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Abstract: Decades of research has revealed a relationship between childhood socioeconomic status
(SES) and brain development at the structural and functional levels. Of particular note is the distinc-
tion between income and maternal education, two highly correlated factors which seem to influence
brain development through distinct pathways. Specifically, while a families’ income-to-needs ratio is
linked with physiological stress and household chaos, caregiver education influences the day-to-day
language environment a child is exposed to. Variability in either one of these environmental experi-
ences is related to subsequent brain development. While this work has the potential to inform public
policies in a way that benefits children, it can also oversimplify complex factors, unjustly blame
low-SES parents, and perpetuate a harmful deficit perspective. To counteract these shortcomings,
researchers must consider sociodemographic differences in the broader cultural context that underlie
SES-based differences in brain development. This review aims to address these issues by (a) identify-
ing how sociodemographic mechanisms associated with SES influence the day-to-day experiences of
children, in turn, impacting brain development, while (b) considering the broader cultural contexts
that may differentially impact this relationship.
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1. Introduction
1.1. Historical Perspectives Linking Socioeconomic Status (SES) and Brain Development

For decades, socioeconomic status (SES) was used as a covariate in studies of brain
development in children, but starting around 2009, researchers became more interested in
studying SES in and of itself as a predictor, or correlate, of differences in brain develop-
ment [1]. This change was due to the understanding that SES can represent an individual’s
access to various resources, which can directly impact brain development [2-8], educational
attainment [9], physical well-being [10], mental health [11], and cognitive development [1].
As research has expanded to examine the impact of SES on brain development, researchers
have acknowledged that SES is a complex construct, defined by correlated but not iden-
tical factors, such as parental educational attainment, occupational status, neighborhood
quality, and family income. Recent work has made incredible strides in teasing apart the
complexity of these relationships by studying both SES and brain structure and function
from multiple perspectives. Through this work, researchers have begun to fill in gaps
in our understanding of the complex relationship between an individual’s accumulated
environmental experiences, their brain development, and how these differences in brain
function and structure might manifest behaviorally. Despite these astounding efforts, most
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research examining the associations between SES and brain development are largely limited
to WEIRD (Western, Educated, Industrial, Rich, and Democratic) countries, and often fail
to consider the larger cultural context and belief systems that shape child cognitive and
brain development. Here, we (1) review what is known about the relationship between
SES and brain development based on magnetic resonance imaging (MRI) and resting state
electroencephalography (EEG) studies; (2) pinpoint the unique influences of maternal edu-
cation and income on this trajectory; and (3) review what questions remain to be answered,
including taking a more in-depth, culturally responsive approach to understanding how a
child’s day-to-day life experiences differentially relate to brain development.

1.2. The Importance of Studying the Association between SES and Brain Development

Brain maturation is a prolonged process that continues throughout childhood and
adolescence. This extended period allows for a long window of experience-dependent
plasticity, where early experiences can significantly shape brain development. During
early development, the cortical thickness of the brain, linked to synaptic pruning and
myelination, undergoes a rapid decrease before plateauing in early adulthood. Meanwhile,
the surface area of the cortex undergoes a substantial expansion through early adolescence
followed by a contraction through middle childhood [12-14]. Related to brain volume,
white matter volume undergoes a rapid increase throughout adolescence and into young
adulthood due to myelination before becoming reduced in older adulthood [15-17]. On
the other hand, gray matter volume exhibits a rapid increase during early childhood,
reflecting the growth and branching of dendrites and synaptogenesis before peaking in
early adolescence, followed by a gradual volume thinning and density reduction due to
synaptic pruning [15,16,18]. Studies using structural MRI have identified global differences
in these developmental changes which are correlated to SES [1,6,7,19,20]. For example,
coming from a lower SES background is often linked to less cortical gray matter, which
researchers posit is due to less gray matter formation early in development, or accelerated
thinning [5,20-23]. Meanwhile, children from higher SES backgrounds exhibit greater
global and local efficiency of the structural connectome, indicative of enhanced neural
communication speed and efficiency [24]. Specific areas of the brain, including the pre-
frontal cortex (PFC) [1,6,7,23,25-27], the left anterior and posterior superior temporal gyrus
(STG) [28], and the left inferior frontal gyrus (IFG) [29,30], are sensitive to environmental
experiences and support the development of language, attention, executive function, emo-
tion regulation, and memory [5,31]. Thus, these differences in brain development have
been the focus of much SES-related research.

In addition to studies examining SES-related differences in brain structure, recent
research has also sought to clarify SES-related differences in brain function. Specifically,
SES has been linked to resting state brain function, as measured by both resting-state
functional MRI (rsfMRI) and electroencephalography (rsEEG). rsfMRI and rsEEG allow
for the investigation of spontaneous signal fluctuations in the brain when an individual
is awake but not engaged in a specific cognitive task [32]. These spontaneous signal
fluctuations are organized in multiple highly specific functional anatomical networks
(resting state networks, RSNss) [33,34] which fluctuate at frequencies between 0.01 and
0.1 Hz, and strongly overlap with sensory-motor, visual, auditory, attention, language, and
default networks [32,35]. These low-frequency fluctuations are thought to highly overlap
between rsfMRI and rsEEG, as fluctuations in the band-limited power of the local field
potential measured using EEG fluctuate at approximately the same frequency as the BOLD
signal [36]. Importantly, both measures are thought to measure the brain’s “readiness” to
predict and integrate new experiences, a critical component of cognitive development, as
it allows children to generate and test predictions about their environment [37]. These
measures are often used in diagnostic research, as they provide unique insights into brain
development, related to changes in functional networks.

Research utilizing rsfMRI has suggested that differences in functional brain devel-
opment may be sensitive to neighborhood-and family-level-SES [38,39]. In these stud-
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ies, coming from a lower SES background has been associated with reduced functional
connectivity in the default mode network, sensorimotor network [40], and between the
hippocampus and amygdala [41]. For example, children and adolescents living in more
advantaged neighborhoods demonstrate a stronger positive association between age and
functional connectivity compared to youth from more disadvantaged neighborhoods—a
pattern which the authors interpret as being related to faster functional brain development
among higher SES children [42]. Taken together, structural and functional fMRI studies
suggest that coming from a higher SES background is associated with enhanced gray matter
formation and functional connectivity, ultimately leading to more efficient cortical networks
in adulthood [43].

While much of the research investigating SES-related differences in brain function
has been accomplished using rsfMRI, rsEEG has recently gained substantial momentum.
One clear advantage of rsEEG is that it is portable, less expensive, and significantly less
invasive than MRI, allowing for research in diverse low-income environments. As a
result, rsEEG research is more inclusive of international populations and children reared in
extreme poverty /adverse conditions than is often observed in MRI research. In rsEEG data,
researchers focus on how the overall power or amplitude of specific frequency bands shifts
over the course of development. The bands are not universally defined, but are generally
categorized as delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and
gamma (30-50 or higher Hz) [44]. The typical development trajectory of rsEEG involves
an overall decrease in EEG power (average across all frequencies) from late childhood to
early adulthood [45,46]. This reduction in EEG power is correlated with a decrease in the
volume of gray matter, which occurs during the process of synaptic pruning. During this
process, the quantity of synapses that evoke EEG signals diminishes, consequently leading
to a decrease in the amplitude of the EEG signal [47-49].

When examining the developmental trajectories of rsEEG within distinct frequency
bands, it is observed that this overall power reduction affects the low frequencies more
consistently, with the power of absolute delta and theta frequencies decreasing and the
power of alpha and beta frequencies slightly increasing [50-55]. The mechanism behind this
different effect on the power of low- and high-frequency oscillations during development
is relatively understudied [46]. It has been proposed that low frequencies originate from
synchronous local neural activity between cortical neurons, and a reduction in synapses
involved in this activity could lead to a significant loss of power [48]. In contrast, the beta
frequency band, which is associated with asynchronous activity, resulting in lower EEG
power, could potentially see an increase in power with the elimination of synapses, if the
pruned synapses are activated in conflict with the dominant adjacent synapses. The alpha
frequency band is more influenced by structural changes in the thalamus or thalamocortical
relays than changes in cortical gray matter. This is supported by other studies, which show
that increasing thalamocortical connectivity is associated with increased alpha activity in
development [56].

Studies of school-aged children from low-SES backgrounds, defined as coming from
very low-income households and/or having an illiterate mother, display a different pattern
in EEG power distribution, with higher values of overall Absolute Power (AP) relative to
children from higher SES backgrounds. This phenomenon has been interpreted as evidence
of a maturational lag in brain development [53,57]. Studies that analyzed frequency-specific
power show higher delta and theta AP in children from low-SES households or high-risk
children in Mexico [58,59]. In higher frequencies, like alpha and gamma, there is an increase
in AP at frontal regions for children from higher SES backgrounds compared to children
from lower SES backgrounds. Researchers have also identified consistent SES-related
differences in higher frequency bands in studies conducted in the US and Europe [60-62],
with children from lower SES homes exhibiting significantly lower frontal gamma power
compared to their higher SES peers [61]. In these studies, income status, maternal education,
and maternal occupation are all associated with these reductions in gamma power over the
frontal channels [61]. This reduced gamma activity is also observed in children with poorer
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language outcomes and attention [63—65]. Thus, in children from low-SES backgrounds,
reduced gamma-band activity over the frontal areas may be an early indicator of a greater
subsequent risk for poor language outcomes.

While absolute power is most commonly utilized in rsEEG studies, some argue that
relative power (RP—the proportion of frequency-band power compared to total power of
all frequency-bands) better addresses issues related to cortical thickness over the course
of development [51]. Moreover, although RP findings are closely tied to AP findings, the
developmental changes in high-frequency RP are more pronounced than in AP. There
are well-established trends in rsEEG RP changes throughout development: there is a
reduction in delta and theta RP, and a corresponding increase in alpha and beta RP with
advancing age [3,48,58,59,66—69]. Specifically, children in high-risk situations in Mexico
(based on maternal education, more than 4 siblings, and sharing a home with families with
similar characteristics) demonstrate differences in lower frequency ranges, including higher
delta and theta RP in frontal brain regions, and less alpha RP in posterior brain regions
compared to children in more economically advantageous environments [58,59]. These
rsEEG differences observed between children in high and low-risk situations diminishes
with age, although differences in frontal theta and occipital /left temporal alpha bands
persist at 6 years of age [58,59].

It is critical to acknowledge that, while these studies demonstrate a link between
SES and brain development, it is the larger environmental context associated with SES
which shapes brain development. Specifically, factors which are intimately tied to an
individual’s SES, such as enhanced exposure to stress and reduced environmental enrich-
ment, are likely the mechanisms which drive brain development and subsequent cognitive
outcomes [19,70-72]. Across both rsMRI and rsEEG studies, SES is thought to exert its
influence on neural development and cognitive outcomes through two pathways which
are often correlated.

The first pathway suggests that mothers with lower educational attainment provide
less linguistically diverse vocabulary input to their children in the home environment,
in turn affecting the development of the language processing system, including the left
inferior frontal gyrus, visual word form area, and perisylvian cortex. Specifically, studies
have shown that a lack of diverse vocabulary input negatively impacts child vocabulary
development through language-specific neural regions, such as the left inferior frontal
gyrus [29].

The second pathway is related to lower income, which is thought to result in a more
stressful and less structured home environment, due to caregivers’ difficulty accessing
resources (food, shelter, transportation, etc.). This in turn affects the developing child’s
cognitive control system, including the hippocampus, prefrontal cortex, and amygdala. For
example, when children experience higher physiological stress there is a negative impact
on working memory, an aspect of cognitive control, through working memory prefrontal
neural activity [73-76].

Despite evidence of distinct pathways, maternal education and income are highly
correlated across households: individuals with a college degree make nearly 250% more
than those with less than a ninth-grade level of education and 130% more than those with
a high school diploma [77]. Despite this correlation, few studies have investigated the
differential or overlapping effects of each construct on child cognitive development. In one
study investigating the effects of both maternal education and income on child develop-
ment, Khanam and Nghiem (2016) found that both constructs predicted children’s literacy
and math scores, however, only income predicted differences in receptive vocabulary and
spatial perception (as measured by matrix reasoning) [78]. Other studies have also provided
evidence that income and maternal education influence language development [79-81];
however, each of these studies emphasizes the mediating role of other environmental fac-
tors, such as parenting style, physical environment, health, and stress. Of note, researchers
have found independent, non-overlapping effects of each construct, with income having
a stable effect over the course of development on children’s later success, while maternal
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education has more of an influence during infancy [81]. Thus, by concentrating on a single
measure of SES, we are oversimplifying existing theoretical models of the relationship
between SES and child development as the mechanisms related to SES are largely ignored.
In the next sections, we provide more detailed evidence for the overlapping, yet unique
influences of maternal education and income on children’s environmental experiences,
brain development, and cognitive outcomes.

1.3. Pathway 1. Maternal Education, Language Experiences, and Brain Development

A wealth of research has established, that, on average, higher levels of maternal
education are related to maternal intellectual quotient (IQ) [82] and the quality of language
input in the home [83]. Studies examining maternal IQ and child cognitive outcomes
have specified that the home environment predicts child cognitive outcomes, above and
beyond maternal IQ, and thus, variability in children’s environments related to the quality
of language input is a stronger predictor of child outcomes [84,85]. Specifically, higher
maternal education is linked to children hearing more diverse words [86], more complex
syntax [87-89], and experiencing more conversational turns [29,90-94]; all of which are
linked to positive language outcomes. However, the reasons why maternal education
influences the quantity and quality of language interactions is less clear [95]. One hypothesis
is that higher levels of education results in greater knowledge of child development,
including an understanding of the benefits a rich language environment can have on
child outcomes (see Figure 1). Supporting this claim, parents” knowledge about child
development mediates the relationship between SES and language input [92].

Maternal Education

Mother's Language
Abilities

Knowledge of
Child Development

Experiences

Brain Development
Differences

Language Input in
the Home

General Parenting
Practices

Language-specific
Brain Regions

Global Differences
in the Brain

Figure 1. Theoretical model depicting the different pathways by which maternal education influences
children’s daily experiences and subsequent brain development. Blue and yellow arrows distinguish
different pathways by which maternal education relates to brain development.

An alternative hypothesis is that higher levels of maternal education results in an
increase in lexical richness and grammatical complexity of mothers’ speech (see Figure 1).
Supporting this claim, mothers with higher levels of educational attainment talk more,
use a richer vocabulary, and produce longer utterances than those with lower educa-
tional attainment who had similar beliefs about children’s language abilities [96]. Further,
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for Spanish-English bilingual children, the effects of maternal education are often only
observed in the language in which the mother received her highest level of education, indi-
cating the mother’s experiences in the education system influenced her language abilities
in each language, which then influenced how she uses each language with her child [97].
In both cases, maternal education results in a higher quantity and quality of language used
by the parent when speaking to the child. In the first argument, these differences in the
language environment are due to a better knowledge of child development in general, likely
bleeding into other areas of the child’s daily experiences, while in the second, these effects
are specific to the language the child hears from the mother. The difference between these
arguments is subtle, but may have important differential impacts on brain development.

It appears to be these daily language interactions that lead to differences in the devel-
opment of language-specific brain regions in children whose mothers have lower levels of
educational attainment. Specifically, structural and functional differences in brain develop-
ment related to SES are due to a deprivation of meaningful language stimulation which
causes early proliferation and pruning, resulting in inefficiencies in language outcomes.
For example, Noble et al. [5,76] demonstrated that children from lower SES homes have
decreased volume in language-specific regions (left inferior frontal gyrus (LIFG) and left su-
perior temporal gyrus (LSTG)), which they attribute to accumulating language deprivation
over children’s lifetimes; however, children’s language environments were not directly mea-
sured. Expanding this line of work to the examination of brain stiffness and organization,
Schneider, Mcllvain, and Johnson [98] reported that changes in neural tissue composition
are sensitive to malleable aspects of the environment, specifically language input, whereas
tissue organization is more strongly associated with vocabulary outcome. Importantly
though, these findings were independent of maternal education, indicating that language
input, above and beyond maternal education, relates to the structural organization of
children’s brains.

Related to brain function, studies have indicated that there are SES-based differences
in the recruitment of neural regions that are necessary for language processing. Raizada
et al. [99] reports that child language skills mediate the relationship between SES and func-
tional brain activation in the bilateral IFG. More specifically, Romeo et al. [94] reported that
it is conversational turns between caregivers and children that contributes to differences in
left IFG activation and subsequent vocabulary development. Similar to Schneider, Mcllvain,
and Johnson [98], these results were independent of maternal education, indicating that
differences in children’s environments are more likely to predict functional development
and language outcomes than SES in and of itself.

Maternal education and language input have further been shown to influence the
development and maturation of cortical networks [4,60,62,100,101]. Generally speaking,
measures of high-quality language input have been associated with lower relative power
in low-frequency bands (theta) and higher relative power in high-frequency bands (beta,
gamma) in infant EEG studies [100,101]. These same frequencies are also predictive of chil-
dren’s language outcomes: decreases in lower frequencies (theta) and increases in higher
frequencies (alpha, beta, gamma) are positively associated with children’s expressive and
receptive vocabulary skills. Despite a clear association between rsEEG, maternal education,
and language processes, only a few studies have studied the inter-relationship between
these variables. Cantiani et al. [60] found that children from high SES homes had more pos-
itive central gamma power at 6 months and a longer mean length of utterance at 24 months
of age. These studies provide foundational evidence supporting the inter-relationship
between maternal education, rsEEG, and language skills. More recently, Schneider et al.
(under review) reported unique pathways by which environmental experiences related
to SES influence cognitive and neural development in school-aged children. Specifically,
changes in the gamma frequency were linked to both maternal education and vocabulary
outcome, but not income.

While most research examining the link between SES and brain development has
focused primarily on the correlations between each construct, recent work has sought
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to consider pathways by which SES-related differences in brain structure and function
emerge. Several recent studies have revealed that adult—child conversational turns—that
is, contingent, responsive verbal interactions—mediate links between SES and brain struc-
ture [94,102] and function [29] in language-supporting regions. Caregiver self-reports
of cognitive stimulation in the home further mediate the link between SES and cortical
thickness [103]. These structural and functional MRI studies suggest that cognitive and
linguistic stimulation in the home may be the pathway by which socioeconomic differences
in brain development emerge and impact language and cognitive outcomes [104].

1.4. Pathway 2. Income, Stress Related Experiences, and Brain Development

The income-to-needs (ITN) ratio, a commonly reported proxy for income, is deter-
mined by dividing the total income of the household by the poverty threshold, which is
adjusted according to the size of the family for the specific year the data is collected [105].
Families with a higher ITN ratio generally possess greater economic resources, which has
been shown to be important for child brain development [2,104,106] (see Figure 2). Most
notably, increasing low-SES families” income via a poverty reduction intervention has been
associated with greater rsEEG power in the mid-to high-frequency bands [107].

Income to Needs Ratio

*

Lack of Resources

Common
Correlates

Unemployment, residential
changes: structure/stability

|

Household Density Environmental Noise

Child's Daily
Experiences

Brain Development
Differences

-

Parental Stress

Diminshed Parenting

Increased Family I
Practices

Conflict

Child Stress I

Global Brain ]-)evelopment
(amygdala, DLPFC, VLPFC, hippocampus, PCC)

Figure 2. Theoretical model depicting different pathways by which income to needs ratio influences
children’s daily experiences and subsequent brain development. Blue and yellow arrows distinguish
different pathways by which income relates to brain development.

The impacts of income are most pronounced during the preschool and early school
years, particularly when low income is a persistent condition, and when the level of
poverty is severe [108]. Despite the impact of income on brain development, it is crucial
to understand that these adverse neural outcomes are not directly caused by income, but
rather mediated by limited access to prenatal care, maternal nutrition, perceived stress, and
psychological distress, associated with living in a lower income environment [109-115].
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Numerous studies have delved into the intricate relationship between income and
stress, highlighting the multifaceted nature of this relationship (see Figure 2). A study by
Attar et al. [116] revealed that low-income fourth-grade students in the Chicago metropoli-
tan area experienced a 35% increase in stressful life events and challenges within a year
compared to their middle-income peers. This is because residing in an economically dis-
advantaged neighborhood can serve as a persistent stressor, as these communities face
higher rates of unemployment and frequent residential changes. These same neighbor-
hoods are also characterized by limited resources and heightened crime rates which cause
increased physiological and psychological stress [108,117-119]. In addition, families with
a lower ITN ratio usually live in a more crowded household and noisier environment,
which leads to heightened physiological and psychological stress [120-122]. Furthermore,
parental emotional distress, often triggered by low income or indebtedness, can result in
increased inter-family conflict and the diminished efficacy of parenting practices. Both of
these factors have cascading negative effects on children’s behavioral, health, and cognitive
outcomes [111,123-125].

Evidence derived from empirical research indicates that exposure to stressful events
and environments is a significant contributing factor to the observed disparities in brain
structure and function among children from lower-income households [106]. Stressors
common in low-income families significantly impact the amygdala, dorsolateral, and ven-
trolateral prefrontal cortex (DLPFC and VLPFC, respectively) [126,127]. These brain regions
play a crucial role in regulating emotions, controlling cognition, executing functions, and
promoting goal-oriented behaviors [128-130]. According to a report by Kim et al. [128],
exposure to chronic stressors during childhood serves as a mediator between low-income
conditions in childhood and decreased activity in the DLPFC and VLPFC in adults. This
suggests that the stressors associated with low-income environments can have long-term
effects on brain function. The hippocampus, central to many cognitive functions and
emotional processes, also exhibits developmental differences due to stress from low-income
households, which explains variations in long-term memory, learning, control of neuroen-
docrine functions, and the modulation of emotional behavior [131]. It has been reported
that lower chronic stress is associated with higher hippocampal volume, which is associated
with higher memory performance [108,131-134]. Furthermore, repeated and prolonged
stress leads to the shortening and debranching of dendrites in the hippocampus, a decrease
in gray matter volume (GMYV) in the anterior cingulate, hippocampus, and parahippocam-
pal gyrus, and induces opposing effects on structural plasticity, such as dendritic atrophy
and excitatory synapse loss in the hippocampus and prefrontal cortex [135-137].

Childhood stress not only affects the brain’s structure but also alters the functional
connectivity of neural networks [138]. Philip et al. [139] found that individuals who expe-
rienced early life stress showed a greater dissociation between the executive and default
mode networks. Specifically, the left dorsolateral prefrontal cortex (DLPFC) exhibited
increased local connectivity with the left middle frontal gyrus, while the right DLPFC
showed negative connectivity with the inferior parietal lobule compared to the control
group. Another rsfMRI study found that higher levels of early life stress are linked to
reduced global connectivity and hub-like features in the left DLPFC [138]. Kim et al. [128]
reported a positive coupling between the amygdala and the VLPFC in individuals from
higher-income households in comparison to low-income households, with greater VLPFC
activity resulting in decreased amygdala activation during emotion regulation.

Building upon the comprehensive analysis of rsMRI studies, rsEEG studies have
sought to pinpoint the impact of income and stress on brain function. Generally, during de-
velopment, there is a reduction in delta and theta Relative Power (RP), and a corresponding
increase in alpha and beta RP with advancing age [53,58,59,66,68,69]. However, exposure
to stressful environments and life events, which are commonly observed in children from
low-income households, as previously discussed, has the potential to disrupt this develop-
mental trajectory. Elevated physiological stress levels in mothers, typically gauged by hair
cortisol concentration, is correlated with a relative increase in lower frequency power and
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a relative decrease in higher frequency power in their 6-12-month-old infants [62]. This
alteration in the brain’s maturational journey is often considered a sign of possible delay in
cognitive development, working memory, learning, and attention [4,62,140-143]. The same
results are observed in other rsEEG studies with older children [4,58,59], where children
from low-income homes exhibit poorer performance on language tasks and distinct rsEEG
patterns, including increased theta power and decreased alpha power. While these studies
independently evaluated income and stress, they consistently yielded similar results, pro-
viding additional evidence supporting the assertion that stress functions as a mediator in
the relationship between income and brain development. Moreover, among older adults, it
has been observed that those who have experienced cumulative life stress exhibit elevations
in delta power, which has been associated with the emergence of Alzheimer’s disease and
mild cognitive impairment, suggesting that income and stress have long lasting effects on
brain development [38].

Researchers employing machine learning algorithms in an attempt to diagnose stress
are contributing valuable insights into potential rsEEG characteristics that could effectively
identify individuals exhibiting symptoms of stress [144,145]. Baumgartl et al. [144] accu-
rately classified individuals with symptoms of high stress at a rate of 81.33% based on
significantly higher power in lower frequencies, and significantly lower power in higher
frequencies. In the analysis of source-level cortical rsEEG activity related to stress, Vanholle-
beke et al. [146] found an increase in alpha power, indicative of decreased cortical activity in
both the left and right precuneus and the right PCC, as well as an increase in functional con-
nectivity between the left and right precuneus. This observed decrease in activity within the
precuneus/PCC, a crucial component of the default mode network (DMN), may indicate
a disruption in an individual’s self-referential neural processes. Income-related, stress-
dependent differences in rsEEG also have important implications for children’s cognitive
development, as researchers have found that increased rsEEG theta in toddlerhood [147]
and during the school years (Schneider et al., under review), are associated with income
status, and relates to lower scores on measures of IQ and working memory.

2. Understanding the Role of Cultural Context When Examining SES-Related
Differences in Brain and Cognitive Development

To date, much of the research on SES-related differences in brain development draws
conclusions from comparisons of two groups that differ markedly in one or more respects
(e.g., SES, race, ethnicity, first language, bilingualism), [148]. This is problematic as im-
portant mechanisms through which SES might act on the developing brain to influence
cognitive outcomes are often overlooked. Despite a number of recent studies demonstrat-
ing the mediating role of language input and physiological stress on brain and language
development, there are a number of other important confounds which are related to SES
that should be considered (see Figure 3). For example, culture, multilingualism, and house-
hold density may influence brain and cognitive development in unique ways that have
not yet been examined [148]. Here, we outline confounds of SES that should be consid-
ered in future studies of SES and brain development. Consideration of these factors in
future studies of the relationship between SES and brain development would enhance the
scope of applicability and facilitate more informed policymaking to positively impact a
broader demographic.

2.1. Consideration of Multigenerational Households

The 30-million-word gap has been a topic of debate in child development research
since Hart and Risley first published their landmark study in 1995 [83]. They famously
reported a difference in language exposure between children of different socioeconomic
status (SES) homes by collecting and analyzing home speech samples of low-SES and high
SES families. Specifically, they found that, by the age of 4, children from higher SES families
heard, on average, 30 million more words than children from lower SES families [83]. Given
that research has shown that the amount of language children hear impacts both brain
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structure and function [29,94,102], there has been an ever-growing interest in studying the
home language environment.

Micro Environmental
Factors Influencing
Child Development

Multigenerational
Living

Belief Systems

Multilingualism

X%
i
Stress &
Adversity

Figure 3. Micro and macro environmental factors that differentially influence child cognitive and
brain development. Items highlighted in yellow represent micro-environmental factors that are more
proximal to the child’s development, while items highlighted in blue represent macro-environmental
factors that are more distal to the child’s development.

A critical issue with existing studies relating children’s language environments to
brain development is that they often fail to consider differences in cultural beliefs about
multi-generational cohabitation. Households which include grandparents and/or ex-
tended family are common in collectivist societies throughout South America, Africa, and
Asia [149], and are increasing in prevalence among developing countries [150]. Due to
cultural and economic shifts, the number of multiple generational homes in the US has
quadrupled in the last 50 years [151]. How this might influence the child’s language
development is still an area of debate, as multigenerational households can offer multi-
ple communication partners but lead to reductions in one-on-one interactions. Research
that expands the definition of language exposure to include both language input from
a primary caregiver and language produced to and around the child by others (e.g., sib-
lings, aunts/uncles, other primary caregivers, etc.) results in a vastly diminished word
gap on the basis of SES while also taking into account socio-cultural differences in family
structure [152-154]. Specifically, when considering all speech in a child’s environment
instead of just maternal or parental speech, children from different SES groups do not hear
vastly different language quantities [152,153]. This is critical to consider in future studies
of language input and brain development, as lower-SES families and racial and ethnic
minority groups, including foreign-born, Asian, Black, and Hispanic Americans are more
likely to live in larger, multigenerational households (also termed co-residence) [151,155].
Thus, children commonly examined in studies of SES-related differences in brain and
cognitive development are more likely to experience environments with numerous sources
of language input. The failure to consider how these variable sources of language input
mediate the relationship between SES and brain development, therefore, severely impedes
our ability to extrapolate a holistic perspective of child brain development.
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2.2. Consideration of Caregiver Practices and Belief Systems

Given the importance of language input in brain development, recent research has
examined how modifying the home language environment can promote brain development
in children from lower SES households. Romeo et al. [156] revealed a positive link between
improved turn-taking (following intervention) and cortical thickening in the left inferior
frontal and supramarginal gyri. Notably, the supramarginal gyrus mediated the relationship
between turn-taking changes and children’s language development following intervention.

Despite the positive effects of these interventions, an unaddressed issue with much
of this research is the lack of consideration of caregiver beliefs and practices about lan-
guage input in the home environment. There is growing evidence of SES and race-based
differences in parents” knowledge about general infant development and early language
and literacy development [157-159]. For example, despite agreement between mid SES
Black mothers and White mothers on a number of caregiving practices, low-SES Black
mothers believe that their children’s language develops naturally and does not require
child-directed speech input [160]. Furthermore, Luo et al. [161] demonstrated that bilingual,
Hispanic parents with higher levels of education and income were more likely than their
lower SES counterparts to recognize the benefits of supporting language development in
the home and school contexts. Although these studies focus primarily on caregiver beliefs
and practices related to language input, their relevance for brain development should
not be overlooked, as language input is consistently highlighted in studies of SES-related
differences of brain development.

2.3. Consideration of Underrepresented Cultures

In an excellent review of the state of child development research, Draper et al. [162]
highlight the lack of global representation in the field between 2006-2010. Fewer than 3%
of participants in studies of child development were from Central and South America,
Africa, Asia, or the Middle East, despite these contexts constituting 85% of the world’s
population [163]. This lack of representation is a shortcoming in existing research, as
the environmental experiences of children from low-SES environments in the United
States may differ drastically from those of children in non-WEIRD cultures. For example,
although the influence of SES on child development is stable across countries [164], a
meta-analysis of 39 low-income and middle-income countries found that the association
between these variables systematically differs based on unique environmental experiences,
such as country-level adult illiteracy, infant mortality, and food insecurity [165]. Similarly,
in China, maternal education is the strongest predictor of children’s educational attainment,
however, this relationship is fully mediated by parenting practices and children’s learning
attitudes, which differ from Westernized parenting practices and child attitudes [166]. This
lack of global representation severely limits our understanding of the role culture plays in
brain and cognitive development.

As previously stated, language input mediates the pathway between SES and brain
development [94], however, the exposure to language input substantially differs not just
across households, but across cultures [167]. In Tseltal Mayan and Papua New Guinea
cultures, children are rarely directly addressed by caregivers, but experience higher rates
of overheard speech or speech that is not directed to them [168]. Similarly, children in
rural farming communities hear significantly less input from caregivers than children in
urban regions, where the bulk of extant research studies are conducted [169]. Importantly
though, children in these global communities manage to extract the linguistic information
they need to learn new words despite minimal directed speech [168]. Therefore, while
westernized standards promote child directed speech, something commonly targeted in
interventions aimed at improving children’s language environments, a number of studies
in other regions of the globe indicate that overheard speech is equally as beneficial for the
development of children’s language skills [170,171], and likely brain development.

However, to date, there are no studies examining how overheard speech mediates
the relationship between SES and child brain development. Given that rsEEG is relatively
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low in cost and mobile, it offers an opportunity to explore how higher levels of overheard
speech relate to variability in brain development across a range of cultures.

2.4. Consideration of Bilingual Populations

There are more bilingual and multilingual children around the world who grow up
learning and using two or more languages than there are monolingual children [172,173].
Reported rates of bilingualism in places such as Europe (67%), Canada (55%), India
(25%), and the United States (20%) indicate that bilingualism is both prevalent and grow-
ing [174]. Rates of bilingualism in the United States are even higher among children (26% of
5-17-year-olds nationwide), with certain regions reporting nearly 50% of the child popula-
tion being bilingual (44% in California [175]) and 49% in Texas [176]. Despite the dominance
of bi- and multi-lingualism in global and local contexts, the influence of bilingualism on
child brain development remains poorly understood in relation to what is known about
monolingual populations [172]. In fact, many studies of brain and language development
in the United States have historically excluded bilingual participants.

Monolingual and bilingual children experience different language environments,
which, in turn, may result in changes in the development of cortical networks underlying
language and cognitive development. Unlike monolingual families, bilingual families differ
in which languages are spoken by whom, and specifically when each language is spoken to
the child [177]. For example, in a study of Spanish-English bilingual mothers, the effect
of maternal education on child language abilities was only observed in the language in
which the mother received her highest level of education [97]. Additionally, research has
shown that language input from older siblings, but not from parents, is associated with
stronger lexical, grammatical, and narrative abilities in English among young bilingual
speakers [178,179]. The language environment of bilingual children has been shown to be
highly dynamic as different individuals join or leave the household [180]. These findings
are important as they highlight variability in children’s language environments that are
unaccounted for when conducting research in monolingual populations only.

It is especially important to consider variability in bilingual children’s environments, as
research has shown that bilingualism can serve as an important neuromodulator [181-183].
Specifically, variability in bilingual language experience modulates neural adaptability
during development [181,183,184], finding that bilingualism permanently shifts underly-
ing brain mechanisms, leading to long-term structural and functional changes [185-189].
This suggests that life experiences related to bilingualism can ultimately induce brain
changes, such as volumetric changes, differences in spatial distribution and functional
connectivity, as well as more distributed cortical activation, which converges in frontal
regions [182,185,187,188,190]. Patterns of structural differences appear to depend on
whether two languages were acquired simultaneously from birth, or sequentially before age
five [191], suggesting that timing of bilingualism interacts with brain development [192].
Thus, bilingual children’s early language experiences not only differ from monolingual
children and result in different trajectories for brain development, but the age at which they
experience bilingual language input results in variability in neural circuitry as well. Despite
these associations, little to no research has directly measured the quantity and quality of
language input by bilingual caregivers within each language, and how these differences
influence the trajectory of children’s brain development, limiting our ability to generalize
existing findings to the increasingly dominant bilingual population.

2.5. Current Demographic Shifts: Household Density, Urbanization, Chaos, and Noise

Stress is also a key mechanism linking children’s exposure to poverty-related adversity
and brain development. Chronic stressors related to urbanization include higher household
density, noise, and household chaos, which alter the physiologic response to stress, leading
to potentially teratogenic effects of stress-related hormones on the developing brain and to
a range of adverse outcomes in the development of executive function, socio-emotional,
language, and the brain [193-201]. Understanding how the factors associated with urban-
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ization influence caregiver and child stress and, in turn, impacting child brain development,
is critical as the world is currently experiencing a wave of urbanization and population
growth. Individuals living in more urban regions (based on measures of population density
and duration of residency) exhibit differences in brain volume, cortical surface area, and
brain network connectivity in the medial prefrontal cortex and cerebellum, related to de-
pressive symptoms and difficulties perspective-taking. Importantly, the effects of living in a
more urban area on brain development are the greatest in the cerebellum during childhood,
and in the prefrontal cortex from childhood to adolescence [202], suggesting that urban
environments alter different aspects of the brain across the course of development. Under-
standing how chronic stressors associated with urbanization, such as higher household
density, noise, and household chaos, influence brain and language development is vital for
addressing differences in these domains on the basis of SES.

Household density is often measured as the number of people in a household divided
by number of rooms (or bedrooms) and is more common among lower income households,
with the available number of rooms per household member being significantly lower in
lower income neighborhoods [122,203]. Household density is often viewed negatively,
with past research indicating that household density is negatively correlated with language
outcomes in children [204-207]. However, this deficit-based perspective regarding the
relationship between household density and child language development lacks cultural
responsivity. One key issue is that most studies of household density fail to differentiate
adults from children in the household. For example, when using traditional ratios of
number of people to number of bedrooms in the home, household density is negatively
associated with language outcomes. Importantly though, when the family make up is
calculated as adult to child ratio, there are positive outcomes for children having more
adults in the home [122]. Furthermore, Sperry, Sperry, and Miller [152] revealed that when
speech overheard by children from other adults in the home was included in calculations
of the children’s language input, there was no significant relationship between vocabulary
and SES. Similar work related to brain development has not yet been conducted, but taking
a more nuanced approach to household density in the future may provide greater insights
into how individual members of the household might support or detract from a child’s
language environment.

Another stressor related to urbanization is the presence of noise in both the child’s
home and community environment. Noise can mask the speech signal of interest, making
it difficult for children to access meaningful language input. This is particularly concerning
as research has shown that children raised in noisy households face an increased risk of
experiencing language, reading, and academic difficulties [208-210], as well as deficits
in cognitive abilities that underlie language processing, such as working memory and
attention [211,212]. Noisy environments are more common in high density households and
can pose a risk to children’s cognitive and brain development. Simon et al. [213] reported
that children exposed to excessive levels of noise exhibited reduced cortical thickness in
the left IFG, a region that is crucial for language processing. Furthermore, a study of
8-12-year-olds exposed to school road-traffic noise reported enhanced connectivity in the
subcortical auditory pathway, suggesting that prolonged noise exposure may accelerate the
neural maturation of the auditory pathway [214]. These findings add to a growing literature
that explores the extent to which environmental noise is associated with neurobiological
development underlying language and cognitive outcomes in children. Despite evidence of
a negative association between noise and child brain and language development, children
exposed to intense environmental noise may initially show an increased ability to tune out
auditory distractors [215], making them better at learning from the language input they
are provided. Thus, while noise in the environment is thought to typically have a negative
effect on children’s brain, vocabulary, and reading development, it is possible that noise
exposure may initially offer an advantage to young children. Given that reducing noise in
high density households may be difficult, it would be beneficial for future research to take
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a strengths-based approach to understanding which aspects of environmental noise may
promote child brain and language development.

Lastly, urbanization may result in increased levels of chaos, a common measure of
chronic stress, however, the measures utilized to assess chaos in the home may also be
susceptible to examiner bias. Chaos is most commonly measured based on caregiver self-
report using the Confusion, Hubbub and Order Scale (CHAQS) or by examiner observation
using the Home Observation for Measurement (HOME) of the Environment. These two
measures capture unique and different aspects of the environment that should be consid-
ered in context. The same environment can be viewed as chaotic to one person and a warm,
active, lively household to another. In a study examining the psychometric properties of
the HOME, there was substantial variability in its ecological validity across diverse cultural
contexts [216]. Similarly, the CHAOS includes items with language that may be stigma-
tizing and off-putting to families from diverse backgrounds (e.g., “it’s a real zoo in our
house”, “there is often a fuss going on at our home”) [217]. Making assumptions without
considering the larger context which influences behavior may reinforce stigmatization
among communities with different cultural values or life experiences [217].

Urbanization may result in individuals being exposed to multiple stressors simultane-
ously, making it challenging to quantify the impact of a specific environmental factor on
child brain development [218]. In summary, the multifaceted impact of urbanization related
to household density, environmental noise, and chaos can influence language, cognitive,
and brain development through various pathways, including overcrowding and caregiver
stress. Recognizing and understanding these intricate relationships is essential to develop
effective strategies to support language development in low-SES household settings.

2.6. Considerations for Texture and Style of Hair in Neuroimaging Techniques

One factor that may substantially influence the generalizability of rsEEG research is
rooted in the technique by which this data is collected. EEG data collection requires access
to the hair and scalp, indicating that the practical usage of EEG is affected by physical
factors such as the texture and style of hair, as well as sociocultural factors relevant to
having one’s hair touched by someone else [219]. These physical factors have historically,
and currently, resulted in the exclusion of groups of people, particularly Black communi-
ties [220-226]. As such, most EEG research studies have been dominated by individuals
with privileged identities, particularly White, college-educated people [222,223,227,228].
However, due to long-standing systems of racial oppression, the representation of samples
is often not reported, and findings are generalized as if they were drawn from representative
samples [229]. These same systems of racial oppression and structural racism have resulted
in a higher distribution of Black families living in lower-income environments [230,231],
indicating that rsEEG studies examining socioeconomic differences may not be represen-
tative of individuals from diverse racial groups. To promote diversity in the participants
recruited for EEG studies, researchers should consider engaging Black researchers in both
the development and execution of EEG research, as this has been shown to result in a more
positive experience for the participant while also collecting useful data [232-235]. Providing
hair care products that are conducive to Black hair may also promote inclusivity and make
the cleanup process less burdensome for participants [233,236]. Although new organiza-
tions such as Black in Neuro (blackinneuro.com) and SPARK Society (sparksociety.org) are
conducting foundational work to raise awareness about systemic racism in neuroscience,
researchers can also consider ways by which their EEG methods can be revised to promote
diversity, equity, and inclusion.

3. Conclusions

SES is known to influence brain development through accumulated environmental
experiences. Specifically, there appear to be two dominant pathways which account for
this association: (1) maternal education results in differences in the quality and quantity of
language input children hear, having downstream effects on the development of language-
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related brain regions and (2) differences in income alter physiological stress in the home,
in turn impacting regions of the brain that are critical for self-regulation and working
memory. While relatively underutilized in studies of neuroimaging, we provide evidence
that rsEEG can uncover important differences in brain function that are subserved by these
socioeconomic differences in environmental experiences. Furthermore, it is a cost effective
and mobile technology that can capture brain development across a variety of households
and cultures. This is critical in providing a more comprehensive understanding of the
relationship between SES and brain development, one that includes the broader cultural
context related to factors which may interact with SES or exert unique influences on brain
development that are often overlooked, such bilingualism, household density, parenting
practices, environmental noise, and chaos. Considering the broader cultural context in
SES-related studies of brain development will advance the field of developmental cognitive
neuroscience and provide researchers with a more generalizable, holistic model of child
brain development.
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