characterized by its innate (rapid and
nonspecific; platelets, monocytes, neutrophils) and adaptive (slow and
targeted; T and B lymphocytes) responses to pathogens, with notable sex
differences in these processes across the lifespan, particularly during
development (Klein and Flanagan 2016). Air pollution, particularly PM
and NOj, has been linked to alterations in white blood cell counts
(WBC), lymphocytes, and eosinophils, as well as interruptions in anti-
viral immune functions (Steenhof et al., 2014a; Glencross et al., 2020;
Hung et al., 2021). Additionally, air pollution has been shown to have a
direct and cumulative detrimental effect on lung-associated innate and
adaptive immunity, potentially increasing the risk for poor health out-
comes in older adults (“Effect of Air Pollution on the Human Immune
System” 2022). However, few studies to date have examined the link
between air pollution and immune response during childhood, let alone
how they relate to neurodevelopment. Air pollution studies in pediatric
samples have primarily examined blood-based pro- or
anti-inflammatory cytokines, albeit with mixed results and without
examining potential sex differences (Hahn et al., 2021; Garcia-Serna
et al.,, 2022; Latzin et al., 2011; Barraza-Villarreal et al., 2008;
Calder6n-Garciduenas et al., 2013; Kliimper et al., 2015; Armijos et al.,
2015; Brown et al., 2012). More recently, however, Li et al. (2019) found
altered monocyte, lymphocyte, and immunoglobulin levels in
school-aged children exposed to air pollution with sex-specific patterns
of alteration. Thus, in addition to studies on cytokines, it is likely
imperative to consider how air pollution may influence the balance of
innate and adaptive immune responses. In this regard, recent studies
have begun using blood-based immune cell composites and ratios, such
as the systemic immune-inflammation index (SID),
platelet-to-lymphocyte ratio (PLR), neutrophil-to-lymphocyte ratio
(NLR), and lymphocyte-to-monocyte ratio (LMR), to quantify immune
reactivity (H. Zhang et al., 2022; Hu et al., 2014; Dadouli et al., 2022; Y.
Wei et al., 2022; Mazza et al., 2020; Benedetti et al., 2021; Kurtul et al.,
2014; Zahorec 2021). Importantly, these immune ratios have already
been linked to brain alterations as seen on MRI (Benedetti et al., 2021;
Nam et al., 2022; Nam et al., 2017; Xiao et al., 2023) as well as with
other environmental pollutant exposures in both children and adults (H.
Zhang et al., 2022; L. Zhao et al., 2022; Dai et al., 2019; S. Zhang et al.,
2019). Therefore, these immune ratios may be especially useful to
consider in probing how immune function may map onto air pollution
and brain health in males and females during development.

To address these knowledge gaps, the goal of the current study was to
explore associations between air pollution exposure, blood-based im-
mune markers, and functional and structural brain connectivity at ages
11-13 years-old. To do so, we leveraged sex-stratified data from the
large, regionally diverse, US-based Adolescent Brain Cognitive Devel-
opment™ (ABCD) Study® cohort and applied a partial least squares
correlation (PLSC), a multivariate data-driven method previously used
in neuroimaging research (Krishnan et al., 2011) that allows for both
multivariate predictors and outcomes to identify significant reliable
patterns (i.e., latent dimensions) and the variables driving them.
Importantly, PLSC can handle multicollinearity, allowing for the
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quantification of both joint and independent effects of highly correlated
variables (Hamra and Buckley 2018), particularly important when
exploring co-exposures of pollutants and multiple related immune
components. Thus, we performed PLSCs to investigate: 1) the associa-
tions between prenatal and childhood air pollution exposure and both
structural and functional connectivity (measured by rsFC and RSI,
respectively) at ages 11-13 years (i.e., concurrent with immune marker
measurements), 2) the associations between prenatal and childhood air
pollution exposure and immune markers, and 3) the associations be-
tween temporally linked immune markers and both structural and
functional connectivity at ages 11-13 years. We then performed
post-hoc exploratory stepwise regression analyses to assess potential
cognitive relevance of brain outcomes identified from PLSC analyses.
Given the known sex-specific effects in environmental neurotoxicity
(Gade et al. 2021), innate and adaptive immunity (Klein and Flanagan
2016; Wilkinson et al., 2022), and adolescent brain development (Len-
root and Giedd 2010; Giedd et al., 2012; Kaczkurkin et al. 2019), as well
as PLSC’s inability to handle interaction terms, we opted to examine
these relationships in each sex separately, reducing the potential for bias
(Buckley et al., 2017). Given the exploratory nature of this research, we
did not have specific hypotheses. Rather, we aimed to conduct this
hypothesis-generating research to uncover potentially novel patterns of
association between different types of data within each sex, in hopes of
identifying potential links between air pollution, cellular immune
markers, and the adolescent brain connectome for further, future
inquiry.

2. Methods
2.1. Study population

The current study uses data collected as part of the ongoing longi-
tudinal ABCD Study®, which enrolled 11,876 children between the ages
of 9-10 years across 21 study sites in the United States (Volkow et al.,
2018). Participants included in this study were <10 years-old at their
initial visit, and English language proficient. Exclusion criteria were as
follows: diagnosis of schizophrenia, moderate/severe autism spectrum
disorder, intellectual disability, alcohol/substance use disorder, major
medical or neurological conditions, history of traumatic brain injury,
and contraindications to MRI scanning (Garavan et al., 2018). All study
procedures were approved by the centralized institutional review board
at the University of California San Diego; each study site also obtained
approval from their institutional review boards. Participants provided
written assent and legal guardians provided written consent.

By study design, data collection within the ABCD Study varies as a
function of annual study visits (Garavan et al., 2018). As such, the
current study used a subset of data, including air pollution from the
prenatal period and baseline assessment (i.e., when children were 9-10
years), as well as blood analytes, neuroimaging, and demographic data
collected at the second annual study visit when the participants were
approximately 11-13 years-old. Given that blood-based biomarkers
were introduced into the ABCD Study beginning at the second annual
visit, we chose to use MRI data from the 2-year follow-up visit to
temporally align with these data. Each subset of data used in respective
PLSC analyses were stratified by sex and varied depending on data
availability (please see Table 1 and Supplemental Tables 1-3). All data
used here were obtained from ABCD’s 5.0 data release (http://doi.org/
10.15154/8873-zj65).

2.2. Ambient air pollution estimates

Geocoded information about participants’ residential addresses was
used to define the locations where prenatal and one-year childhood
daily PM3 5, daily NO3, and 8-hour maximum Os exposures were esti-
mated (C.C. Fan et al., 2021). Primary residential addresses at study
enrollment (i.e., when participants were 9-10 years-old) were collected
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Table 1

Descriptive statistics per each sex-stratified PLSC analysis. Abbreviations: re-
striction spectrum imaging (RSI), resting-state functional connectivity (rsFC),
fine particulate matter (PM,s), ground-level ozone (O3), nitrogen dioxide
(NOy), systemic immune-inflammation index (SII), lymphocyte-to-monocyte
ratio (LMR), platelet-to-lymphocyte ratio (PLR), neutrophil-to-lymphocyte
ratio (NLR), white blood cell count (WBC).

Cohort Characteristics

Female Male
Total N 2279 2809
Demographics
Mean Age, months (SD)
Pubertal Development Scale, N (%)

142.88 (7.74) 143.38 (7.77)

1 103 (4.5%) 1028 (36.6%)
2 228 (10%) 1005 (35.8%)
3 1057 (46.4%) 535 (19%)

4 738 (32.4%) 112 (4%)

5 33 (1.4%) 3(0.1%)
Missing 120 (5.3%) 126 (4.5%)

Race/Ethnicity, N (%)
Non-Hispanic White
Non-Hispanic Black
Hispanic
Non-Hispanic Asian
Multi-Racial/Other*
Handedness, N (%)

1368 (60%)
248 (10.9%)
383 (16.8%)
42 (1.8%)

238 (10.5%)

1761 (62.7%)
287 (10.2%)
461 (16.4%)
46 (1.6%)
254 (9.1%)

Right 1798 (78.9%) 2146 (76.4%)
Left 135 (5.9%) 223 (7.9%)
Mixed 308 (13.5%) 373 (13.3%)
Missing 38 (1.7%) 67 (2.4%)

Highest Household Education, N (%)
Post Graduate Degree

Bachelor

Some College

HS Diploma/GED

856 (37.5%)
638 (28%)
547 (24%)
164 (7.2%)

1088 (38.7%)
802 (28.6%)
650 (23.1%)
189 (6.7%)

< HS Diploma 72 (3.2%) 77 (2.7%)
Missing 2 (0.1%) 3 (0.1%)
Overall Income, N (%)

>100 K 982 (43.1%) 1245 (44.3%)
>50 K & <100 K 661 (29%) 785 (28%)
<50 K 487 (21.4%) 587 (20.9%)

Don’t Know/Refuse 149 (6.5%) 192 (6.8%)
Mean Pollutants (SD)

N 2219 2709

Prenatal PM, s, /4g/m3 10.97 (2.41) 10.87 (2.44)
Childhood PMj s, ug/m> 7.58 (1.51) 7.49 (1.56)
Prenatal O3, ppb 40.04 (4.51) 40.06 (4.68)
Childhood O3, ppb 41.33 (4.31) 41.34 (4.37)
Prenatal NO,, ppb 26.05 (9.76) 26.34 (9.93)
Childhood NO,, ppb 18.58 (5.92) 18.58 (5.9)
Mean Immune Markers (SD)

N 294 391

Sl 457.36 (239.35) 445.56 (280.68)
LMR 5.45 (2.16) 5.24 (2.54)
PLR 137.6 (44.01) 137.13 (43.12)
NLR 1.42 (0.69) 1.41 (0.77)
WBC 6.55 (1.7) 6.45 (1.79)
MRI Precision Variables

Mean Frame Displacement (SD)

RSI (N = 2188) 1.17 (0.34) 1.21 (0.43)
1sFC (N = 2054) 0.15 (0.15) 0.19 (0.17)
MRI Manufacturer, N (%)

N 2241 2742
Siemens 1418 (63.3%) 1768 (64.5%)
GE 574 (25.6%) 658 (24%)
Philips 249 (11.1%) 316 (11.5%)

*“Other” race/ethnicity category includes participants identified by their care-
giver as American Indian/Native American, Alaska Native, Native Hawaiian,
Guamanian, Samoan, Other Pacific Islander, Asian Indian, Chinese, Filipino,
Japanese, Korean, Vietnamese, Other Asian not listed, or Other Race not listed.

in-person from the participant’s caregiver during the study visit between
October 2016 to October 2018. At the second-year study visit, additional
previous residential addresses were collected retrospectively by the
participant’s caregiver. All residential addresses were then geocoded by
the ABCD consortium’s Data Analytics Information and Resource Center


http://doi.org/10.15154/8873-zj65
http://doi.org/10.15154/8873-zj65

D.L. Cotter et al.

(DAIRC) (C.C. Fan et al., 2021). Daily ambient air pollution concentra-
tion estimates for PMy 5, NO,, and O3z were then estimated for the entire
continental U.S. as previously described (Di et al., 2019, 2020; Requia
et al., 2020). In brief, hybrid spatiotemporal models were leveraged to
first derive daily air pollution estimates at a 1-km? resolution, utilizing
satellite remote sensing, land-use regression, and chemical transport
models (Di et al., 2019, 2020; Requia et al., 2020). Daily estimates were
subsequently averaged over the 2016 calendar year, corresponding with
participant study enrollment (when children were aged 9-10 years).
One-year annual average concentrations during childhood were then
assigned to primary residential addresses for each participant. Prenatal
exposure was assigned by averaging across the daily exposure estimates
for 9 months of pregnancy based on the child’s birthdate [birth years
2005-2009] and the address that corresponded to the child’s birth year.
If multiple addresses overlapped with the birthdate of the child, the
prenatal average exposure values for each residence were weighted by
the reported percent of time spent at that residence, after which the sum
of these weighted exposure averages was divided by the sum of all re-
ported percentages. To reduce potential misclassification bias, subjects
were excluded from the analyses if the percentage of time reported
across the multiple addresses overlapping with the child’s birthdate
totaled below 90% or above 110%. Lastly, quality-controlled prospec-
tive residential addresses are not currently available in the ABCD con-
sortium. Therefore, we assumed the spatial contrast remained constant
between the study enrollment period and the annual 2-year follow-up
study period, which has been demonstrated using these
ensemble-based models from 2000 to 2016 (Di et al., 2019, 2020;
Requia et al., 2020). Spearman correlations between prenatal and
childhood exposures are presented in Supplemental Figure 1.

2.3. Restriction spectrum imaging (RSI)

The ABCD Study utilizes a harmonized neuroimaging protocol, due
to site-to-site differences in scanner manufacturer (3T; Siemens Prisma,
Phillips, or GE 750) (Casey et al., 2018). Multi-shell diffusion-weighted
images were acquired in 1.7 mm? resolution, implemented multiband
EPI (Moeller et al., 2010; Setsompop et al., 2012) with slice acceleration
factor 3, and included a field map scan for BO distortion correction. The
ABCD Study collected seven b = 0 frames and 96 total diffusion di-
rections at 4 b-values (6 with b = 500 s/mm?, 15 with b = 1000 s/mm?,
15 with b = 2000 s/mm?, and 60 with b = 3000 s/mm?) (Hagler et al.,
2019). Following distortion, bias field, and motion correction, manual
and automated quality control were conducted on all images (Hagler
etal., 2019). Utilizing all 96 directions in ABCD’s multi-shell acquisition
protocol (Casey et al., 2018), RSI allows for biophysical modeling of
diffusion-weighted images to estimate both the intra- and extracellular
compartments of tissue within the brain (White et al., 2013). Selected
RSI model outputs are unitless on a scale of 0-1 and included both
restricted (intracellular) normalized isotropic (RNI) and directional
(RND) signal fractions of white matter fiber tract ROIs created with
AtlasTrack (Hagler et al., 2009). RNI measures intracellular diffusion in
all directions, while RND measures intracellular diffusion in a single
direction. Although this technique is unable to directly assess cellular
processes, RNI is thought to potentially reflect diffusion within glial cells
or other round structures, whereas RND is likely to reflect diffusion
along an axon or other elongated process (White et al., 2013; Palmer
et al., 2021). We opted to include all individual tracts, excluding sum-
mary tracts (14 per hemisphere and 3 traversing both hemispheres,
totaling 31 tracts). Specific tracts included the right and left fornix,
cingulate cingulum, parahippocampal cingulum, corticospinal tract,
anterior thalamic radiations, uncinate fasciculus, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, temporal and parietal
superior longitudinal fasciculus, frontal and parietal superior corticos-
triate, striatal to inferior frontal cortex, and inferior frontal to superior
frontal cortex, as well as the forceps major, minor, and corpus callosum.
Brain images were only included if deemed absent of clinically
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significant incidental findings (mrif score = 1 or 2) and passed all ABCD
quality-control parameters (imgincl dmri include = 1).

2.4. Resting-state functional connectivity (rsFC)

Scans were collected on Siemens Prisma, Philips, or GE 750 3T MRI
scanners using harmonized acquisition procedures specific to ABCD, as
previously described by Casey et al. (2018). Twenty cumulative minutes
of resting-state data was collected from each participant using two
blocks of two 5-min acquisition periods. During acquisition, subjects
were instructed to keep their eyes open and fixed on a crosshair in order
to maximize the probability of collecting enough low-motion data per
ABCD’s standards (>12.5 min of data with framewise displacement
(FD) < 0.2 mm) (Power et al., 2014). Sixty slices of resting-state scans
were acquired with an echo-planar imaging sequence in the axial plane
(TR = 800 ms, TE = 30 ms, flip angle = 90°, voxel size = 2.4 mm?).
Images without clinically significant incidental findings (mrif score = 1
or 2) that passed all ABCD quality-control parameters (imginclrsfm-
ri include = 1) were included for analysis. Image processing steps used in
the current study have been previously described by Hagler et al. (2019).
Networks of interest were defined using rsFC patterns as described by
Gordon et al. (2016). Intra-, inter-, and subcortical-to-network correla-
tions were calculated for each subject. Intra-network correlations were
calculated by averaging the pairwise correlations for ROIs within that
network. Inter-network correlations were calculated by averaging the
pairwise correlations between ROIs belonging to one network and ROIs
belonging to another distinct network. Subcortical-to-network correla-
tions were calculated by averaging the pairwise correlations between
ROIs within a specific network and a given subcortical ROI (Gordon
et al., 2016). Networks of interest included the salience network (SN),
frontoparietal network (FPN), and default mode network (DMN);
subcortical ROIs included both right and left amygdalae and
hippocampi.

2.5. Blood-based biomarkers of cellular immune activation

Starting at the 2-year follow-up visit, whole blood for the complete
blood count (CBC) with differential was collected using a purple top
EDTA tube and processed at ambient temperature. ABCD 5.0 Release
Notes state that some ambient shipments may not have been processed
within the recommended 24-48 h for CBC stability and thus, sample
integrity and resultant values are not assured. Unfortunately, there is no
indication of time from collection to time of assay in the publicly
available dataset and as such, no way to remove potentially compro-
mised samples. Caution should be exercised when interpreting these
results.

Biomarkers of immune activation were derived from immune cell
counts from the CBC. Specifically, systemic immune inflammation index
(SII) was calculated using the following equation:

SII = (platelet count x neutrophil count) <+ lymphocyte count

In addition to SII, three additional ratios were calculated: 1) platelet-
to-lymphocyte (PLR), 2) neutrophil-to-lymphocyte (NLR), and 3)
lymphocyte-to-monocyte (LMR). Lastly, we used white blood cell count
(WBC) directly from the CBC. SII considers peripheral lymphocyte,
neutrophil, and platelet counts and is described as an excellent inte-
grated indicator of both inflammatory and immune status (Hu et al.,
2014), reflecting the balance between innate and adaptive immune ac-
tivity (J. Zhao et al., 2022; Nam et al., 2022). PLR represents immune
and autonomic dysregulation (Kurtul et al., 2014; Hasko and Szabo
1998), whereas NLR is a validated marker for stress and systemic
inflammation and is indicative of cellular immune activation and more
aggressive pathology (Zahorec 2021). LMR is another measure of sys-
temic inflammation and cellular immune activation (Chan et al., 2017;
Eo et al., 2016; Ji et al., 2016). Spearman correlations between markers
of cellular immune activation are presented in Supplemental Figure 2.



D.L. Cotter et al.
2.6. Covariates

Time invariant covariates were taken from enrollment at the baseline
visit, and included sex at birth, race/ethnicity (non-Hispanic White, non-
Hispanic Black, Hispanic, non-Hispanic Asian, or Multi-Racial/Other), total
household income in USD (>100 K, >50 & <100 K, <50 K, or Don’t
Know/Refuse to Answer), and highest household education (Post-Grad-
uate, Bachelor, Some College, High School Diploma/GED, or < High School
Diploma). Race/ethnicity and socioeconomic factors were included since
pollution levels are higher in minority communities and those from
disadvantaged social status backgrounds (Hajat, Hsia, and O’Neill
2015). We also included precision variables from the year-2 follow-up
study visit that were related to both the child and MRI collection,
including the child’s age, Pubertal Development Scale (PDS) (1-5, based
on Tanner staging), and handedness (right, left, or mixed), as well as
scanner manufacturer (Siemens, Philips, GE) to account for differences in
both scanner hardware and software, and average framewise displace-
ment (mm) to account for head motion. To account for the shared
variance between siblings, we additionally controlled for family re-
lationships (0 = single, 1 = sibling, 2 = twin, 3 = triplet).

2.7. Partial least squares correlations

A series of partial least squares correlation (PLSC) analyses were
employed as previously reported (Sukumaran et al., 2023) (see also
Supplemental material). Briefly, PLSC is a multivariate statistical
approach that compares two multidimensional data blocks with possible
cross-correlated features (McIntosh et al., 1996) revealing shared
covariance patterns between these data blocks, termed latent dimensions.
PLSC identifies the relationship between two datasets by maximizing the
covariance between them and deduces sets of solutions that best model
this relationship. As such, in each sex we examined five associations
using PLSC. First, we examined the association between (i) air pollution
and white matter RSI and (ii) air pollution and rsFC. Next, we examined
associations between (iii) air pollution and immune markers. Lastly, we
examined the relationships between (iv) immune markers and white
matter RSI as well as (v) immune markers and rsFC. Given PLSC is
applicable on complete case data only, listwise deletion of data was
performed prior to each analysis. Statistical significance of PLSC models
and each latent dimension was determined using 10,000 permutations,
and the reliability of the specific variable loadings was determined using
bootstrapping (n = 10,000), with a bootstrap ratio >2.5 (corresponding
to p<0.01) deemed reliable and significant. Notably, the sample size for
this study exceeds the minimum required for stable and replicable re-
sults in PLSCs (Helmer et al., 2024). Because PLSCs involve one
decomposition procedure for two matrices, we did not conduct multiple
comparison correction as it is only one test per latent dimension.

2.8. Additional sensitivity and post-hoc exploratory analyses

While our a priori approach included covarying for household so-
cioeconomic factors, ethnic minority and lower income communities are
exposed to both higher air pollution levels and neighborhood socio-
economic factors. Moreover, neighborhood socioeconomic factors have
also been found to be associated with brain outcomes in the ABCD Study
(Rakesh et al., 2021; Hackman et al., 2021). Thus, we conducted a
sensitivity analysis where we also adjusted for neighborhood disad-
vantage (see Supplemental Methods). Lastly, to investigate the potential
functional consequences of our PLSC findings and as part of the revision
process, we conducted a series of post-hoc exploratory stepwise
regression analyses to assess the relationship between the
PLSC-identified white matter tracts and rsFC networks and performance
in the cognitive domains of processing speed and cognitive control using
the NIH Toolbox (Luciana et al., 2018; see Supplemental Methods).
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3. Results
3.1. Air pollution and brain connectivity

3.1.1. Female adolescents

One significant latent dimension was identified in the relationship
between air pollution exposure and measures of white matter micro-
structural integrity in female adolescents (variance explained = 61%).
Bootstrap ratios revealed that the right fornix RNI (i.e., intracellular
isotropic diffusion) and right frontal superior corticostriate RND (i.e.,
intracellular directional diffusion) were the most influential variables.
However, for the air pollution loadings, bootstrap ratios of the contri-
butions were not found to be stable (Figure 1A). Thereby, while we can
conclude that although there is a significant positive relationship be-
tween these white matter tracts and the air pollution variables, we are
unable to determine which air pollution variables reliably contribute to
this pattern. For the relationship between rsFC and air pollution in fe-
male adolescents, the scree plot revealed two latent dimensions; how-
ever, permutation tests showed that these dimensions were not
significant (Supplemental Figure 3).

3.1.2. Male adolescents

One significant latent dimension was identified in the relationship
between air pollution exposure and measures of white matter micro-
structural integrity in male adolescents (variance explained = 62%).
Bootstrap ratios for the RSI loadings showed that RNI (i.e., intracellular
isotropic diffusion) of the left corticospinal tract and the left uncinate
fasciculus as well as RND (i.e., intracellular directional diffusion) of the
right inferior frontal to superior frontal cortex, forceps minor, and
corpus callosum were the most influential variables. Again, however,
while there is a significant negative relationship between these white
matter tracts and the air pollution variables, bootstrap ratios for the air
pollution loadings did not determine any of these contributions as reli-
able (Figure 1B). For the relationship between rsFC and air pollution in
male adolescents, results were analogous to those in female adolescents.
The scree plot revealed two latent dimensions; however, permutation
tests showed that these dimensions were not significant (Supplemental
Figure 3).

3.2. Air pollution and cellular immune markers

3.2.1. Female adolescents

For the relationship between air pollution and cellular immune
markers in female adolescents, two latent dimensions were identified,
but permutation tests showed that these dimensions were not
significant.

3.2.2. Male adolescents

For the relationship between air pollution and cellular immune
markers in male adolescents, one dimension was found to be significant
(variance explained = 69%). This dimension was characterized by a
reliable correlation between WBC positive loadings and childhood NO,
negative loadings (Figure 2).

3.3. Cellular immune markers and brain connectivity

3.3.1. Female adolescents

One significant latent dimension was identified in the relationship
between cellular immune markers and measures of white matter
microstructural integrity in female adolescents (variance explained =
71%). This dimension was characterized by a reliable positive correla-
tion between SII and PLR immune markers and RND (i.e., intracellular
directional diffusion) of bilateral frontal superior corticostriate, bilateral
inferior fronto-occipital, and left striatal to inferior frontal cortex tracts
(Figure 3Ai.).

Two significant latent dimensions were identified in the relationship
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Fig. 1. Bar plots depicting bootstrap ratios of air pollution and structural brain connectivity loadings for the identified latent dimension in female and male ado-
lescents. Abbreviations: restriction spectrum imaging (RSI), restricted normalized isotropic diffusion (RNI), restricted normalized directional diffusion (RND), right
hemisphere (R), left hemisphere (L), Fornix (Fx), superior corticostriate (SCS), corticospinal tract (CST), uncinate fasciculus (Unc), inferior frontal to superior frontal

cortex (IFSFC), forceps minor (F.min), and corpus callosum (CC).
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Fig. 2. Bar plots depicting bootstrap ratios of air pollution and complete blood count loadings for the identified latent dimension in male adolescents. Abbreviations:
complete blood count (CBC), systemic immune-inflammation index (SII), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte-to-

monocyte ratio (LMR), white blood cell count (WBC).

between cellular immune markers and measures of rsFC in female ad-
olescents. In the first dimension (variance explained = 51%), bootstrap
ratios revealed a negative relationship between LMR and intra-DMN
connectivity. In the second dimension (variance explained = 32%),
bootstrap ratios showed that PLR and WBC were the most important
variables for the immune marker loadings. However, for the air pollu-
tion loadings, the bootstrap ratios of the contributions were not found to
be stable (Figure 3Aii.).

3.3.2. Male adolescents

One significant latent dimension was identified in the relationship
between cellular immune markers and measures of white matter
microstructural integrity in male adolescents (variance explained =
73%). The bootstrap ratios showed a reliable positive relationship be-
tween WBC and RNI (i.e., intracellular isotropic diffusion) of the left

cingulate cingulum, right parietal superior longitudinal fasciculus, and
right inferior longitudinal fasciculus, as well as RND (i.e., intracellular
directional diffusion) of the right parietal superior corticostriate, the
forceps major, and the corpus callosum (Figure 3Bi.).

One significant latent dimension was identified in the relationship
between cellular immune markers and rsFC in male adolescents (vari-
ance explained = 68%). The bootstrap ratios showed that salience
network to left hippocampus connectivity was negatively associated
with SII, NLR, and PLR and positively associated with LMR
(Figure 3Bii.).

3.4. Sensitivity and post-hoc exploratory analyses

In sensitivity analyses also adjusting for neighborhood disadvantage,
the results remained nearly identical, apart from minor differences in
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which a few loadings were exceptionally similar but no longer deemed
‘significant’ based on bootstrapping (Supplemental Flgures 4-6). In
stepwise regression analyses, we found that the PLSC-identified white
matter tracts related to cognition in females. Specifically, higher RND (i.
e., intracellular directional diffusion) in the right inferior frontal to su-
perior frontal cortex tract and RNI (i.e., intracellular isotropic diffusion)
in the left corticospinal tract were associated with faster processing
speed, whereas higher RND in the corpus callosum and higher RNI in the
right fornix, right inferior frontal occipital fasciculus, and right inferior
longitudinal fasciculus were associated with better cognitive control in
females (Supplemental Table 4). In males, PLSC-identified white matter
tracts and rsFC were found to relate to processing speed, but not
cognitive control. In particular, higher RND in the corpus callosum, RNI
in the left corticospinal tract, and intra-DMN rsFC were associated with
faster processing speed (Supplemental Figures 4-6).

4. Discussion

The current cross-sectional study explored the relationships between
air pollution exposure at different developmental periods (i.e., preg-
nancy and childhood), structural and functional brain connectivity, and
cellular immune markers in male and female adolescents at ages 11-13
years-old. In doing so, three prominent patterns emerged. Prenatal and
childhood exposure related to structural, but not functional, connec-
tivity, albeit with distinct patterns of exposure and implicated white
matter tracts seen in male and female adolescents. Air pollution and
immune function were related in males (but not females), which was
primarily driven by a negative association between childhood NO,
exposure and white blood cell count. Moreover, immune function was
found to be associated with both structural and functional connectivity
in both male and female adolescents, albeit again with different immune
and brain connectome markers identified by sex. Lastly, exploratory
analyses found that as a whole, white matter microstructure and resting-
state connectivity in identified brain regions related to processing speed
and cognitive control, suggesting these findings may be important to
consider in future work focused on understanding potential biological
links between air pollution exposure, innate immune function, and
neurodevelopment. Below, we expand upon each of these results in
terms of the existing literature and potential importance in further
studying these complex processes between air pollution, immune func-
tion, and brain connectivity during adolescence.

4.1. Co-exposures to prenatal and childhood ambient pollution relates to
structural connectivity and cellular immune profiles in adolescents in a sex-
stratified manner

Previous studies by our research team have identified links between
childhood air pollution and brain connectivity in adolescents from the
ABCD Study (Burnor et al., 2021; Sukumaran et al., 2023; Cotter et al.,
2023b; Cotter et al., 2023a). The current analyses build upon these
initial studies to include prenatal estimates in addition to childhood
exposure, and utilizes a multivariate approach that allows for quantifi-
cation of both joint and independent effects of highly correlated vari-
ables, such as co-exposures of different criterion pollutants from two
different periods of neurodevelopment. In females, higher overall
pollution exposure was linked to both greater isotropic and directional
intracellular diffusion at ages 11-13 years-old in the right fornix, the
main tract connecting the hippocampus to the frontal cortex, and the
right superior corticostriate, which connects the striatum to the frontal
cortex. While RSI cannot directly measure cellular properties in humans,
it has been histologically validated in animal models (White et al.,
2013). As such, it is thought that higher isotropic intracellular diffusion
might indicate an increase in quantity, size, and/or morphology of glial
cells such as microglia, astrocytes, and oligodendrocytes, whereas
higher intracellular directional diffusion may reflect higher myelination,
axon caliber, or axon density (White et al., 2013; Palmer et al., 2021).
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Generally, both intracellular isotropic and directional diffusion increase
with age during adolescence (Palmer et al., 2021), and thus our results in
female adolescents could represent potentially maladaptive precocious
brain development or alternatively, a compensatory mechanism in
response to pollution exposure. In males, there was a negative correla-
tion between pollutant exposure and both intracellular isotropic and
directional diffusion in large tracts spanning both hemispheres. Based on
histology and RSI studies in rodents (White et al., 2013) and the animal
exposure literature (Costa et al., 2014), we have hypothesized that lower
intracellular isotropic diffusion could represent a reduction in glial cells,
potentially damaged and depleted due to neurotoxic air pollution
exposure effects. Lower intracellular directional diffusion, on the other
hand, may result from damage to the myelin sheath, an indication of
reduced white matter microstructural integrity (Palmer et al., 2022).
Interestingly, no one pollutant or exposure window was found to be
driving the air pollution latent dimension in either sex. This suggests
that generally and perhaps cumulatively, various pollutants at different
developmental periods may contribute to notable differences in white
matter microstructural integrity in adolescents, with obvious
sex-specific effects.

Theorized mechanisms as to how air pollution affects health include
increased cortisol levels, systemic and neuroinflammation, oxidative
stress, endoplasmic reticulum stress, epigenetic alterations, and dis-
rupted function of the hypothalamic-pituitary-adrenal axis (Morgan
et al., 2011; Yan et al., 2015; Levesque et al., 2011a; Levesque et al.,
2011b; Levesque et al., 2013; H. Li et al., 2012; Chen et al., 2021). In the
current study, we explored if air pollution related to cellular immune
markers in each sex separately. Interestingly, we found air pollution to
be linked to immune markers in male, but not female, adolescents. This
association was found to be driven by higher childhood NO; exposure
relating to lower white blood cell counts, consistent with adult studies
showing a negative association between NO, exposure and white blood
cell subtypes (Steenhof et al., 2014b; Frampton et al., 2002; Hung et al.,
2021). It is feasible that inhalation of NO; (or another noxious gas or
substance) induces recruitment of white blood cell subtypes from the
periphery to the lung, increasing the number of bronchoalveolar white
blood cells and reducing their levels in the blood. Beyond white blood
cells being recruited away from the periphery, NO5 exposure could also
lead to pathologically high leukocyte infection and destruction, result-
ing in a lower white blood cell counts and ultimately hampering the
body’s ability to efficiently mount a response to foreign pathogens (i.e.,
a reduction of macrophage activation (Ural et al., 2022) or neutrophil
respiratory burst (Phelps et al., 2023)). Additionally, one rodent study
(Li et al., 2012) discovered that NO, exposure significantly increased
anxiety and depression-like behaviors, damaged myelin content, and
increased pro-inflammatory cytokines in male compared to female rats.
These results are possibly partly attributed to NOy-mediated increases in
prolactin expression in female compared to male rats, a biologically
active hormone and cytokine known for its role in stress-induced
immunoregulation and its anti-inflammatory properties (Li et al.,
2012; Borba et al., 2018; Freeman et al., 2000; Jara et al., 2011). This
tracks with our results demonstrating a potentially protective effect of
female sex on associations of pollutant exposure with white matter
microstructure noted above as well as a putative effect of male sex on the
relationship between pollutant exposure, particularly NO,, and white
matter microstructure as well as immune markers. However, it is
important to note that air pollution exposures are not time-locked with
blood collection in the current study. As such, the potential acute effects
of air pollution exposure on cellular immune markers in adolescents
remains unclear. Nonetheless, this initial analysis suggests character-
izing sex differences in the effects of both acute and chronic air pollution
exposure on these blood-based immune function biomarkers is an
important area of future research.

In contrast to structural connectivity, we did not find an association
between prenatal and childhood exposure and resting-state functional
connectivity at ages 11-13 years-old in the current study. While initially
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surprising given our previous study showing childhood air pollution
exposure related to longitudinal changes in resting-state functional
connectivity (Cotter et al., 2023b), it is important to recognize the
multivariate PLSC analyses used here investigates a fundamentally
distinct question as compared to a more traditional univariate
multi-pollutant analysis. First, in the current study we assessed the
variance explained between co-exposures (including prenatal exposure,
which was not included in our previous work) and a group of
resting-state patterns. Thus, unlike our previous research that showed
childhood exposures explained unique variance in the age-related
changes over time on a single outcome (i.e., slope), this study suggests
co-exposure to air pollution does not account for shared variance in
resting-state patterns when assessed at the single timepoint when par-
ticipants were aged 11-13 years. This further highlights the nuances and
importance of examining the relationship between air pollution and
brain development at different ages, considering the windows of expo-
sure (i.e., prenatal, childhood, etc.), and the inherent limitations and
inferences that can be made with cross-sectional versus longitudinal
data. Future work should aim to further explore exposure windows in
different vulnerable developmental stages as well as the potential cu-
mulative effects of lifetime pollution exposure on longitudinal outcomes
in samples with wider age ranges.

4.2. Immune profiles are related to structural and functional connectivity
during adolescence in both sexes

While SII and NLR have previously been associated with white
matter hyperintensities and altered resting-state functional connectivity
in older adults (Del Brutto et al., 2023; Nam et al., 2022; Nam et al.,
2017; Mclntosh et al., 2022), to our knowledge, this is the first study to
find that immune function profiles from CBC are linked to both white
matter microstructural integrity and resting-state functional connectiv-
ity in healthy male and female adolescents. In both sexes, higher values
of immune markers were correlated with differences in intracellular
white matter microstructure in various tracts across the brain, albeit
with different patterns seen in male and female adolescents. Higher SII,
PLR, NLR, WBC, and lower LMR values are typically associated with
poor health outcomes as they are often used in prognosis for cancer and
stroke (Li et al., 2021; Lu et al., 2023; Tian et al., 2022; Wei et al., 2023).
In female adolescents, higher SII and PLR were primarily related to
greater intracellular directional diffusion in projection (i.e., left striatal
to inferior frontal cortex) and association (i.e., bilateral frontal superior
corticostriate tract) fibers. In male adolescents, higher white blood cell
counts were associated with both intracellular isotropic and directional
diffusion in specific projection (i.e., parietal superior longitudinal
fasciculus, inferior longitudinal fasciculus), association (i.e., parietal
superior corticostriate), and commissural (i.e., corpus callosum) white
matter bundles. In terms of immune response, cytokine infiltration from
the periphery to the brain in response to lung-associated immune acti-
vation can induce glial cell activation (John et al. 2003), which could
result in the higher intracellular isotropic diffusion we observe in males.
However, if this homeostatic balance is tipped by errant inflammation,
persistently activated glial cells can become maladaptive. Potential
mechanisms that could explain the positive relationship between
markers of immune activation and intracellular directional diffusion,
which may reflect differences in myelination, axon caliber, or axon
density, are less certain. There is some evidence to suggest that a degree
of inflammation is important for myelin repair processes in a
context-dependent way, in that it plays a role in promoting oligoden-
drocyte lineage progression, debris clearance, and iron regulation
(necessary for myelin synthesis) (Goldstein et al., 2016)

In terms of the correlations between immune markers and resting-
state functional connectivity, decreased LMR (i.e., lower lymphocyte
counts and higher monocyte counts, potentially indicating increased
inflammation) was associated with increased intra-DMN connectivity in
female adolescents. In male adolescents, we found that elevated SII,
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NLR, PLR, and decreased LMR (i.e., typically linked with poor health
outcomes) were related to less connectivity between the salience
network and the left hippocampus. Resting-state brain network devel-
opment doctrine suggests that regions within networks become more
correlated (i.e., undergo integration) while regions from different net-
works become less correlated (i.e., undergo segregation) with age during
adolescence (Dosenbach et al., 2010). In our previous research using
longitudinal data from the ABCD Study cohort, we found intra-DMN
connectivity increased (i.e., reflecting within-network integration) and
subcortical-to-network connectivity, including the left hippocampus to
SN, decreased (i.e., reflecting between-network segregation) over time
from ages 9-13 years-old (Cotter et al., 2023b). Thus, the current find-
ings suggest that unique profiles of immune activity are linked with
differences in DMN integration and SN-to-hippocampus segregation
during a prime period of adolescent neurodevelopment.

PLSC methods do not allow for us to directly test for significant
differences in males and females (i.e., interaction terms, see also limi-
tations section), but notable sex differences exist in both the innate and
adaptive immune response, with important changes seen at the time of
puberty (Klein and Flanagan 2016) that might account for the
sex-specific effects observed between immune markers and neuro-
imaging outcomes in the current study. For example, within our sample,
85% of the females were in the mid-to-late stages, whereas 70% of males
were in the pre-to-early stages of pubertal development. While pubertal
status was regressed out prior to PLSC analyses to reduce confounding,
and physical pubertal development and sex steroid levels are correlated
and change in tandem, there is still substantial variation in sex steroid
levels between individuals at the same pubertal stage (Shirtcliff et al.
2009). Therefore, some variance due to sex steroids unaccounted for by
the puberty variable in our analysis may be contributing to the
sex-specific results seen here. Therefore, it is feasible that differences in
sex hormones, as well as sex chromosomes, may have contributed to
these findings, especially given the role of sex steroids in oxidative stress
(Bhatia et al., 2012; Cruz-Topete et al., 2020; Rattanasopa et al., 2019),
endothelial integrity (Filipe et al., 2008), and inflammation (Chen et al.,
2021). Future research is necessary to further characterize how bio-
logical sex influences cellular immune markers and adolescent brain
development.

4.3. Potential relevance to cognitive performance?

Understanding how neural correlates via neuroimaging map onto
human behavior is a complex field of study (Fernandez-Iriondo et al.,
2022), as differences in brain structure and function may exist with or
without overt changes in behavior for various reasons (i.e., tempo and
magnitude of brain plasticity changes detected by the spatial limits of
MR, a plethora of unmeasured neural compensatory mechanisms as the
entire brain is involved in complex human behaviors, limited brain
phenotypes usually studied in specified regions of interest, etc.). How-
ever, given the relative novelty of the neuroimaging markers used here
and the exploratory nature of the current research, we also explored if
the PLSC-identified brain features related to neurocognitive perfor-
mance on the NIH Toolbox. We found that higher intracellular white
matter microstructure (isotropic and/or directional) in the right inferior
frontal to superior frontal cortex (in females), left corticospinal tract
(both sexes), and corpus callosum (in males) related to faster processing
speed, as did the intra-network integration of the DMN (in males). In
terms of cognitive control, better performance in females was found to
be associated with intracellular isotropic and directional diffusion in the
corpus callosum, right fornix, right inferior frontal occipital fasciculus,
and right inferior longitudinal fasciculus. These findings align with
previous literature suggesting a role for these association and projection
white matter tracts in goal-directed behaviors (Haber 2016), integration
of information from several functional domains (i.e., visuospatial pro-
cessing, executive function) (Benedictis et al., 2021), and motor control
(Javed et al. 2023; Seiler et al., 2017; Von Der Heide et al., 2013; El-Baba
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and Schury 2023). Previous studies have also linked information pro-
cessing speed with brain activation in the DMN with stronger effects
noted in males (Dhamala et al., 2021). Thus, our findings support some
of the more widely accepted functions of these tracts and networks to be
related to immune markers and air pollution exposure. However, given
the complexities mentioned above, it is difficult to extrapolate how air
pollution exposure and immune dysfunction may have effects on brain
outcomes that would, or would not, directly map to better or worse
cognitive performance, especially considering the dynamic neural
changes adolescents undergo at this developmental stage. As such, it is
beyond the scope of this current study to disentangle the possible
mediating or moderating effects of exposures and alterations in immune
function on cognitive outcomes, and we recommend caution be exer-
cised when interpreting these associations. Nonetheless, it is clear from
this post-hoc analysis that white matter tracts and functional brain
networks that are associated with both air pollution exposure and im-
mune profiles may also play a role in cognitive changes in adolescents.

4.4. Strengths and limitations

While the current study leverages a large and regionally diverse
ABCD Study sample with >2000 subjects in each sex for the air pollution
and brain analyses, only a smaller subset of ABCD participants had
available blood samples to assess immune markers. The current study
also utilizes a cross-sectional approach and has limited lifetime air
pollution exposure, which curtails our ability to investigate how lifetime
and/or acute periods of exposure to air pollution might affect the current
findings. However, we were able to include air pollution exposure for
two critical developmental windows - gestation and childhood -
alongside biomarkers of brain and immune function at ages 11-13 years.
Another strength of this study is the use of the novel RSI technique that
may allow for a more in-depth assessment of white matter microstruc-
ture, particularly in the context of inflammation. Due to its multi-
compartmental nature, RSI can distinguish between intracellular,
extracellular, and free water spaces (White et al., 2013). Additionally,
this biophysical model is better able to quantify spherical or elongated
shapes, representing glial cells and axons, respectively, in turn allowing
for a more precise characterization of white matter microstructure
(White et al., 2013). Lastly, the current study also included immune
biomarkers such as SII, PLR, NLR, LMR, and WBC, which are easily
derived from a complete blood count (CBC). The use of these markers
represents a novel approach to studying immune function in the field of
development. As compared to the canonical inflammatory markers (i.e.,
CRP, inflammatory cytokines) commonly used in research, these
CBC-derived immune measures are inexpensive, clinically accessible,
and highly scalable, making them an attractive and easily adoptable
method for assaying immune function in various populations. These
markers are limited, however, in that they are also sensitive to transient
immune activation, making it difficult to discern whether a subject with
high immune markers is experiencing transient and/or chronic inflam-
mation/immune activation. Therefore, additional research is needed
using repeated measures of these markers to confirm the relationships
between air pollution, immune responses, and brain outcomes noted in
the current study. Given the cross-sectional study design and relatively
small sample size with immune measures, we were not adequately
powered to test a formal mediation of immune components on the re-
lationships between pollutants and brain outcomes. However, we hope
these exploratory associations between air pollution exposure, immune
markers, and neural outcomes may help generate new hypotheses aimed
at understanding the important mechanistic pathways by which air
pollution can harm brain health during adolescence. Lastly, our analyses
were stratified by sex due to the inability of our chosen methodology to
accommodate a formal test of sex differences (i.e., a by-sex interaction
term). As such, the differential patterns we find by sex may not be sta-
tistically significant and future work should probe this potential
interaction.

10

Brain, Behavior, & Immunity - Health 38 (2024) 100799

Of note, more broad limitations are inherent in using the publicly
available ABCD Study dataset. Concerns exist in how overuse of public
datasets may contribute to issues of generalizability, as multiple pub-
lished papers reporting on the same dataset can inflate the literature and
perpetuate sample nuances and bias into a field of study (Mroczek et al.,
2022). While the characteristics of the PLSC method, including permu-
tation tests and bootstrap ratios, improve the likelihood that our findings
may be more robust as they rely on subsampling the data thousands of
times, the ABCD Study sample itself is not generalizable to the entire
population of American adolescents. It should therefore be noted that
the inherent sampling bias within the ABCD sample has resulted in the
over-representation of youth from wealthier and more educated families
and the under-representation of both Black and Asian youth as
compared to the U.S. population at the time of study conception. As
such, these findings necessitate replication in various diverse samples to
assess the replicability and generalizability of these effects across
various populations.

4.5. Summary and conclusions

In summary, our findings build upon an emerging literature to: 1)
demonstrate that prenatal and childhood co-exposure to PMy s, NO3,
and Os is related to structural brain networks at ages 11-13 years-old in
opposite directions per sex, 2) identify a new link between childhood
NO; exposure and immune components in male adolescents, and 3)
identify relationships between immune function profiles and both
structural and functional brain network connectivity in both sexes
during adolescence. Together, these exploratory multivariate analyses
identified novel links between air pollution, immune function, and brain
connectivity, as well as demonstrate the potential value CBC assays may
hold in investigating these relationships. Future research is necessary to
build upon these relationships and more formally explore the possible
mediating role of immune function as it pertains to the relationship
between air pollution exposure and brain development.
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