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Abstract

Poverty, as assessed by several socioeconomic (SES) factors, has been linked to worse cognitive
performance and reduced cortical brain volumes in children. However, the relative contributions
of the various SES factors on brain development and the mediating effects between cognition and
brain morphometry, have not been investigated. Here we used cross-sectional data from the ABCD
study to evaluate associations among various SES and demographic factors, brain morphometrics,
and cognition and their reproducibility in two independent subsamples of 3,892 children. Among
the SES factors, family income (FI) best explained individual differences in cognitive test scores
(stronger for crystallized than for fluid cognition), cortical volume (CV) and thickness (CT).

Other SES factors that showed significant associations with cognition and brain morphometrics
included parental education and neighborhood deprivation, but when controlling for FI their effect
sizes were negligible and their regional brain patterns were not reproducible. Mediation analyses
showed that cognitive scores, which we used as surrogate markers of the children’s level of
cognitive stimulation, partially mediated the association of FI and CT, whereas the mediations of
brain morphometrics on the association of FI and cognition were not significant. These results
suggest that lack of supportive/educational stimulation in children from low-income families
might drive the reduced CV and CT. Thus, strategies to enhance parental supportive stimulation
and the quality of education for children in low-income families could help counteract the negative
effects of poverty on children’s brain development.

Introduction

Despite being a high-income country, 16% of children in the US live below the poverty line
[1], and in low-and middle-income countries up to 43% of children younger than 5 years
(250 million) might not reach their developmental potential due to poverty [2]. Children
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living in poverty are exposed to increased risks (including poor health and education,
malnutrition, and unstimulating home atmospheres that influence brain maturation), perform
poorly in school, have lower educational attainment [3], and frequently show symptoms of
psychopathology [4]. Low socioeconomic status (SES) in childhood/adolescence can have
profound consequences in adult social behaviors, cognitive abilities, and health [5] given the
plasticity of executive functions during the early years of life. Socioeconomic disadvantage
has been linked with cognitive deficits [6] and impaired socio-emotional development [7],
and frequently manifest as disease conditions later in life [8].

Only recently, with the advent of large repositories of magnetic resonance imaging (MRI)
datasets, researchers have begun to investigate the relatively small effects (12<0.1) of
SES on brain structure [9, 10]. For instance, family income (FI) and parental education
(PED), two traditional measures of childhood SES that correlate with one another, were
significantly associated with the thickness of the prefrontal cortex (PFC) in children and
adolescents [11]. The effect of SES on cortical surface area was found to be particularly
prominent in frontoparietal regions supporting language, spatial skills, and executive
functions [12]. Beyond PED and Fl, risk of lead-exposure (RLE), which is more frequent
among the poor [13], has been associated with lower intelligence [14], and a recent study
showed that higher RLE, as estimated from residential data, was linked to lower cognitive
scores and increasingly smaller cortical surface areas and brain volumes in children from
low-income but not in those from high-income families [15]. Excess weight (EW) in
children, which in the US is more prevalent among those with lower SES [16], was also
associated with lower executive function and lower cortical thickness in PFC areas [17].

Numerous studies have studied the influence of SES on life outcomes, and related their
effects on mental health and cognition through their influence on the brain [18], and several
studies have also documented that the distal effects of SES on the brain are mediated

by environmental factors (i.e. “proximal factors™) such as stress, linguistics, cognitive
stimulation, parenting practices, prenatal care, toxins, sleep or nutrition [9]. Previous studies
have also documented the importance of parental support in brain development [19-21].
For example, children who were adopted when they were older had smaller prefrontal
volumes than those who were adopted when they were younger, indicating that the longer
the duration of childhood deprivation the worse the outcomes [22]. In another study, young
adults who lived their first years of life (3-41 months) in orphanages under very deprived
environments and were subsequently adopted, showed smaller total brain volumes (8.6%
smaller) than non-deprived adoptees despite the intervening stimulation provided by their
adoptee families [23].

Other relevant factors influenced by SES that affect brain development include recreational
activities such as time spent on passive or interactive screen media activity (SMA) [24, 25],
family composition and interactions (e.g., number of siblings, SIB, biological parents, and
adults living with the child) [26, 27], and neighborhood deprivation [15, 28]. Thus in our
analyses we included SMA considering that 97% of US children have at least one electronic
item in their bedrooms [29], SIB considering that the number of only-child families in

the ABCD study is relatively high (67%) and neighborhood deprivation. The associations
between factors that are influenced by SES and brain structure in children suggests that there
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are multiple variables contributing to poverty’s negative effects on cognition and on brain
development. However, the relative contribution of various SES factors on cognition and
brain morphometrics has not been comprehensively assessed. While multiple studies have
reported on the mediation of brain morphometrics in cognition, the mediation of cognition,
which we used as surrogate for levels of child cognitive stimulation, on the relationship
between SES and brain morphometrics has not been evaluated. Further, the reproducibility
of the effects of SES on brain measures in children has not been investigated nor have
confounds from intra-scan head mation [30, 31] always been properly controlled [32].

The present study aims to quantify the relative contribution of various socioeconomic

[FI, RLE, PED, and area deprivation index (ADI)], family environment (SIB, SMA) and
demographic (EW, gender, and age) factors on cognition and brain morphometrics (CV
and CT), and their reproducibility in 7,784 children from the Adolescent Brain Cognitive
Development (ABCD) study. We strictly controlled for scanner manufacturer, head motion,
intracranial volume, and race, using factorial analysis of covariance (ANCOVA) and causal
mediation analysis. Our working hypothesis was that compared to other SES indicators,

F1 would have the strongest effects on cognition and brain development, and that after
covarying for FI the effects of the other SES factors on cognition and brain morphometrics
would be significantly reduced. We also hypothesized that proximal factors such as
educational achievement, extracurricular activities, sleep, BMI, and/or pubertal hormones
would mediate the effects of FI on brain morphometrics.

Materials and Methods

Participants.

The ABCD Study is a 10-yr longitudinal study involving 21 data collection sites

across the United States [33]. Centralized institutional review board (IRB) approval

was obtained from the University of California, San Diego IRB. Study sites obtained
approval from their local IRBs. Written, informed consent was provided by each parent.
Children were fluent in English and provided written assent for their participation. All
ethical regulations were complied with during data collection and analysis. Recruitment
closely represented demographic variables (sex, race, ethnicity, parental marital status and
education, and income) of the general US population [34]. Children were excluded if they
had contraindications for MR, intellectual, medical, or neurological issues, or poor English-
language proficiency [35].

The 2019 ABCD 2.0 data release [36] includes baseline data for more than 11800 children.
To control for intra-scan head motion, in this study we included data (Table S1) from

10,712 children with available mean framewise displacement (FD) data corresponding to
resting-state fMRI. A participant’s data were additionally excluded if brain segmentation did
not pass ABCD quality control (N=384), or demonstrated moderate or severe head motion
(N=992); miss sex (N=1, defined at birth), age (N=0), race/ethnicity (N=14), weight or
height (N=21), family income bracket (FI, N=876), PED (N=345), area deprivation index:
median family income (ADI, N=640), or the cognitive total composite score from the NIH
Toolbox (N=354); or was an outlier for body mass index (BMI>50; N=6). Thus, a total

of 2928 children were excluded, 705 of which meet more than one exclusion criterion.
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For the variables of interest (Supplementary Table 1), there were complete data for 7,784
children, which were randomly split into Discovery and Validation samples of equal size
(N=3,892) to assess the reproducibility of the results (Table 1). In addition, an independent
group of 262 children (Normality sample) with missing PED but otherwise complete data
was identified among excluded children in the ABCD dataset to perform tests of normality
on the morphometric data.

Residential history data.

Fifteen additional ADI dimensions (education, household disparity, median home, rent and
mortgage values, percentages of homeowners, families living in poverty and crowdedness,
unemployment, singles, homes without car and telephone, and population density) and 3
uniform crime reports (total crime, DUI, and drug abuse) were extracted from residential
history derived scores to assess neighborhood deprivation and safety.

Behavioral data.

We used the uncorrected standard fluid, crystallized and total cognition composite scores,
which were calculated within the NIH Toolbox [37]. The Fluid Composite scores were
calculated using the following tests: 1) pattern comparison processing speed; 2) list-sorting
working memory; 3) picture sequence memory; 4) Flanker; and 5) the dimensional change
card sort. The Crystallized composite scores were calculated using 6) the oral reading
recognition and 7) the picture vocabulary tests. The fluid and crystallized composites were
used to calculate the total cognition composite scores.

Morphometric data.

We used measures of CV, and CT, which were estimated from T1-weighted scans. The
MRI data acquisition procedures and image processing analysis of the ABCD study are
described in detail elsewhere [38, 39]. In brief, T1w and T2w structural scans with 1-mm
isotropic resolution were collected using adult-size multi-channel coils, and harmonized
image acquisition protocols for 3Tesla Siemens, Phillips, and General Electric scanners
at 21 sites. During MRI, children restfully watched a child-friendly movie in the scanner
[38]. Structural scans were collected using real-time motion detection and correction [38].
Quality control (QC) procedures were based on automated mean and SD of brain values
[39]. In addition, trained raters inspected T1w-and T2w-images for poor quality, artifacts
such as motion-related ghosting, blurring, or ringing that prevent brain segmentation [39].
T1w and T2w images were corrected for scanner-specific gradient distortions. Intensity
inhomogeneity was corrected using a B1-bias field, and image intensity was harmonized
across participants. Cortical and subcortical segmentation of T1w images was computed
with FreeSurfer [39], which has been validated for use in children [40]. We used 148
cortical ROIs automatically segmented according to surface-based nonlinear registration
to an atlas of cortical folding patterns [41]. Trained raters reviewed the accuracy of the
segmentation and the artifacts of the cortical surface reconstruction, indicating if motion,
intensity inhomogeneity, white matter underestimation, pial overestimation, and magnetic
susceptibility artifacts were either absent, mild, moderate, or severe, and gave on overall QC
score for the cortical surface reconstruction [39].
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Additional data.

The numbers of biological parents and adults living with the child were additionally
used to assess family compaosition, and school grades and sleep hours were used to
assess educational achievement and sleep behavior, for all children (N=7,784). In ABCD
subsamples with available data we separately assessed children’s access to alcohol
(N=3,405) and cigarettes (N=1,238), as measures of parental oversight, extracurricular
activities [sports (N=2,342), arts (N=1,927), reading (N=2,261) and music listening
(N=2,229)], as measures of enrichment opportunities, and sex hormone levels [estradiol,
HSE (N=1,177), testosterone, ERT (N=2,707), and dehydroepiandrosterone, DHEA
(N=2,811)] as measures of pubertal development.

Statistical analyses.

We first tested the normal distributions of total CV and its regression slopes for the
continuous variables (see text below) using the Shapiro-Wilk normality test [42] and the
Normality sample (W>0.99; p>0.05). Then, a factorial analysis of covariance (ANCOVA)
was conducted in R to study main effects of family income [FI; 10 income brackets: 1)

< $5,000; 2) $5,000-12,000; 3) $12,000-16,000; 4) $16,000-25,000; 5) $25,000-35,000;
6) $35,000-50,000; 7) $50,000-75,000; 8) $75,000-100,000; 9) $100,000-200,000; 10) >
$200,000] on the dependent variable Y, which represents either brain morphometrics (CV
and CT) or the total cognition composite, while controlling for differences in sex, age,
intracranial volume (ICV) and race [White, African American, Hispanic, Asian, Other],
which were used as covariates of no interest. Since head motion is also a concern for
pediatric structural and functional neuroimaging [30, 31, 43], we also controlled for the
subjects’ tendency to move their head while resting in the scanner, as informed by the
subjects’ average FD during 5-min resting-state fMRI scans, using FD as an additional
covariate of no interest. Because the ABCD morphometric measures vary significantly with
SM [39], when modeling morphometrics we used scanner manufacturer (SM, GE, Philips,
Siemens) as an additional covariate of no interest.

Socioeconomic (SES) variables [FI, RLE (US census tract [15]), PED (the average
educational level achieved by the parent; 22 levels), SMA (number of weekly hours the
child spends watching TV shows, movies or videos, playing video games, texting, video
chatting, or visiting social network sites), and ADI] were highly correlated with one another
(0.61>|R|> 0.13; P<2E-16), sharing a significant fraction of the variance.

We used Akaike (AIC) and Bayesian (BIC) information criteria to select the SES variable
providing the better fit to the data. Specifically, we contrasted AIC and BIC values for 5
different models summarized by

Y~ Z+EW+SIB+covariates,
where EW (L: underweight or lean, O: overweight or obese) and SIB (N: no siblings, Y:
one or more siblings) are categorical factors and Z stands for FI (model 1), ADI (model 2),

PED (model 3), RLE (model 4) or SMA (model 5). Body mass index (BMI) was calculated
in kg/m? from the participant’s weight and height, and overweight-obese (underweight-lead)

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomasi and Volkow

Page 6

was defined as BMI > (<) 85! percentile for children and teens of the same age and sex.
Since these comparisons demonstrated that model 1 provided the best fit to morphometrics
and cognition composites, a full model:

Y~ FI+ADI+PED+RLE+SMA+EW+SIB+-covariates,

was additionally tested to assess residual effects of secondary SES variables (ADI, PED,
RLE, SMA) relative to that of the main SES variable (FI), and to assess regional effects

of FI, EW, and SIB on brain morphometrics. Partial 2 was used in conjunction with
ANCOVA to estimate effect sizes of categorical and continuous factors [42]. Tukey’s
“Honest Significant Difference” method [44] was used in conjunction with ANCOVA to
compute confidence intervals (CI) on the differences between the means of the levels of a
categorical factor. Bonferroni corrections for multiple comparisons were based on 148 ROls.

Principal component analysis (PCA) and hierarchical clustering.

PCA, conducted with the stats v3.6.2 R-package, was used for dimensionality reduction
and exploratory data analysis. The hierarchy of clusters was visualized as a heatmap with a
dendrogram.

Causal mediation analysis (CMA).

Results

The “mediation” package [45] and a global model including all factors in Eq 2 were

used to estimate causal mediation effects with continuous and discrete mediators [46].
One thousand bootstrapping samples and a heteroskedasticity-consistent estimator for the
covariance matrix were used to estimate the average direct (ADE) and causal mediation
(ACME) effects.

All 36 demographic, cognitive family SES, and health behavior variables had significant
correlations with FI, CV, and CT (0.03<R<0.60, Fig 1A). Ten principal components (PC)
accounted for 72% of the variance in SES and cognitive measures (Fig 1B). Poverty
indicators (ADI) predominated in PC# 1, 2 and 4, which accounted for 44% of the variance;
cognitive measures predominated in PC# 3, which accounted for 9% of the variance.

Socioeconomic factors and cognition.

Fluid, crystallized and total cognitive test composites were positively correlated with FI
(Fig 2A), ADI, and PED, factors that were strongly correlated across participants (R>0.42,
N=7,784, P<2E-16), and worsened with increased RLE and longer SMA (Fig S1), which
were negatively associated with FI (R<-0.28, N=7,784, P<2E-16). Regression slopes for
these factors were reproducible and steeper for crystallized than for fluid cognitive scores
(F1,16>39.0, P<1E-05, ANCOVA; Fig 2A). The effect sizes on cognition were larger for FI
(0.069<12<0.156, medium-large effect size) than for SMA (0.010<n2<0.015, small effect
size) and PED (0.015<12<0.035, small effect size; for crystallized and total composites, not
for fluid) and altogether explained ~20% of the variance in cognition (Fig 2B) and were
reproducible (Fig 2C). The Akaike’s (AIC) information criterion applied to 5 different
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ANCOVA models to determine which SES factor best fitted the cognition composite
corroborated that FI had the best fit (AAIC=AIC — AICg>38.5) (Table S2). After accounting
for FI, the residual effects of ADI, PED, RLE, SMA, and siblings (SIB) on cognition were
significant and reproducible, but for EW were not reproducible and for RLE and ADI were
not significant (Table S2 and S3).

Socioeconomic factors and brain morphometry.

Total CV and average CT had positive correlation with FI, PED, and ADI, and negative
correlation with RLE and SMA (Figs 1D and S1A. and Tables S4 and S5), paralleling

the effects of FI on cognition, and the regression slopes were steeper for CV than for CT
(F1,16>80.4, P<1E-07, ANCOVA). As for cognition, we estimated the effects of the SES
factors on morphometrics using 5 different ANCOVA models (Table S4) and found that
FI had the best fit (AIC was lower for FI than for other SES factors) (AAIC >2.8). The
stronger correlations between Fl and CV were in superior frontal, middle temporal, orbital
and precentral gyri, and anterior cingulum (Fig 3A), whereas for CT they were in sensory
cortices, posterior default-mode network regions, and language areas (P<1E-18; Fig 3B).
The effects of Fl on CV and CT were highly reproducible (Figs 3 and S2; Table S6).

The residual effects of PED and SIB on brain morphometrics were reproducible (Table

S4). FI had large reproducible effects on CV (12>0.195) and smaller reproducible effects

in CT (n2=0.024), whereas the other variables showed small but reproducible effects
(0.010<12<0.030) on total CV (SIB and PED), and CT (EW). Children with siblings had
smaller cortical area (F1 7765=153.4, P<2E-16; Fig S1), also resembling the effects of SIB on
cognition (see Supplementary Results) but had thicker cortex than children without siblings
[<1.5%; TukeyHSD test; Fig S2]. Overweight/obese children had thinner cortex than lean/
underweight children [F1 16=5.0, P=0.04, ANCOVA, Fig S2].

Mediation analysis.

CMA (Fig 4A-4D and 4F-4G) demonstrated direct effects of FI on all demographic,
cognitive, family SES, and health behavior variables, except alcohol sips (pape<2E-16),

as well as reproducible partial mediation effects of ADI (education, RLE, median home
values, and homeowners, house occupancy and unemployment rates), sleep hours, BMI, and
processing speed on the relationship between Fl and CV (pacme<0.05), and of inhibitory
(Flanker), language (picture vocabulary), memory (card sort and list sort) and information
processing, BMI, and the number of siblings on the relationship between Fl and CT

(PACME<0.05).

Pubertal hormones.

CMA also demonstrated significant mediation effects of pubertal hormones (ERT and
DHEA) on the relationship between Fl and CV (pacme<2E-16; Fig 4E). ERT and DHEA
had significant negative correlation with FI (p=1E-04).

While CMA demonstrated direct effects of FI on school grades, music listening, and
children’s access to alcohol and tobacco, it did not show significant mediation effects of
these variables to CV or CT.
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Discussion

Here, studying the relative contribution of various SES factors on cognition (fluid and
crystallized) and brain morphometrics in two independent ABCD samples of children, we
corroborated our hypothesis that FI had the strongest associations with cognition and brain
morphometrics.

FI had a reproducible contribution to inter-individual variations in cognitive test scores
(partial n2>0.15), and to total CV (partial n2>0.20) and had a smaller though significant and
reproducible association with CT (partial n2<0.03). Unique contributions from other factors,
which correlated with FI (residual effects of parental education, risk of lead exposure, excess
weight, screen media activity, and area deprivation index) were significant, but their effect
sizes were much smaller than for FI and accounted for only a small fraction of the variance
in cognitive scores and in total CV (partial 12<0.03). Similar findings were reported by a
prior study in 1099 typically developing 3-20 years old, which also showed that among the
SES factors investigated, FI had the largest influence on brain structure [12].

FI had strong linear associations with the cognitive composites, consistent with prior studies
[3, 6], which were steeper for crystallized than for fluid scores. This suggests that language
abilities might be particularly vulnerable to growing up in poverty, presumably from lack
of access to high-quality education as well as exposure to more complex verbal and written
language during everyday family life. FI was also reproducibly associated with the fluent
composite with medium effect size, which suggests that the ability to solve problems, think,
and reason abstractly might be impaired in children from low-income families, presumably
due to limited exposure to an environment that can promote the development of such skills.
In parallel, we observed an association between Fl and CV, particularly in superior frontal,
middle temporal, orbital and precentral gyri, and anterior cingulate, and between Fl and CT,
particularly in sensory regions, precuneus and language areas.

The slope of the association between Fl and CT (0.2% per income bracket) was less steep
than for total CV (1% per income bracket), both in the Discovery and Validation samples,
suggesting a weaker influence of FI for CT than for CV. Reduced CV in low-income

family children could result from decreased gyrification during brain maturation [47], and
the smaller effects on CT could reflect accelerated developmental thinning of the cortex
[47]. The association of FI with CT was most prominent in sensory, default-mode, and
language regions, a pattern remarkably similar to the autonomic brain network implicated in
processing signals from the peripheral nervous system, personality, and emotions [48]. Thus,
greater reactivity of the autonomic system in poor children might have accelerated pruning
in these regions [49].

Higher education, better jobs, higher income, and better neighborhoods usually tend to go
together, and though highly correlated [50] might have unique consequences on children’s
brain development [51]. We found that higher parental education (degree, or school grade/
level completed by parents) was uniquely associated with better cognition scores and
increased CV, independent of FI and other covariates in a reproducible way. However,
the association of parental education with average CT was not significant, consistent with
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prior studies [12]. These differences could reflect the fact that CV and CT, capture different
evolutionary, genetic, and cellular factors [52, 53]. We also found that after accounting for
Fl, the residual effect of ADI was weakly associated with the cognition composites but did
not show associations with any of the brain morphometrics.

In our study we assumed that cognitive performance is an indirect surrogate of the level

of stimulation a child is exposed to and hypothesized that it would partially mediate

effects of FI on brain morphometrics. Our findings corroborated this hypothesis and showed
that scores on language and executive functions, including inhibitory-control and working
memory, partially mediated the association of FI with CT, and those of processing speed
partially mediated the effects of FI on both, CT and CV, consistent with the influence

of family SES on children’s cognitive abilities [54]. These suggest that income-related
cognitive stimulation (e.g., childcare quality, school quality, access to tutors and home
learning environments, etc.) could have influenced the association between FI and children’s
CV and CT. Prevention studies that have evaluated the effects of training parents on family
management including problem-solving and support for academic activities were shown to
prevent the adverse effects of poverty on brain development [55]. Unfortunately, the ABCD
study has limited information of childcare data during early childhood development, so we
cannot assess its modulation of FI effects on brain morphometrics. Also, we did not find
mediation effects on the relationships between FI and brain morphometrics with two other
surrogate markers of stimulation (children’s school grades and extracurricular activities).
However, it should be noted that school grades in the ABCD data set are currently not
normalized to school’s rankings across the country, and the data on extracurricular activities
is only available for 25% of the ABCD sample.

We found reproducible mediation effects of increased BMI on the association between
lower FI and smaller CV and CT. The observed negative correlation between BMI and FlI

is consistent with the increase of BMI in children from poor neighborhoods [56]. Since
higher BMI has been associated with lower brain volumes [57], our findings suggest that
the associations between Fl and CV and CT partially reflect higher BMI in children from
low-income families. We also found reproducible mediation effects of sleep hours on the
association between lower FI and smaller CV. Sleep is important for several brain functions
as well as for the clearance of accumulating toxins from the brain [58]. The negative
correlation between FI and sleep hours suggests that insufficient sleep may have contributed
to smaller CV in children from low-income families. Similarly, in a subsample of N>2700
ABCD children we found an intriguing mediation effect of pubertal hormones (ERT and
DHEA) on the association between FI and CV. Since gonadal steroids levels increase during
puberty and adolescence [59], the observed negative correlation between Fl and pubertal
hormones suggests delayed puberty in children from low-income families, which could

be consistent with delayed neurocognitive maturation in lower-income environments [60].
Therefore, the mediation of the hormonal levels suggests that delayed puberty may have
contributed to smaller CV in children from low-income families. However, note that other
studies have reported an opposite association; that is accelerated puberty in girls from low
SES [61]; this conflicting results might reflect characteristics of the ABCD sample such as
lower representation of children of families with very low SES than prior studies.
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Though the cross-sectional nature of baseline ABCD Study’s data does not allow us to
confer causality, our findings in the context of the existing literature have public health
implications that highlight the importance of strategies to minimize the adverse effects of
poverty in children. Moreover, such preventive strategies have been shown not only to be
beneficial to the children who were targeted but to have transgenerational effects improving
cognition and mental health in their children when they become parents [62]. Further, the
protective effects of prevention interventions against poverty reduced the poverty status of
children when they reached young adulthood [63].

Additional limitations to our study include the narrow age range of participants, which
limits the generalizability to other brain development stages. The ABCD sample’s
representativenes of the US population is only partial. Specifically, while the ABCD sample
and the general US population have similar parental education at the lower levels (e.g.,

68% of parents in ABCD and 62-67% of adults in US completed at least some college
studies), a larger fraction completed the Batchelor’s degree in ABCD (55%) than in the US
population (46%). The ABCD study has also relatively lower representation from families
of very low incomes and this might have contributed to the discrepant findings we observed
for the assocation between low FI and puberty. Also the number of only-child families in
the ABCD study is relatively high (67%), and family environment may be radically different
for only-child and multi children families in terms of the children’s cognition, personality
and affect characteristics [26], which is why we assessed the influence of SIB. However the
association with sibling might have differed in a population that had higher representation
from families with very low incomes. Finally, the recently reported low reliability of the
NIH-Toolbox cognitive battery [64], which will require further re-assesement, might limit
the robustness of findings pertaining to cognition.

Here we show reproducible moderate associations of family income with cognition and
brain structure. The mediation analyses suggest that lower cognition, insufficient sleep,
excess weight, and crowded family environments in children raised in economically
disadvantaged families might contribute to these disparities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Acknowledgements

This work was accomplished with support from the National Institute on Alcohol Abuse and Alcoholism
(Y1AA-3009; ZIAAA000550). Data used in the preparation of this article were obtained from the ABCD Study
(https://abcdstudy.org/) and are held in the NIMH Data Archive. This is a multisite, longitudinal study designed

to recruit more than 10,000 children aged 9-10 and follow them over 10 yrs. into early adulthood. The ABCD
Study is supported by the National Institutes of Health (NIH) and additional federal partners under award numbers
U01DA041022, U01DA041028, U01DA041048, U01DA041089, U01DA041106, U01DA041117, U01DA041120,
U01DA041134, U01DA041148, U01DA041156, U01DA041174, U24DA041123 and U24DA041147. A full list
of supporters is available at https://abcdstudy.org/federal-partners/. A listing of participating sites and a complete
listing of the study investigators can be found at https://abcdstudy.org/principal-investigators/. ABCD consortium
investigators designed and implemented the study and/or provided data but did not necessarily participate in
analysis or writing of this report. This manuscript reflects the views of the authors and may not reflect the opinions

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.


https://abcdstudy.org/
https://abcdstudy.org/federal-partners/
https://abcdstudy.org/principal-investigators/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomasi and Volkow

Page 11

or views of the NIH or ABCD consortium investigators. The ABCD data repository grows and changes over time.
The ABCD data used in this report came from https://doi.org/10.15154/1503209.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

Semega J, Kollar M, Creamer J, Mohanty A. Income and Poverty in the United States: 2018. In:
U.S. Census Bureau CPR, P60-266(RV) (ed). U.S. Government Printing Office: Washington, DC,
2020, pp 1-77.

. Black M, Walker S, Fernald L, Andersen C, DiGirolamo A, Lu C et al. Early childhood

development coming of age: science through the life course. Lancet 2017; 389(10064): 77-90.
[PubMed: 27717614]

. Hair N, Hanson J, Wolfe B, Pollak S. Association of Child Poverty, Brain Development, and

Academic Achievement. JAMA Pediatrics 2015; 169(9).

. Peverill M, Dirks M, Narvaja T, Herts K, Comer J, McLaughlin K. Socioeconomic status and child

psychopathology in the United States: A meta-analysis of population-based studies. Clin Psychol
Rev 2021; 83: 101933. [PubMed: 33278703]

. Hertzman C The biological embedding of early experience and its effects on health in adulthood.

Ann N'Y Acad Sci 1999; 896: 85-95. [PubMed: 10681890]

. Bradley R, Corwyn R. Socioeconomic status and child development. Annu Rev Psychol 2002; 53:

371-399. [PubMed: 11752490]

. Grantham-McGregor S, Cheung Y, Cueto S, Glewwe P, Richter L, Strupp B. Developmental

potential in the first 5 years for children in developing countries. Lancet 2007; 369(9555): 60-70.
[PubMed: 17208643]

. Shonkoff J, Boyce W, McEwen B. Neuroscience, Molecular Biology, and the Childhood Roots of

Health Disparities. JAMA 2009; 301: 2252-2259. [PubMed: 19491187]

. Farah M The Neuroscience of Socioeconomic Status: Correlates, Causes, and Consequences.

Neuron 2017; 96(1): 56—71. [PubMed: 28957676]

. Gur R, Moore T, Rosen A, Barzilay R, Roalf D, Calkins M et al. Burden of Environmental
Adversity Associated With Psychopathology, Maturation, and Brain Behavior Parameters in
Youths. JAMA Psychiatry 2019; 76(9): 966-975. [PubMed: 31141099]

Lawson G, Duda J, Avants B, Wu J, Farah M. Associations between children’s socioeconomic
status and prefrontal cortical thickness. Dev Sci 2013; 16(5): 641-652. [PubMed: 24033570]
Noble K, Houston S, Brito N, Bartsch H, Kan E, Kuperman J et al. Family income, parental
education and brain structure in children and adolescents. Nat Neurosci 2015; 18(5): 773-778.
[PubMed: 25821911]

McLoyd V Socioeconomic disadvantage and child development. Am Psychol 1998; 53(2): 185—
204. [PubMed: 9491747]

Canfield R, Henderson CJ, Cory-Slechta D, Cox C, Jusko T, Lanphear B. Intellectual impairment
in children with blood lead concentrations below 10 microg per deciliter. N Engl J Med 2003;
348(16): 1517-1526. [PubMed: 12700371]

Marshall A, Betts S, Kan E, McConnell R, Lanphear B, Sowell E. Association of lead-exposure
risk and family income with childhood brain outcomes. Nat Med 2020; 26(1): 91-97. [PubMed:
31932788]

Gordon-Larsen P, Adair L, Popkin B. The relationship of ethnicity, socioeconomic factors, and
overweight in US adolescents. Obes Res 2003; 11(1): 121-129. [PubMed: 12529494]

Ronan L, Alexander-Bloch A, Fletcher P. Childhood Obesity, Cortical Structure, and Executive
Function in Healthy Children Cereb Cortex 2020; 30(4): 2519-2528. [PubMed: 31646343]
Farah M Socioeconomic status and the brain: prospects for neuroscience-informed policy. Nat Rev
Neurosci 2018; 19: 428-438. [PubMed: 29867123]

Luby J, Barch D, Belden A, Gaffrey M, Tillman R, Babb C et al. Maternal support in early
childhood predicts larger hippocampal volumes at school age. Proc Natl Acad Sci U S A 2012;
109(8): 2854-2859. [PubMed: 22308421]

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.


https://doi.org/10.15154/1503209

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomasi and Volkow

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Page 12

Luby J, Belden A, Harms M, Tillman R, Barch D. Preschool is a sensitive period for the influence
of maternal support on the trajectory of hippocampal development. Proc Natl Acad Sci U S A
2016; 113(20): 5742-5747. [PubMed: 27114522]

Rao H, Betancourt L, Giannetta J, Brodsky N, Korczykowski M, Avants B et al. Early parental
care is important for hippocampal maturation: Evidence from brain morphology in humans.
Neuroimage 2010; 49(1): 1144-1150. [PubMed: 19595774]

Herzberg M, Hodel A, Cowell R, Hunt R, Gunnar M, Thomas K. Risk taking, decision-making,
and brain volume in youth adopted internationally from institutional care. Neuropsychologia 2018;
119: 262-270. [PubMed: 30170080]

Mackes N, Golm D, Sarkar S, Kumsta R, Rutter M, Fairchild G et al. Early childhood deprivation
is associated with alterations in adult brain structure despite subsequent environmental enrichment.
Proc Natl Acad Sci U S A 2020; 117(1): 641-649. [PubMed: 31907309]

Radesky J, Christakis D, Hill D, Ameenuddin N, Chassiakos Y, Cross C et al. Media and Young
Minds. Pediatrics 2016; 138(5): €20162591. [PubMed: 27940793]

Paulus M, Squeglia L, Bagot K, Jacobus J, Kuplicki R, Breslin F et al. Screen media activity

and brain structure in youth: Evidence for diverse structural correlation networks from the ABCD
study. Neuroimage 2019; 185: 140-153. [PubMed: 30339913]

Yang J, Hou X, Wei D, Wang K, Li Y, Qiu J. Only-child and non-only-child exhibit differences

in creativity and agreeableness: evidence from behavioral and anatomical structural studies. Brain
Imaging Behav 2017; 11(2): 493-502. [PubMed: 26956710]

Xerxa Y, Delaney S, Rescorla L, Hillegers M, White T, Verhulst F et al. Association of Poor
Family Functioning From Pregnancy Onward With Preadolescent Behavior and Subcortical Brain
Development. JAMA Psychiatry 2021; 78(1): 29-37. [PubMed: 32936235]

Vargas T, Damme K, Mittal V. Neighborhood deprivation, prefrontal morphology and
neurocognition in late childhood to early adolescence. Neuroimage 2020; 220.

Hale L, Guan S. Screen time and sleep among school-aged children and adolescents: a systematic
literature review. Sleep Med Rev 2015; 21: 50-58. [PubMed: 25193149]

Makowski C, Lepage M, Evans A. Head motion: the dirty little secret of neuroimaging in
psychiatry. J Psychiatry Neurosci 2019; 44(1): 62—68. [PubMed: 30565907]

Alexander-Bloch A, Clasen L, Stockman M, Ronan L, Lalonde F, Giedd J et al. Subtle In-Scanner
Motion Biases Automated Measurement of Brain Anatomy From In Vivo MRI. Hum Brain Mapp
2016; 37(7): 2385-2397. [PubMed: 27004471]

Savalia N, Agres P, Chan M, Feczko E, Kennedy K, Wig G. Motion-related artifacts in structural
brain images revealed with independent estimates of in-scanner head motion. Hum Brain Mapp
2017; 38(1): 472-492. [PubMed: 27634551]

Jernigan T, Brown S, Dowling G. The Adolescent Brain Cognitive Development Study. J Res
Adolesc 2018; 28(1): 154-156. [PubMed: 29460352]

Thompson W, Barch D, Bjork J, Gonzalez R, Nagel B, Nixon S et al. The structure of cognition
in 9 and 10 year-old children and associations with problem behaviors: Findings from the
ABCD study’s baseline neurocognitive battery. Dev Cogn Neurosci 2019; 36: 100606. [PubMed:
30595399]

Garavan H, Bartsch H, Conway K, Decastro A, Goldstein R, Heeringa S et al. Recruiting the
ABCD sample: Design considerations and procedures. Dev Cogn Neurosci 2018; 32: 16-22.
[PubMed: 29703560]

The_ABCD_Consortium. Dataset: Release 2.0 and Fix Release 2.0.1. 10.15154/1503209 2019.
Luciana M, Bjork J, Nagel B, Barch D, Gonzalez R, Nixon S et al. Adolescent neurocognitive
development and impacts of substance use: Overview of the adolescent brain cognitive
development (ABCD) baseline neurocognition battery. Dev Cogn Neurosci 2018; 32: 67-79.
[PubMed: 29525452]

Casey B, Cannonier T, Conley M, Cohen A, Barch D, Heitzeg M et al. The Adolescent Brain
Cognitive Development (ABCD) study: Imaging acquisition across 21 sites. Dev Cogn Neurosci
2018; 32: 43-54. [PubMed: 29567376]

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomasi and Volkow

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 13

Hagler DJ, Hatton S, Cornejo M, Makowski C, Fair D, Dick A et al. Image processing and analysis
methods for the Adolescent Brain Cognitive Development Study. Neuroimage 2019; 202: 116091.
[PubMed: 31415884]

Ghosh S, Kakunoori S, Augustinack J, Nieto-Castanon A, Kovelman I, Gaab N et al. Evaluating
the validity of volume-based and surface-based brain image registration for developmental
cognitive neuroscience studies in children 4 to 11 years of age. Neuroimage 2010; 53(1): 85-93.
[PubMed: 20621657]

Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human cortical gyri and sulci
using standard anatomical nomenclature. Neuroimage 2010; 53(1): 1-15. [PubMed: 20547229]
Shapiro S, Wilk M. An analysis of variance test for normality (complete samples). Biometrika
1965; 52(3-4): 591-611.

Power J, Barnes K, Snyder A, Schlaggar B, Petersen S. Spurious but systematic correlations in
functional connectivity MRI networks arise from subject motion. Neuroimage 2012; 59(3): 2142—
2154. [PubMed: 22019881]

Tukey J Comparing individual means in the analysis of variance. Biometrics 1949; 5(2): 99-114.
[PubMed: 18151955]

Tingley D, Yamamoto T, Hirose K, Keele L, Imai K. Mediation: R package for causal mediation
analysis. Journal of Statistical Software 2014; 59: 1-38. [PubMed: 26917999]

Imai K, Keele L, Tingley D. A general approach to causal mediation analysis. Psychol Methods
2010; 15(4): 309-334. [PubMed: 20954780]

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace G, Greenstein D et al. How does your
cortex grow? J Neurosci 2011; 31(19): 7174-7177. [PubMed: 21562281]

Shokri-Kojori E, Tomasi D, Volkow N. An Autonomic Network: Synchrony Between Slow
Rhythms of Pulse and Brain Resting State Is Associated with Personality and Emotions. Cereb
Cortex 2018; 28(9): 3356-3371. [PubMed: 29955858]

Alkon A, Wolff B, Boyce T. Poverty, Stress, and Autonomic Reactivity In: King R, Maholmes V
(eds). The Oxford Handbook of Poverty and Child Development. Oxford University Press: New
york, 2012.

Wolf S, Magnuson K, Kimbro R. Family poverty and neighborhood poverty: links with children’s
school readiness before and after the Great Recession. Child Youth Serv Rev 2017; 79: 368—-384.
[PubMed: 30147212]

Wolf S, Suntheimer N. A dimensional risk approach to assessing early adversity in a national
sample. J Appl Dev Psychol 2019; 62: 270-281.

Rakic P A small step for the cell, a giant leap for mankind: a hypothesis of neocortical expansion
during evolution. Trends Neurosci 1995; 18(9): 383-388. [PubMed: 7482803]

Panizzon M, Fennema-Notestine C, Eyler L, Jernigan T, Prom-Wormley E, Neale M et al. Distinct
genetic influences on cortical surface area and cortical thickness. Cereb Cortex 2009; 19(11):
2728-2735. [PubMed: 19299253]

Schwab J, Lew-Williams C. Language learning, socioeconomic status, and child-directed speech.
Wiley Interdiscip Rev Cogn Sci 2016; 7(4): 264-275. [PubMed: 27196418]

Brody G, Gray J, Yu T, Barton A, Beach S, Galvan A et al. Protective Prevention Effects on

the Association of Poverty With Brain Development. JAMA Pediatrics 2017; 171(1): 46-52.
[PubMed: 27893880]

Schroeder K, Day S, Konty K, Dumenci L, Lipman T. The impact of change in neighborhood
poverty on BMI trajectory of 37,544 New York City youth: a longitudinal study. BMC Public
Health 2020; 20(1): 1676. [PubMed: 33167949]

Raji C, Ho A, Parikshak N, Becker J, Lopez O, Kuller L et al. Brain structure and obesity. Hum
Brain Mapp 2010; 31(3): 353-364. [PubMed: 19662657]

Xie L, Kang H, Xu Q, Chen M, Liao Y, Thiyagarajan M et al. Sleep drives metabolite clearance
from the adult brain. Science 2013; 342: 373-377. [PubMed: 24136970]

Spear L The adolescent brain and age-related behavioral manifestations. Neurosci Biobehav Rev
2000; 24(4): 417-463. [PubMed: 10817843]

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tomasi and Volkow

60.

61.

62.

63.

64.

Page 14

Deater-Deckard K, Li M, Lee J, King-Casas B, Kim-Spoon J. Poverty and Puberty: A
Neurocognitive Study of Inhibitory Control in the Transition to Adolescence. Psychol Sci 2019;
11: 1573-1583.

Deardorff J, Abrams B, Ekwaru J, Rehkopf D. Socioeconomic status and age at menarche: an
examination of multiple indicators in an ethnically diverse cohort. Ann Epidemiol 2014; 24(10):
727-733. [PubMed: 25108688]

Hill K, Bailey J, Steeger C, Hawkins J, Catalano R, Kosterman R et al. Outcomes of

Childhood Preventive Intervention Across 2 Generations: A Nonrandomized Controlled Trial.
JAMA Pediatrics 2020; 174(8): 764—771. [PubMed: 32511669]

Brody G, Yu T, Beach S. Resilience to adversity and the early origins of disease. DEVELOPMENT
AND PSYCHOPATHOLOGY 2016; 28(4pt2): 1347-1365. [PubMed: 27692007]

Taylor B, Frenzel M, Eastman J, Wiesman A, Wang Y, Calhoun V et al. Reliability of the NIH
toolbox cognitive battery in children and adolescents: a 3-year longitudinal examination. Psychol
Med 2020: 1-10 doi: 10.1017/S0033291720003487.

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tomasi and Volkow

R
A 0431l | Hllo-74 B Foso]|
[

015 —

Page 15

Contribution

oI/ | HiWso%

Fl. Cv CT
Median monthly mo e
Median hlgme ?aglflges ‘;""“"I"“U' sips
PED = "
Oral Reading Recognition - Ritlogacal parents
List sort -
High school diploma Schod grades
Card sort
Picture s uraer;(cs gléeo hours
nker
" Picture vocabulary
Mwﬁmg Processing speed
- Oral Reading Recognition
Picture vocabulary Pictur %o
Median family income List s:r‘twq “
Biological P:rd’"nt: =3 Card sort
uf
y n Flanker
White °°'WA?§§#°P[‘;?:2 High school diploma
Processing speed B e dccipokon
Si8 = DUl vioktions.
eml violations
Total crime violations
Without h?medphoe_'le - Population density
Population I;iqsny Median monthly mortgage
DUl violations Median gross rent
Total crime violations Median home values
School grades RLE
violations : ;
Income disparity Hnef: rtny famiy income
Unemplogmn;i"lel _  Unemployment
Single
Pove Income disparity
SRL'HA Without home phone
PED
staspl:: anucmy Without motor vehicle
v . Homeowners
Education Education
Without motor vehicle House occupancy

1 2 3 4 5 6 7
Principal component

8

10

Fig 1: Demogr aphic, cognitive, family SES, and health behavior variables.
A: Scaled heatmap with hierarchical clustering showing the correlations of these variables

with family income (FI), cortical volume (CV) and thickness (CT). B: Bar plot showing that
the top 10 principal components captured 75% of the variance (top) and a scaled heatmap
with hierarchical clustering showing relative contributions of the principal components for
each of the variables (bottom). Highlighted variable labels correspond to residential history
derived scores.
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Fig 2: Demographics and morphometrics variables ver sus socioeconomic factors.

Linear associations of family income (FI) with fluid (FluidComp), crystallized (CrysComp),
and total (CognComp) cognition composites (A), and with relative measures of total cortical
volume (CV) and mean cortical thickness (CT) (D), averaged within participants of the same
FI bracket. Effect size (partial n2) corresponding to 9 ANCOVA factors and two independent

samples (Discovery and Validation) for 3 cognitive scores (B) and 3 morphometrics (E).
Scatter plots showing the reproducibility of the effect sizes (C and F). FI brackets: 1)

< $5,000; 2) $5,000-12,000; 3) $12,000-16,000; 4) $16,000-25,000; 5) $25,000-35,000;
6) $35,000-50,000; 7) $50,000-50,000; 8) $75,000-100,000; 9) $100,000-200,000; 10) >
$200,000. Factorial ANCOVA with 9 factors of interest [FI, RLE, excess weight (EW),
siblings (SIB), SMA, PED, sex, age, and area deprivation index (ADI)], and 4 covariates of
no interest (race, intracranial volume, scanner manufacturer and intra scan head motion).
Discovery and Validation samples of equal size (N=3,892), matched by demographic,
socioeconomic, morphometric and cognitive variables (Table 1).
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Fig 3: Regional effects of family income (FI) on cortical volume and thickness.
Cortical renderings of statistical significance for the effect of FI on brain morphometrics

showing the pattern of the effect in the Discovery (A and B) and Validation (C and D)
samples. Factorial ANCOVA with 9 factors of interest (FI, risk of lead exposure, excess
weight, siblings, screen media activity, parental education, sex, age, and area deprivation
index), and 4 covariates of no interest (race, intracranial volume, scanner manufacturer and
intra scan head motion).

Mol Psychiatry. Author manuscript; available in PMC 2022 January 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tomasi and Volkow

Page 18

Morphometrics ACME C

P-value

ool o4

A
ADE
B

X D P-value 3

o.o IR

Picture sequence
Median famly ncome
PED

$chool grades

Al

Total crime viclations
Drug violations

DUI vislations
ncome dispariy
Median gross rent
Median monthiy mortgage
Poverty

Singhe

WVithout home phone
Population densty

Biological parents.
Flanker

Ficture vocabulary
White colar cccupat
Oral Reading Recognion
Without motor vehick:

SMa,

High school diploma
Card sort

Median home values
Unemgicyment
House occupancy
RLE

Homecwnars
Educaticn
Sleep hours.
i
Processing speed

Adeohol sips

0.1

Without moter vehicks
pn school digloma
o

ncome disparty

Alcohel 503

Bclogical parents
Picture sequence
Median gross rent
Sthool grades

Median famiy income
Oral Reading Recognion
Median menthly morigage
Population densty

B Flanker

SMA

Drug viclatons

Total crime viclations
DUl violations
Unemployment

Sieep hours

Median home valses

S8

Byl

Without home phone
White collar occupation
Picture vocabulary
Card sort

List sort
Processing speed
ALE

Education

Homowners
House accupancy

Dis Val Dis Val Dis Val Dis Val Dis Val Dis Val Dis Val Dis Val
ADE ACME ADE ACME ADE ACME ADE ACME
cv cT cv CcT
F_'_-\ra]us
oollIIIET o4
Music Estening
e ||
&;ﬂwgm Inhibition
— k Working Memory
Emm - Processing speed Executive function
Sporte Sleep hours Processing speed
W/_ C'v’_ X X cv T _ X X T BMI Language
ADE ACME ADE ACME e

BMI

C A c A C A c A

Fig 4: Causal mediation analysis (CMA).

Mediation models (A and C) and unscaled heatmaps with hierarchical clustering (B and D)
for average direct (ADE) and causal mediation (ACME) effects of cortical volume (CV)
and thickness (CT) on the relationships between family income (FI) and 36 demographic,
socioeconomic and health behavior variables (X; A and B) and for those of X on the
relationships between FI and the morphometrics (C and D) for Discovery (Dis) and
Validation (Val) sample of 3,892 children each. Separate CMA for selected subsamples
assessing ADE and ACME of access to alcohol (N=3,405) and cigarettes (N=1,238),
extracurricular sports (N=2,342), arts (N=1,927), reading (N=2,261), and music listening
(N=2,229), as well as pubertal estradiol, HSE (N=1,177), testosterone, ERT (N=2,707) and
dehydroepiandrosterone, DHEA (N=2,811) hormones (X) on the relationships between FI
and morphometrics, as well as those of CV and CT on the relationships between FI and X
(E); the reproducibility of these pathways was not tested given the reduced size of these
subsamples. Schematics highlighting reproducible ADE and ACME for CV (F) and CT
(G). ADI: Area deprivation index; SIB: siblings; PED parental education; BMI: body mass
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index; RLE: risk of lead exposure; SMA: screen media activity. Highlighted variable labels
correspond to residential history derived scores.
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Table 1:
Characteristics of the Discovery and Validation ABCD samples.
Included Excluded
Discovery Validation P-val

Family income 7.2+2.4 7.3+2.3 ns. 5_113_9#
Average neighborhood income ($) 76641+34369 77416+35181 ns. 58712146203#
Risk of lead exposure 49+3.1 49+3.1 n.s. 4.413.6#
Excess weight (L ean/Overweight) 2530/1362 2522/1370 ns.* 1825/1103"
Siblings (Yes/Non) 1280/2612 1271/2621 ns. ¥ 1981/947#
Screen media activity [hour siweek] 20.8+16.9 20.4+16.9 ns. 22 3+18.6%
Parental education level 16.6+2.6 16.7+2.5 ns. 14.0t5.8#
Sex (Male/Female) 2042/1850 2044/1848 ns.” 1507/1421
Age [months] 118+8 11948 n.s. 118+7
Intracranial volume[L] 1.52+0.15 1.52+0.15 ns. 1.4910.15#
E)ace (White/African American/Hispanic/Asian/Other 2149/486/788/61/408 | 2189/503/743/68/389 | g * 1311/570/639/91/317#
Scanner manufacturer (GE/Phillips/Siemens) 792/417/2683 814/450/2628 ns* 911/485/1532"
Mean framewise displacement [mm] 0.26+0.26 0.27+0.27 n.s. 0.3610.34#
Mean cortical thickness[mm] 2.80+0.09 2.80+0.09 n.s. 2.75t0.12#
Total cortical volume [mL] 601+58 601+56 n.s. 589’;59#
Total cortical area [mm?] 187+18 187+18 n.s. 187420
Fluid composite 96+17 97+17 n.s. 83134#
Crystallized composite 106+18 107+18 n.s. 94t36#
Cognitivetotal composite 101+17 102+18 n.s. 87t36#

*
x2-test;
§

More than one race; P-val: statistical differences between the Discovery and Validation samples;

#Significant difference between Included and Excluded participants (P<0.05).
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