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ABSTRACT

Early socioeconomic status (SES) has consistently been associated with child health and cognitive outcomes, in
addition to alterations in brain function and connectivity. The goal of the present study was to probe the effects
of different facets of SES (parent education, income, and neighborhood disadvantage), that likely represent
varying aspects of the environment, on resting state functional connectivity (rsFC). We investigated this question
in a large sample of 9475 children (aged 9-10 years) from the Adolescent Brain Cognitive Development (ABCD)
Study. Specifically, we analyzed the association between household SES (parent education, income-to-needs
ratio) and neighborhood disadvantage, and system-level rsFC using within-sample split-half replication. We
then tested whether the associations were unique to each SES measure, and whether household SES and
neighborhood disadvantage had interactive effects on rsFC. SES measures had both common and distinct effects
on rsFC, with sensory-motor systems (e.g., sensorimotor network) and cognitive networks (e.g., front-parietal
network) particularly implicated. Further, the association between neighborhood disadvantage and sensori-
motor network connectivity was less pronounced in the presence of high income-to-needs. Findings demonstrate
that different facets of SES have distinct and interacting effects on rsFC, highlighting the importance of
considering different indicators when studying the effects of SES on the brain.

1. Introduction

Socioeconomic status (SES) encompasses different facets of the
environment and access to material resources (such as income, occu-
pation, education, and neighborhood characteristics). SES has been
known to have an impact on children’s neurocognitive performance and
mental health (Farah et al., 2006; Forns et al., 2012; Koutra et al., 2012;
Noble et al., 2007; Packard et al., 2011; Ruijsbroek et al., 2011). For
example, children from low SES families tend to have lower perfor-
mance in several cognitive domains (Noble et al., 2007) and higher
incidence rates of mental health issues, such as depression and anxiety
(Samaan, 2000). While links between low SES and outcomes are well
established, the precise neurobiological mechanisms that transmit these
effects are yet to be characterized.

SES can influence children’s psychosocial and physical environments
(Evans, 2004), which can affect brain development (Hackman et al.,

2010). Several different factors that often go hand in hand with low SES
(such as stress exposure, low cognitive stimulation, toxins in the envi-
ronment, prenatal stress, and nutrition) may alter neural development
during sensitive periods (such as childhood and adolescence; Hackman
et al., 2010). This is likely to occur through alterations in biological
intermediaries (e.g., glucocorticoid secretion, activity-dependent syn-
apse formation, and synaptic pruning; Hackman et al., 2010). Indeed,
different indicators of low SES (i.e., socioeconomic disadvantage) have
been shown to be associated with alterations in brain structure and
function during childhood and adolescence (Farah, 2016; Hackman and
Farah, 2009). These alterations, in turn, have been suggested to play a
role in the association between exposure to disadvantage and mental
health and cognitive outcomes (Farah, 2018; Johnson et al., 2016).
Given that aberrant neural interactions between different regions of the
brain are considered relevant for both cognition and mental health
(DiMartino et al., 2014; Fornito et al., 2017), work is needed to examine
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associations between different aspects of disadvantage and neural
connectivity.

Neural connectivity has been shown to develop throughout adoles-
cence (for review see Stevens, 2016), and is suggested to play an
important role in the development of cognitive and social function
during the same period (Dumontheil, 2016; Ernst et al., 2015; Stevens,
2016; Stevens et al., 2009). As such, disruption of normative changes in
the development of functional connectivity during adolescence as a
function of low SES could contribute to negative cognitive and mental
health outcomes. These questions are particularly relevant to address
given the substantial number of youth exposed to early socioeconomic
disadvantage (Jiang et al., 2016).

Resting state functional connectivity (rsFC) analyses, which allow for
the examination of multiple functional systems at rest (Fox and Greicius,
2010), are often used to probe the association between SES and neural
circuitry. Resting state fMRI also poses lower cognitive demands on
individuals and is therefore well suited to developing populations
(Campbell and Schacter, 2017; Fox and Greicius, 2010). Several studies
have examined the effects of different facets of the socioeconomic
environment on rsFC. For instance, studies have shown that low
household income is associated with reduced connectivity in the default
mode network (DMN) and between emotion regulation and cognitive
control networks, as well as between the amygdala and hippocampus
and a number of regions (e.g., superior frontal cortex, lingual gyrus) in
youth (Barch et al., 2016; Brody et al., 2019; Sripada et al., 2014). Low
income has also been shown to impact circuitry of amygdala and
ventromedial prefrontal cortex (vmPFC; Hanson et al., 2019), and pos-
terior cingulate and mPFC connectivity (Weissman et al., 2018) in
youth. Further, neighborhood disadvantage has been shown to be
associated with reduced positive connectivity between the ventral
striatum and mPFC in adolescents (Marshall et al., 2018). Other work
has shown associations between parent education and increased con-
nectivity between frontal and temporal regions in adolescents (Su et al.,
2021).

Importantly however, these studies have not examined the associa-
tions between different SES metrics (and therefore their unique and
overlapping effects) and rsFC within the same sample. Our recent work
on the sample reported on here has shown widespread associations be-
tween neighborhood disadvantage and rsFC patterns (Rakesh et al.,
2021a); however, in that study, we did not consider the unique/similar
and additive/synergistic effects of different facets of SES. Indeed, SES
represents access to both material (usually indexed by income) and
non-material (such as parental education, occupational prestige, and
neighborhood quality) resources (Farah, 2017). Generally, these
different metrics of SES tend to be moderately correlated with one
another (i.e., better education goes hand in hand with greater occupa-
tional prestige, higher income, and better neighborhood quality), but
not always (e.g., an adjunct professor may have attained a higher level of
education than a plumber but may make less money) (Farah, 2017). SES
therefore represents a complex composite of these distinct — but often
correlated — metrics, that may represent varying aspects of the envi-
ronment and distinct predictors of mental health and other outcomes
(Braveman et al., 2005; Chen and Paterson, 2006; Farah, 2017; Win-
kleby et al., 1992). Accordingly, it has been suggested that examining
SES using single measures might be sacrificing valuable information
(Duncan and Magnuson, 2012). For example, parental income-to-needs
could represent access to material resources (which can influence
[among other things] nutrition, enriched home learning environments,
quality of child care), whereas parental educational attainment might be
more reflective of parent-child interactions (i.e., cognitive stimulation,
language input, and amount of time spent with the child) (Duncan et al.,
2012; Duncan and Magnuson, 2012). Neighborhood SES is likely to
capture a host of factors with significant developmental consequences,
such as exposure to green space, crime, violence, pollution, etc. (Evans,
2004). While different aspects of SES have been shown to have unique
effects on brain structure (Noble et al., 2015; Taylor et al., 2020; Whittle
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et al., 2017; Rakesh et al., 2021b), less is known about brain functional
connectivity in this context, and no studies, to our knowledge have
examined the unique effects of parent education, income-to-needs, and
neighborhood quality on resting state functional connectivity. Further,
prior work on associations between SES and rsFC has almost exclusively
examined effects on single connections (between nodes or networks).
Given our recent work on the same sample (Rakesh et al., 2021a), and
other work linking SES to alterations in the topology of several neural
systems (Tooley et al., 2019), an unbiased whole-brain approach (that
examines connections between several neural systems at rest) is
warranted.

Therefore, the goal of the present study was to examine unique as-
sociations between different socioeconomic indices (i.e., parent educa-
tion, parent income-to-needs, and neighborhood disadvantage) and
whole brain resting state functional connectivity. Further, it has also
been suggested that different facets of the socioeconomic environment
(i.e., parent income, parent education, and neighborhood SES), could
have interactive or synergistic effects on a child’s development (Gordon
etal., 2003; Morrissey and Vinopal, 2018). For example, high household
income or education could potentially mitigate some effects of neigh-
borhood disadvantage and vice-versa. Accordingly, in exploratory ana-
lyses, we investigated interactions between the three socioeconomic
metrics. To address these aims, we used data from the Adolescent Brain
Cognitive Development (ABCD) study (ages 9-10, N > 11,500).

Given that different socioeconomic indicators are moderately
correlated (Oakes and Rossi, 2003), and represent both similar and
unique facets of the environment (Farah, 2017), we expected to see
some degree of overlap in findings, as well as some distinct effects. While
our prior work showed that neighborhood disadvantage was associated
with widespread within- and between-network connectivity of both
sensorimotor and higher-order systems (e.g., default mode network,
dorsal attention network) (Rakesh et al., 2021a), we expected household
SES indicators to be associated with more localized effects. For example,
parent education can have a significant influence on parent-child in-
teractions, and therefore on cognitive and language stimulation received
by the child (Duncan and Magnuson, 2012). Such stimulation plays an
important role in the development of child language and cognitive
function (Perkins et al., 2013). As such, we expected parent education to
be associated with the connectivity of the auditory network and systems
associated with executive and cognitive function (e.g., frontoparietal
network, dorsal attention network). Conversely, given that
income-to-needs often represents access to material resources (and thus
sources of cognitive stimulation as well as quality of schooling and child
care) (Duncan and Magnuson, 2012), we hypothesized that
income-to-needs would be associated with within- and between-network
connectivity of prefrontal systems commonly associated with cognitive
function (Dumontheil, 2016; Ernst et al., 2015; Stevens, 2016).

2. Methods

Given the substantial analytical flexibility that comes with large
open datasets, analysis plans were pre-registered on the Open Science
Framework (https://osf.io/6znrs). Any deviations from the original plan
have been fully described.

2.1. Participants

Participants were from the ongoing ABCD study (https://abcdstudy.
org/; baseline assessment of ABCD [release 2.0.1]). The ABCD study is a
large multi-site longitudinal study which has recruited over 11,500
children (aged 9-10 years) in order to comprehensively characterize
psychological and neurobiological development from early adolescence
to early adulthood (Casey et al., 2018; Garavan et al., 2018). After
excluding for motion (mean framewise displacement [FD] > 0.5 mm),
the final sample consisted of 9475 participants (See Table 1 for de-
mographic information and SI for details).


https://osf.io/6znrs
https://abcdstudy.org/
https://abcdstudy.org/
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Table 1
Demographic information.
Mean + SD
N 9475 (4713 F)
Age (months) 119.36 + 7.51
ADI 39.66 + 27.16
Education (years) Average 15.18 + 2.6
Maximum 15.92 + 2.85
Primary Caregiver 15.36 + 2.72
Household Income (N) < $5000 279
$5000-$11,999 296
$12,000-$15,999 210
$16,000-$24,999 389
$25,000-$34,999 520
$35,000-$49,999 744
$50,000-$74,999 1196
$75,000-$99,999 1299
$100,000-$199,999 2709
> $200,000 1048
Income-to-needs ratio 3.56 + 2.3
Framewise Displacement 0.19 +£0.12
Race (N) White 5103
Black 1269
Hispanic 1901
Asian 199
Other 987

2.2. SES measures

We used the Area Deprivation Index (ADI), which is a composite
measure of neighborhood socioeconomic disadvantage for the United
States that uses data from 17 factors including income, education,
employment, and housing quality. ADI provides rankings of neighbor-
hoods by socioeconomic disadvantage as a national percentile (Kind
et al., 2014; Singh, 2003), where higher values indicate higher disad-
vantage. See Supplementary Information (SI) for list of items contrib-
uting to ADI. Parent education was calculated based on the average
educational attainment of both parents in years. The educational
attainment of one parent was used when data for both parents was not
available. Income-to-needs ratio was calculated as the median value of
the income band divided by the federal poverty line for the respective
household size. Accordingly, a value of one would signify being at the
poverty threshold, and values greater than and less than one would
signify being above and below the threshold respectively. See SI for
distributions and correlations.

2.3. Imaging acquisition, preprocessing, and resting-state functional
connectivity data

Imaging procedures have been described in detail in Casey et al.
(2018). Participants were imaged across sites using harmonized pro-
tocols, and completed 4-5 five-minute resting state scans (eyes open) to
ensure at least eight minutes of relatively low-motion data. For details
see SI and Hagler et al. (2019). Preprocessing was carried out by the
ABCD Data Analysis and Informatics Core using the standardized ABCD
pipeline (for details see Hagler et al., 2019). Next, fMRI time courses
were projected onto FreeSurfer’s cortical surface. Using these time
courses, within- and between-network connectivity (Pearson correla-
tion) were calculated on the basis of the Gordon parcellation scheme
(Gordon et al., 2016) for 12 predefined resting state networks (RSN) (i.
e., AN = Auditory Network, CON = Cingulo Opercular Network, CPN =
Cingulo Parietal Network, DAN, DMN, FPN, RTN = Retrosplenial
Temporal Network, SMN (H) = Sensorimotor Network (hand), SMN (M)
= Sensorimotor Network (mouth), SN, VAN, VN = Visual Network) and
then Fischer Z transformed — leading to 78 dependent variables (66
between-network connectivity variables and 12 within-network con-
nectivity variables [within-network connectivity reflects the average of

Developmental Cognitive Neuroscience 51 (2021) 101005
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2.4. Statistical methods

2.4.1. Examining the association between SES measures and rsFC
Although this was not explicitly stated in the pre-registration, for the
sake of comparability with existing work, we first conducted analyses
that examined associations between individual SES measures and rsFC,
and then sought to determine whether effects were robust to the inclu-
sion of other SES metrics in the model. Further, given the large dataset,
although not pre-registered, in the interest of robustness we employed a
within-sample split-half replication to identify key connectivity vari-
ables that were associated with each SES measure. Briefly, to ensure that
findings were robust, the final sample was randomly split into 4738
discovery and 4737 replication cases using the cvpartition function in
MATLAB with 50% of the data in the discovery set and 50% in the
holdout replication sample. The discovery and replication samples did
not show differences in demographic data (including age, sex, site, and
SES [all three measures]; p > 0.5). We examined whether each SES
measure (as the predictor variable in separate models) was associated
with connectivity (n = 78 response variables) in both the discovery and
replication samples using linear mixed models (LMM; using lme::nlme)
in R version 4.0.2. Separate models were fitted for each connectivity
variable. To assess for significance of effects we used a false discovery
rate (FDR) of p < 0.016 (to account for three SES variables; 78 com-
parisons in each model) in discovery and replication samples. Only
variables that survived FDR correction in both the discovery and repli-
cation analyses at pFDR < 0.016 were considered significant. We also
tested the correlation between the t-value across discovery and repli-
cation samples for all 78 connectivity variables to assess reproducibility.
We covaried for age, sex, scanner type, mean FD in our analyses. In
addition, site, and family nested within site (to account for multiple
children from the same family) were modelled as random factors.

2.4.2. Examining the unique effects of each SES measure on rsFC

Next, in order to assess whether the effects observed were unique to a
specific SES indicator, for all significant connectivity variables (from the
individual analyses described above), we included all three SES mea-
sures as predictors in the same model across the whole sample. Effects
were considered significant if they survived FDR correction for the
specific SES measure (p < 0.05; with the number of comparisons
dependent on the number of significant variables for each SES measure
from the analyses described in Section 2.4.1). We verified that using all
three SES variables in the same model was not problematic with respect
to multicollinearity using variance inflation factor (VIF) values. We
covaried for age, sex, scanner type, and mean FD in our analyses. In
addition, site, and family nested within site (to account for multiple
children from the same family) were modelled as random factors.
Further, we conducted sensitivity analyses to determine whether results
were robust to the inclusion of child intelligence (total intelligence score
based on the NIH cognition battery) and child psychopathology (total
mental health problems from the Child Behavior Checklist) as cova-
riates. Finally, we covaried for race/ethnicity (in addition to age, sex,
scanner, mean FD, child intelligence, and child psychopathology) to
account for race/ethnicity-associated effects. However, due to the
confounded nature of race and socioeconomic disadvantage in the pre-
sent sample (see distribution of SES variables by race/ethnicity in the
SM), effects of race/ethnicity and disadvantage are difficult to disen-
tangle, which is particularly problematic for interpretating results
(Meghani and Chittams, 2015). Results covarying for race/ethnicity can
be found in the SM. Of note, covarying for race/ethnicity reduces the
number of significant connections for all three SES indicators (but least
so for education).
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2.5. Exploratory analyses

2.5.1. Examining the effect of a composite SES index on rsFC

Although not pre-registered, we also examined associations between
a composite measure of SES and rsFC. We implemented a principal
component analysis (PCA) on the data (that included parent education,
income-to-needs, and neighborhood SES) in order to obtain a composite
SES score. Only participants that had data for all three SES variables
were included in this analysis (n = 8104). KMO and Bartlett’s test
indicated that the data were suitable for PCA (Kaiser-Meyer-Olkin
Measure of Sampling Adequacy = 0.67, Bartlett’s test of sphericity p <
0.001). All three variables loaded onto the first component (loadings for
education, income-to-needs, and ADI [reversed coded] respectively:
0.58, 0.61, 0.54) which explained ~67% of the variance. This first
component was used in subsequent analyses. The same procedures as
described in Section 2.4.1 were implemented for analyses. We utilized a
threshold of pFDR < 0.016 for the sake of comparability with the indi-
vidual SES metrics. Results for this analysis can be found in the
Supplement.

2.5.2. Examining the interactive effects of household and neighborhood SES
on rsFC

Further, in exploratory analyses, we examined the interactive effects
of the three socioeconomic indicators (i.e., two-way interactions of i)
ADI x education, ii) ADI x income-to-needs, and iii) education x income-
to-needs). Of note, main effects are automatically included in models.
Significant effects were assessed using the FDR (p < 0.05; 78 compari-
sons in each model) (Benjamini and Hochberg, 1995).

3. Results
3.1. Demographic information

Sample demographic information and descriptive statistics are pre-
sented in Table 1.

3.2. Associations between individual SES indicators and rsFC

Using within-sample split-half replication we found that the three
SES indicators were associated with connectivity variables similarly
across discovery and replication samples. Specifically, ADI was associ-
ated with 25 and 26, parent income-to-needs ratio 25 and 31, and parent
educational attainment 26 and 27 connectivity variables in discovery
and replication samples respectively (pFDR < 0.016; 78 comparisons

A) B)
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each in discovery and replication samples). Significant variables were
those that overlapped between discovery and replication samples (n =
16, 19, and 21 for ADI, income-to-needs, and education respectively).
Correlation of t-values between discovery and replication was found to
be very high for all three SES variables (Pearson correlation > 0.86),
thus indicating high reproducibility.

3.2.1. Neighborhood disadvantage

ADI was found to be significantly associated with 16 connections
(Fig. 1), and in most cases higher ADI was associated with reduced
connectivity (i.e., higher neighborhood disadvantage associated with
lower rsFC). Specifically, ADI was associated with reduced connectivity
between the AN and higher-order cognitive systems (i.e., CON, CPN,
DMN, FPN, SN). ADI was also associated with greater connectivity
within and between sensory-motor systems and between the SMN and
both AN and higher-order networks (e.g., CPN and DAN). Finally, higher
ADI was also found to be associated with CON and CPN connectivity to
other higher-order networks (e.g., lower within-CON and CON-CPN and
higher CPN-FPN rsFC).

3.2.2. Income-to-needs ratio

Higher household income-to-needs ratio was found to be associated
with lower AN-SMN (hand and mouth) connectivity as well as increased
connectivity of the AN and SMN to higher-order cognitive networks (e.
g., AN-CPN, AN-DMN, AN-FPN, AN-SN, FPN-SMN [hand and mouth],
CPN-SMN [hand and mouth]; Fig. 2). Further, income-to-needs ratio was
also associated with increased connectivity between cognitive func-
tional systems (e.g., within-CON, CON-CPN, CPN-DAN, CPN-FPN, DMN-
VAN, and SN-VAN).

3.2.3. Educational attainment

Educational attainment was found to be associated generally with
the connectivity of both within and between sensory-motor networks
(Fig. 3). For example, higher educational attainment predicted reduced
AN connectivity to the VN and SMN (hand and mouth) and reduced
connectivity within and between SMN networks. Further, higher
educational attainment was also associated with increased rsFC of the
AN to higher-order cognitive networks (i.e., CPN, DMN, FPN, and SN),
connectivity of the SMN networks to the FPN, SN, and CPN, and VAN-VN
rsFC. Finally, educational attainment was associated with increased
connectivity between systems implicated in higher-order cognitive
function (i.e., within-CON, CON-CPN, DMN-VAN, and SN-VAN).

Fig. 1. Association between ADI and rsFC.
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(A) Heatmap of the t-statistic values (from
LMMs) of the association between ADI and all
connectivity variables (n = 78) across the
whole sample; (B) Heatmap of the t-statistic
values of the association between ADI and sig-
nificant connectivity variables (overlapping
significant variables after correction for multi-
ple comparisons in both discovery and replica-
tion sets [n = 16]; t statistic values were
extracted from analyses using the whole sam-
ple). Only the bottom half of the matrix has
been displayed for ease of readability. For
heatmaps of Cohen’s D values see SI.

Abbreviations: AN = Auditory Network, CON =
Cingulo Opercular Network, CPN = Cingulo
Parietal Network, DAN = Dorsal Attention
Network, DMN = Default Mode Network, FPN
= Frontoparietal Network, RTN = Retrosplenial
Temporal Network, SMN (H) = Sensorimotor
Network (hand), SMN (M) = Sensorimotor
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Fig. 2. Association between income-to-
needs ratio and rsFC. (A) Heatmap of the t-
statistic values (from LMMs) of the association
between income-to-needs ratio and all connec-
tivity variables (n 78) across the whole

25 sample; (B) Heatmap of the t-statistic values of
0o the association between ADI and significant
connectivity variables (overlapping significant

_,5 variables after correction for multiple compar-
isons in both discovery and replication sets [n =

-5.0  19]; t statistic values were extracted from ana-

lyses using the whole sample). Only the bottom
half of the matrix has been displayed for ease of
readability. For heatmaps of Cohen’s D values
see SI.

Abbreviations: AN = Auditory Network, CON =
Cingulo Opercular Network, CPN = Cingulo
Parietal Network, DAN Dorsal Attention
Network, DMN = Default Mode Network, FPN
= Frontoparietal Network, RTN = Retrosplenial
Temporal Network, SMN (H) = Sensorimotor
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Network (hand), SMN (M) =Sensorimotor Network (mouth), SN = Salience Network, VAN = Ventral Attention Network, VN = Visual Network.
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3.3. Unique associations between SES indicators and rsFC

When all three SES variables (i.e., ADI, income-to-needs ratio, and
parent educational attainment) were included in the model simulta-
neously, we found significant effects for all three variables for some
common and some distinct connections (Fig. 4, Table 2). VIF values
when all three SES variables were included in the same model were
found to be reasonable (< 2; See SI). Of note, effect sizes were relatively
small (see Table 2). For scatterplots see SI. Sensitivity analyses revealed
that results were largely unchanged when child intelligence and psy-
chopathology were included as covariates (see SI for model output).

3.3.1. Overlapping associations

All three variables were found to be associated with within-SMN
(hand) and SMN (hand) to SMN (mouth) connectivity such that higher
disadvantage was associated with increased connectivity. Further, ADI
shared common connections with both educational attainment (n = 3;
CPN-SMN (hand), DMN-VAN, and AN-SN) and income-to-needs ratio (n
= 1; SN-VAN). Income-to-needs ratio and educational attainment also
had several overlapping connections (n = 4; SN-SMN [hand and mouth],
FPN-SMN (hand), and FPN-AN).
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sample; (B) Heatmap of the t-statistic values of
the association between educational attainment
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lapping significant variables after correction for
multiple comparisons in both discovery and
replication sets [n = 21]; t statistic values were
extracted from analyses using the whole sam-
ple). Only the bottom half of the matrix has
been displayed for ease of readability. For
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3.3.2. Independent associations

ADI was found to be uniquely associated with three connections (i.e.,
within-CON, AN-CON, and DAN-SMN [hand]). Income-to-needs ratio
and educational attainment were independently associated with two
connections each (i.e., CPN-FPN, CPN-AN and CPN-CPN, AN-DMN
respectively).

3.4. Interactive effects of different socioeconomic indicators on rsFC

In exploratory analyses, we found that household (specifically
income-to-needs ratio) and neighborhood SES interacted to predict
connectivity between the sensory-motor systems (B = —0.005, SE =
0.001, t = —3.46, p < 0.001). Specifically, the association between ADI
and SMN (hand) and SMN (mouth) connectivity was less pronounced (i.
e., less positive) in the presence of high income-to-needs ratio (Fig. 5).
No other rsFC variables survived correction for multiple comparisons in
any of the models.

4. Discussion

The present study aimed to investigate the association between
different socioeconomic indicators and rsFC in a large sample of children
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aged 9-10 years from the ABCD study. We found that neighborhood
disadvantage, parental educational attainment, and income-to-needs
ratio had both common and distinct effects on rsFC. We also found
that the association between neighborhood disadvantage and sensori-
motor network (hand) to sensorimotor network (mouth) connectivity
was less pronounced in the presence of high income-to-needs ratio.

All three SES measures were associated with the connectivity of
similar networks. For example, high neighborhood advantage, high
parent educational attainment, and high household income-to-needs
ratio were all associated with reduced within and between sensori-
motor network connectivity, and increased sensorimotor network con-
nectivity to frontal functional networks. This suggests that connectivity
of the sensorimotor network may be particularly sensitive to several
aspects of the socioeconomic environment, including both inside and
outside of the home. Why this might be the case is challenging to
comment on given that previous studies have focused on specific regions
and connections, and limited work has examined the association be-
tween SES and structure, function, and connectivity of sensorimotor
regions. Of note, however, whole-brain structural MRI work has also
implicated sensory-motor regions (e.g., postcentral gyrus) in analyses
(King et al., 2020; Mackey et al., 2015; Noble et al., 2015), and other
recent work on myelin growth has demonstrated similar associations
with SES for somatosensory and motor areas (Ziegler et al., 2020).
Although not tested here, we speculate that given the roles of these re-
gions in motor function, these alterations may be due to low parental
support or access to appropriate environments in the neighborhood for
motor development, and may account for alterations in motor skills in
economically disadvantaged youth (Morley et al., 2015).

Further, reduced connectivity of the frontoparietal to sensory net-
works (auditory network and sensorimotor network) was found for both
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Fig. 4. Unique effects of SES on rsFC for
neighborhood advantage (A), household
income-to-needs ratio (B), and parent educa-
tional attainment (C). Orange and blue chords
represent  SES-associated increased and
decreased connectivity respectively. To allow
direct comparison between the indices, the di-
rection of ADI has been inversed for this figure
whereby orange chords represent higher con-
nectivity associated with higher advantage for
all three metrics. Values along the circumfer-
ence represent the number of connections
implicated (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article).
Abbreviations: AN = Auditory Network, CON =
Cingulo Opercular Network, CPN = Cingulo
Parietal Network, DAN = Dorsal Attention
Network, DMN = Default Mode Network, FPN
= Frontoparietal Network, RTN = Retrosplenial
Temporal Network, SMN (H) = Sensorimotor
Network (hand), SMN (M) = Sensorimotor
Network (mouth), SN = Salience Network, VAN
= Ventral Attention Network, VN = Visual
Network.

household indices, and cingulo-opercular/cingulo-parietal rsFC (to
different systems) was also often implicated for all three socioeconomic
indicators. These fronto-parietal-cingulate networks are considered
relevant for cognitive control (Posner and Huang, 2011), reading ability
(Horowitz-Kraus et al., 2015), and a diverse range of cognitive functions
(Dosenbach et al., 2008; Sheffield et al., 2016). We thus speculate that
their connectivity may play a role in the association between SES
(generally speaking) and alterations in reading skills, cognitive control,
and cognitive function (Duncan and Magnuson, 2012; Noble et al., 2005;
Sarsour et al., 2011). Further, auditory network connectivity was also
found to be implicated across SES measures. This was not consistent
with our hypothesis of finding unique associations between parent
educational attainment and auditory network rsFC; however, this
finding indicates the importance of the socioeconomic environment
(generally) in language development (Hoff, 2006; Hoff and Tian, 2005).

Connectivity of the frontoparietal network was uniquely associated
with both educational attainment and income-to-needs ratio, which
suggests that it may be susceptible to the household environment. In
particular, positive parent-child interactions, and increased cognitive
stimulation available at home, which have both been linked with higher
parental education and income (Duncan and Magnuson, 2012), may
impact the development of frontoparietal connectivity.

It is noteworthy that SES (generally speaking) was associated with
the connectivity of somatosensory (e.g., auditory network, visual
network), motor (e.g., sensorimotor network), and frontal cognitive
systems (e.g., dorsal attention network, ventral attention network,
frontoparietal network) alike. This is consistent with work showing as-
sociations between other types of adversity and widespread alterations
in rsFC in youth (Rakesh et al., 2020). We note that previous work in this
space has primarily focused on frontal, temporal, and subcortical
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Table 2
Model output for significant effects.

SES measure Connection B SE T P D

ADI CON - CON —0.006 0.001 —4.427 1.07E-05 0.047
AN - CON —0.005 0.001 —-3.871 0.000116 0.041
DAN - SMN (M) 0.004 0.001 3.355 0.000825 0.035
SMN (H) - SMN (M)* 0.006 0.002 3.196 0.001441 0.034
SMN (H) - SMN (H)* 0.005 0.002 3.119 0.001871 0.033
DMN — VAN** —0.003 0.001 —2.748 0.006114 0.029
CPN - SMN (H)** —0.004 0.002 —2.672 0.007679 0.028
SN - VAN" —0.004 0.001 —2.661 0.007933 0.028
AN — SN** —0.004 0.002 —2.572 0.010274 0.027

Income-to-needs ratio SMN (H) — SMN (H)* —0.007 0.001 —4.662 3.59E-06 0.049
FPN - SMN (H) """ 0.005 0.001 4.379 1.33E-05 0.046
SMN (H) - SMN (M)* —0.007 0.002 —3.933 9.02E-05 0.041
AN - FPN 0.003 0.001 3.638 0.00029 0.038
SN - VAN" 0.004 0.001 2.932 0.00345 0.031
CPN - FPN —0.003 0.001 —2.502 0.012516 0.026
AN - CPN 0.004 0.002 2.438 0.014946 0.026
AN - SMN (M) *” —0.004 0.002 —2.397 0.016739 0.025
AN - SMN (H) “* —0.003 0.001 —2.341 0.019442 0.025

Educational attainment SMN (H) — SMN (M)* -0.010 0.002 —6.144 1.19E-09 0.065
AN - SMN (H) —0.006 0.001 —5.055 5.19E-07 0.053
AN - SMN (M) “* —0.005 0.002 —3.336 0.000884 0.035
FPN - SMN (H) "" 0.003 0.001 3.313 0.000957 0.035
CON - CPN 0.004 0.001 3.090 0.002061 0.033
AN - FPN 0.003 0.001 3.014 0.002651 0.032
SMN (H) — SMN (H)* —0.004 0.001 —2.983 0.002933 0.031
CPN - SMN (H)** 0.004 0.001 2.667 0.007785 0.028
AN - DMN 0.003 0.001 2.592 0.009682 0.027
DMN - VAN** 0.002 0.001 2.531 0.011543 0.027
AN — SN** 0.004 0.002 2.419 0.015748 0.025

Abbreviations: ADI = Area Deprivation Index, AN = Auditory Network, CON = Cingulo Opercular Network, CPN = Cingulo Parietal Network, D = Cohen’s D
calculated as t-value/ \/ sample size. DAN = Dorsal Attention Network, DMN = Default Mode Network, FPN = Frontoparietal Network, RTN = Retrosplenial Temporal
Network, SMN (H) = Sensorimotor Network (hand), SMN (M) = Sensorimotor Network (mouth), SN = Salience Network, VAN = Ventral Attention Network, VN =

Visual Network.
" Common between all three SES indicators.
** Common between ADI and educational attainment.
# Common between ADI and income-to-needs ratio.
## Common between educational attainment and income-to-needs ratio.
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Fig. 5. Interactive effects of ADI and income-to-needs on rsFC. Association
between ADI (x axis) and SMN (hand) to SMN (mouth) rsFC (y axis) has been
depicted at different levels of income-to-needs ratio. Slopes represent mean =+ 1
SD of income-to-needs ratio values.

Abbreviations: SMN (H) = Sensorimotor Network (hand), SMN (M) = Senso-
rimotor Network (mouth).

regions (Farah, 2017, 2018; Johnson et al., 2016), and it has previously
been highlighted that findings supporting the effect of adversity on re-
gions associated with sensory processing (e.g., visual regions) are rarely
interpreted (McLaughlin et al., 2019). Accordingly, continued focus on
frontal networks, while seemingly overlooking other functional systems,
could impede our understanding of the impact of SES on

neurodevelopment. We suggest that future work should examine these
associations from a more holistic perspective. Further, it has been sug-
gested that somatosensory and motor systems play an important role in
shaping cognitive and executive function (Rosen et al., 2019). A rela-
tively recent model stipulates that cognitive stimulation (which includes
access to complex learning environments, a diverse range of sensory,
linguistic, motoric, and social experiences, language/semantic input,
and appropriate caregiver-child interactions, etc.) provides the oppor-
tunity for children to regulate attention, resolve conflict between
different sensory inputs, learn the ability to distinguish objects, and
enhance semantic skills. According to the model, this, in turn, shapes
prefrontal structure and development of cognitive function (Rosen et al.,
2019). As such, we speculate that alterations in somatosensory and
motor functional connectivity (as a function of SES) could play a role in
SES-associated individual variation in cognitive abilities (Duncan and
Magnuson, 2012).

The difference in the direction of the association between SES and
rsFC of sensory-motor systems and higher-order frontal networks is
notable. That is, low SES was associated with lower connectivity within
sensory-motor networks and between sensory-motor networks and
frontal networks, and higher connectivity between frontal higher-order
networks. While we know little about normative patterns of rsFC
development during late childhood and early adolescence, given that
brain developmental patterns have been shown to exhibit regional
heterogeneity, whereby sensory-motor regions and frontal regions
mature at differ ages and paces (Sowell et al., 2004), it is plausible that
exposure to disadvantage impacts their connectivity differentially
depending on both the developmental stage and timing of exposure.

In contrast to our hypothesis, we did not find within-network
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connectivity to be robustly implicated (across discovery and replication
sets) for neither neighborhood disadvantage (with the exception of
within-sensorimotor network and within-CON rsFC) nor income-to-
needs ratio. Given that within-network connectivity changes
throughout adolescence (Rakesh et al., 2020; Truelove-hill et al., 2020),
it is possible that stronger effects will be evident later in development.

Importantly, despite considerable overlap and the networks gener-
ally implicated, specific connections were found to have associations
with individual SES measures above and beyond the influence of the
other two. Notably, there was more overlap in the connections between
the household SES indices (i.e., education and income-to-needs) than
between neighborhood and individual household indices, and there was
more overlap in the connections implicated for neighborhood disad-
vantage and parent educational attainment than neighborhood disad-
vantage and income-to-needs ratio. Why specific connections are
independent vs overlapping between SES indices and the underlying
mechanisms of the association between a specific SES measure and
connection are challenging to comment on due to a dearth of imaging
literature on this subject. Nevertheless, our findings of unique as well as
similar effects of educational attainment, income-to-needs ratio, and
neighborhood SES on rsFC are in line with the notion of different facets
of the socioeconomic context reflecting both unique and similar aspects
of the developmental context (Braveman et al., 2005; Chen and Pater-
son, 2006; Farah, 2017; Winkleby et al., 1992), and perhaps acting in
unison (along with other aspects of the environment) to shape brain and,
in turn, child development. Indeed, evidence indicates that while
correlated, neighborhood income, family assets and income, and
parental cognitive skills have differential effects on children’s cognitive
abilities (i.e., mathematics and reading skills; Sastry and Pebley, 2010).
Further, different aspects of SES may capture variation in other aspects
of the environment (e.g., neighborhood SES may also reflect exposure to
trauma/crime/violence (Pratt and Cullen, 2005) and/or toxins (Tren-
tacosta et al., 2016)) that could also be linked with alterations in brain
development (Guxens et al., 2018; McLaughlin et al., 2019; Rakesh
et al., 2020). Therefore, based on this, and other recommendations
(National Center for Education Statistics, 2012), we suggest that future
work consider multiple aspects of the socioeconomic context when
investigating the influence of SES on neurodevelopment and
functioning.

Finally, we found that income-to-needs ratio moderated the effects of
neighborhood disadvantage on within-sensorimotor network connec-
tivity, such that the strength of the association between neighborhood
SES and rsFC was significantly reduced in the presence of high house-
hold income-to-needs ratio. As above, we speculate that links between
SES and sensorimotor network connectivity might reflect alterations in
motor, in addition to cognitive function and development. Further,
higher sensorimotor network connectivity has previously been impli-
cated with worse mental health and cognition in the same sample
(Rakesh et al., 2021a). Therefore, these results suggest that high
income-to-needs may be able to buffer the effects of neighborhood
disadvantage on a wide range of motor, cognitive, and mental health
outcomes to some extent via sensorimotor network connectivity.

It is important to note most of our interpretations were more in line
with the ‘deficit model’ of adversity (whereby SES-associated alterations
are considered as maladaptive). However, they could also reflect
adaptive mechanisms (Ellwood-Lowe et al., 2020) for outcomes not
tested (Ellis et al., 2017). Therefore, future work examining associations
between SES, rsFC, and mental health and cognition should adopt both
deficit-based and adaptation-based approaches (Humphreys and Salo,
2020).

While this study has strengths (such as the large sample size and the
use of multiple socioeconomic indicators), interpretations must be
considered in light of some limitations. First, given that the present
study was cross-sectional, and we were unable to test for the association
between SES and longitudinal change in connectivity, any in-
terpretations of directional or causal links between disadvantage and
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alterations in functional connectivity are speculative. Second, timing of
exposure, which has been shown to be relevant for brain development
(Gard et al., 2021), should be explored in future research. Third, we did
not control for race/ethnicity in our main analyses as interpreting and
disentangling effects (i.e., ascertaining the degree to which our observed
effects were specific to SES [versus race/ethnicity]) would be chal-
lenging. Future work should examine these associations in large samples
(given the small effect sizes) where race/ethnicity and SES are not
highly correlated. Fourth, we are unable to comment on the mechanisms
through which different facets of socioeconomic environment may
impact neural connectivity, and why only specific connections are
impacted. Fifth, we did not directly examine associations between SES,
rsFC, and behavioral outcomes, and are therefore unable to comment on
whether these SES-associated alterations in rsFC are adaptive or mal-
adaptive. Sixth, given the important role that parcellation schemes can
play in determining findings, we recommend that future work test as-
sociations between SES and rsFC using multiple functional atlases.
Seventh, given that we did not test associations between rsFC and
cognitive, motor, or language outcomes, our interpretations are highly
speculative. Therefore, future longitudinal work should test these as-
sociations explicitly (Ellwood-Lowe et al., 2016). Finally, future work
would benefit from leveraging genetic data available in the ABCD study
to advance our understanding of the influence of gene-environment
interactions on brain development.

In summary, our findings demonstrate that different facets of SES
have both distinct and common effects on rsFC. This work provides
further support for the importance of consideration of the different so-
cioeconomic contexts in understanding child brain and behavioral
outcomes.
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