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Studies have reported associations between cortical thickness (CT) and socioeconomic status (SES), as well as
between CT and cognitive outcomes. However, ﬁndings have been mixed as to whether CT explains links
between SES and cognitive performance. In the current study, we hypothesized that this inconsistency may have
arisen from the fact that socioeconomic factors (family income and parental education) may moderate the
relation between CT and neurocognitive skills. Results indicated that associations between CT and cognitive
performance did vary by SES for both language and executive function (EF) abilities. Across all ages, there was a
negative correlation between CT and cognitive skills, with thinner cortices associated with higher language and
EF scores. Similarly, across all cognitive skills, children from higher-SES homes outperformed their age-matched
peers from lower-SES homes. Moderation analyses indicated that the impact of SES was not constant across CT,
with SES more strongly predictive of EF skills among children with thicker cortices and more strongly predictive
of language skills among children with thinner cortices. This suggests that socioeconomic advantage may in
some cases buﬀer against a neurobiological risk factor for poor performance. These ﬁndings suggest that links
between brain structure and cognitive processes vary by family socioeconomic circumstance.

1. Introduction

First, reported links between socioeconomic disparities and brain
structure vary depending upon the morphometric property being
studied. The evidence for associations among socioeconomic factors
and cortical volume are mixed and discrepant, depending in part on
which brain regions are investigated (Brito & Noble, 2014). Some
studies report no associations (Brain Development Cooperative Group,
2012; Gianaros et al., 2007; Lange, Froimowitz, Bigler,
Lainhart, & Brain Development Cooperative Group, 2010) whereas
others
do
observe
relations
(Butterworth,
Cherbuin,
Sachdev, & Anstey, 2012; Cavanagh et al., 2013; Hair, Hanson,
Wolfe, & Pollak, 2015; Hanson, Chandra, Wolfe, & Pollak, 2011;
Hanson et al., 2013; Jednoróg et al., 2012; Luby et al., 2013; Noble,
Grieve, et al., 2012; Noble, Houston, et al., 2012; Raizada, Richards,
Meltzoﬀ, & Kuhl, 2008; Staﬀ et al., 2012). However, cortical volume is a
composite measure of cortical surface area (SA) and cortical thickness
(CT), two distinct properties of the cortex that have diﬀerent cellular
and genetic bases (Raznahan et al., 2011; Winkler et al., 2012). Both SA
and CT have a dynamic and heterogeneous development throughout

Extensive research has demonstrated socioeconomic disparities in
brain structure and function (Brito & Noble, 2014; Hackman & Farah,
2009; Hackman, Farah, & Meaney, 2010; Lawson, Duda, Avants,
Wu, & Farah, 2013; Luby et al., 2013; Menary et al., 2013; Noble,
Grieve, et al., 2012; Noble, Houston, Kan, & Sowell, 2012; Noble et al.,
2015; Noble, Korgaonkar, Grieve, & Brickman, 2013). However, it
remains largely unknown how socioeconomic status (SES) shapes the
development of brain structures and consequently aﬀects cognitive
performance. As brain development follows a nonlinear path (Giedd
et al., 1999; Gogtay et al., 2004; Shaw et al., 2006), and varies from one
cortical region to the next (Sowell et al., 2003), the association between
socioeconomic status (SES) and children's cognitive development may
be more pronounced at diﬀerent stages of neural development and may
relate more strongly to some cognitive processes relative to others
(Casey, Giedd, & Thomas, 2000; Hackman & Farah, 2009). Several lines
of evidence point to this possibility.
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the lifespan and vary depending on a multitude of factors including an
individual's age, IQ, and SES (Brito & Noble, 2014; Lawson et al., 2013;
Mackey et al., 2015; Noble et al., 2015; Raznahan et al., 2011; Schnack
et al., 2014; Shaw et al., 2006). Therefore, it is most appropriate to
study these two cortical measures separately, as the composite metric of
volume may oversimplify nuances in structural brain development. One
study has reported a positive association between socioeconomic
factors and SA (Noble et al., 2015), whereas the ﬁndings linking
socioeconomic factors and CT have been mixed (Lawson et al., 2013;
Mackey et al., 2015; Noble et al., 2015; Piccolo, Merz, He,
Sowell, & Noble, 2016).
Secondly, the links between structural brain development and
cognitive skills are also variable (Shaw et al., 2006). Cortical thickness
has been related to cognitive outcomes, but not consistently, and
associations are commonly speciﬁc to the particular brain region or
cognitive function of interest. Indeed, longitudinal studies have demonstrated that it is the trajectory of cortical thickness, rather than the
absolute value at any one time-point, that is most closely related to
intelligence. In childhood, thinner cortices tend to be associated with
higher IQ, whereas, in late childhood and beyond, thicker cortices tend
to be related to higher IQ (Schnack et al., 2014; Shaw et al., 2006).
Further, some studies have reported age-related localized cortical
thickening in frontal and temporal regions during childhood and
adolescence (Shaw et al., 2008; Sowell et al., 2004). In relation to
brain and behavior, studies have observed an association between
thicker cortices in the inferior frontal gyrus and better visual-motor
processing in late adolescents/young adults (Menary et al., 2013), as
well as an association between thicker cortices in the middle frontal
gyrus and increased long-term verbal memory in adults (Walhovd et al.,
2006). On the other hand, frontal lobe gray matter thinning has been
predictive of better verbal learning (Sowell, 2001), verbal ﬂuency
(Porter, Collins, Muetzel, Lim, & Luciana, 2011), and working memory
scores (Kharitonova, Martin, Gabrieli, & Sheridan, 2013; Tamnes et al.,
2010) in children and adolescents.
Finally, when studies have examined whether SES and CT independently account for diﬀerences in cognitive performance, ﬁndings have
been mixed. For example, Mackey et al. (2015) analyzed data from a
sample of 58 adolescents and observed that higher family income was
associated with greater CT in all lobes of the brain, with greater CT
associated with better standardized test performance in reading and
math. In contrast, in a sample of 1099 children and adolescents, Noble
et al. (2015) did not ﬁnd associations between either parental education
or family income and CT. Further, although these authors reported that
cortical surface area mediated links between family income and speciﬁc
neurocognitive skills, cortical thickness did not.
These inconsistencies could potentially be explained if the relation
between CT and cognition varies as a function of socioeconomic factors,
as opposed to CT and SES each accounting for independent, unique
variance in cognition. Indeed, past work has suggested that SES may
serve as a moderating role in explaining age-related diﬀerences in brain
structure (Noble, Grieve, et al., 2012; Piccolo et al., 2016) as well as in
explaining links between brain function and behavior (Noble, Wolmetz,
Ochs, Farah, & McCandliss, 2006). Therefore, using the same dataset as
Noble et al. (2015), we hypothesized that, rather than CT mediating
links between SES and cognitive performance, SES may moderate
(either buﬀer or amplify) associations among brain structures and
neurocognitive skills during childhood. In addition, we hypothesized
that SES moderation may be most prominent in certain regions of
interest (ROIs) in which CT has previously been related to cognitive
function (Kharitonova et al., 2013; Lawson et al., 2013; Mackey et al.,
2015; Menary et al., 2013; Porter et al., 2011; Walhovd et al., 2006).
These included regions associated with vocabulary and oral reading
(left inferior frontal gyrus, left superior temporal gyrus, and left
fusiform gyrus), as well as those associated with working memory,
attention/inhibition and cognitive ﬂexibility (middle frontal gyrus and
anterior cingulate cortex).

Table 1
Sample demographics (N = 1091).
Mean (SD; Range) or N (%)
Age (years)
Sex
Male
Female
Parental education (years)
Family Income
Genetic ancestry
African
American Indian
Central Asian
East Asian
European
Oceanic

11.9 (4.9; 3.0–20.9)
562 (51.5%)
529 (48.5%)
15.57 (2.23; 6–18)
$97,878 ($76,756; $4,500–325,000)
0.12
0.05
0.02
0.16
0.64
0.01

(0.26;
(0.11;
(0.12;
(0.31;
(0.37;
(0.03;

0–1)
0–1)
0–1)
0–1)
0–1)
0–1)

Note. GAF data show mean, standard deviation, and range across all subjects of the
estimated proportion of genetic ancestry for each reference population.

2. Methods
2.1. Participants
Data used in this study were collected as part of the multi-site
Pediatric Imaging, Neurocognition, and Genetics (PING) study and
obtained from the PING Study database (http://ping.chd.ucsd.edu).
Participants were recruited through a combination of web-based, wordof-mouth, and community advertising at nine university-based data
collection sites in and around the cities of Los Angeles, San Diego, New
Haven, Sacramento, San Diego, Boston, Baltimore, Honolulu, and New
York. Participants were excluded if they had a history of neurological,
psychiatric, medical, or developmental disorders. In this study, analyses
were conducted on the 1091 participants, ranging from 3 to 20 years
old (M = 11.9, SD = 4.9). All participants and their parents gave their
informed written consent/assent to participate in all study procedures,
including whole genome SNP genotype, demographic and developmental history questionnaires, and high-resolution brain MRI (see
Table 1 for demographics). Each data collection site’s Oﬃce of
Protection of Research Subjects and Institutional Review Board approved the study.
2.2. Measures
2.2.1. Socioeconomic status
Parents were asked to report the level of educational attainment for
all parents in the home. Parents were also asked to report the total
yearly family income. Data were not collected on the number of adults
and children in the home, and therefore income-to-needs ratios were
unable to be calculated. Both parental education and family income
data were originally collected in bins, which were recoded as the means
of each bin (Noble et al., 2015). Family income was natural logtransformed for all analyses due to the typically observed positive skew.
2.2.2. Genetic collection and analysis
Saliva samples were sent to Scripps Translational Research Institute
for analysis. Once extracted, genomic DNA was genotyped with
Illumina Human660W-Quad BeadChip. Replication and quality control
ﬁlters (i.e., sample call rate > 99, call rates > 95%, minor allele
frequency > 5%) were performed. To assess genetic ancestry and
admixture proportions in the PING participants, a supervised clustering
approach implemented in the ADMIXTURE software was used
(Alexander & Lange, 2011). A genetic ancestry factor (GAF) was developed for each participant, representing the proportion of ancestral
descent for each of six major continental populations: African, Central
Asian, East Asian, European, Native American and Oceanic. Information on PING genetic collection and analysis is described in detail in
55
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method was used that incorporated both accuracy and reaction time
(RT) for participants who maintained a high level of accuracy (> 80%
correct), and accuracy only for those who did not meet this criterion.
Each vector score ranged from 0 to 5, for a maximum total score of 10.

Fjell et al. (2012) and Akshoomoﬀ et al. (2014).
2.2.3. Image acquisition and processing
Each site administered a standardized high-resolution structural
MRI (3D T1-weighted scan) protocol (Fjell et al., 2012 for pre- and postprocessing techniques information). Image analyses were performed
using a modiﬁed Freesurfer software suite (http://surfer.nmr.mgh.
harvard.edu/) to obtain vertex-wise CT (Fischl & Dale, 2000). Neuroimaging data was submitted to a standardized quality-image check, with
no manual editing of images that were deemed acceptable for inclusion
in the database (see Jernigan, Brown, Bartsch, & Dale, 2016 for details).

2.2.4.5. Dimensional change card sort cognitive ﬂexibility task. The DCCS
is a measure of cognitive ﬂexibility or set shifting. Participants are
shown two target pictures, one on each side of the screen, which varies
along two dimensions (e.g., shape and color). Participants are asked to
match a series of bivalent test pictures (e.g., yellow trucks and red balls)
to the target pictures, ﬁrst according to one dimension (e.g., color) and
then, after a number of trials, according to the other dimension (e.g.,
shape). “Switch” trials are employed in which the participant must
change the dimension being matched. For example, after 4 straight
trials matching on shape, the participant may be asked to match on
color on the next trial and then go back to shape, thus requiring the
cognitive ﬂexibility to quickly choose the correct stimulus. A two-vector
scoring method was used that incorporated both accuracy and reaction
time (RT) for participants who maintained a high level of accuracy
(> 80% correct), and accuracy only for those who did not meet this
criterion. Each vector score ranged from 0 to 5, for a maximum total
score of 10.

2.2.4. Cognitive measures
Performance on vocabulary, reading, working memory, attention/
inhibition and cognitive ﬂexibility tasks were evaluated using NIH
Toolbox® Cognitive Function Battery (Weintraub et al., 2013), as
described below.
2.2.4.1. Picture vocabulary test. This measure of receptive vocabulary
was administered in a computerized adaptive format. The participant
was presented with an auditory recording of a word and four highresolution color photos on the computer screen. Then, they were
instructed to touch the image that most closely represents the
meaning of the auditory word. Each participant was given two
practice trials and 25 test trials. Participant performance was
converted to a theta score (ranging from −4 to 4), based on item
response theory.

2.3. Analysis plan
Analyses were conducted on the 1091 participants for whom
complete data were available on all relevant independent variables
(age, sex, parental educational attainment, family income, genetic
ancestry, scanner model, test site, and CT) and at least one dependent
cognitive measure from the NIH Toolbox Cognitive Function Battery
(Akshoomoﬀ et al., 2014; Weintraub et al., 2013). Descriptive statistics
and sample sizes for each NIH Toolbox cognitive variable are shown in
Table 2. All measures were normally distributed ( ± 2 values for
skewness and kurtosis) except for Flanker and DCCS scores; therefore,
these values were log-transformed prior to analyses. Family income was
natural-log transformed and all outcome variables were winsorized to
adjust for outliers. Additionally, for moderation analyses, Mahalanobis
distance, Cook’s distance, and leverage values were calculated to
determine dependent variable (cognitive skills) outliers based on
independent variables of interest (CT and SES). Observations deemed
highly inﬂuential or extreme were excluded from analyses. All cognitive
values are represented in z-scores to enable comparison across tasks. All
analyses were conducted in IBM SPSS (version 23).
Associations between SES variables, cognitive skills, and CT controlled for age, age-squared, sex, scanner model, test site, and genetic
ancestry (GAF). Our CT ROIs included the left inferior frontal gyrus
(IFG), left superior temporal gyrus (STG), and left fusiform gyrus
(which support vocabulary and oral reading) and the middle frontal
gyrus (MFG; both left and right) and anterior cingulate cortex (ACC)

2.2.4.2. Oral reading recognition test. In this reading test, participants
were asked to read aloud a word or letter presented on the computer
screen. Items were presented in an order of increasing diﬃculty.
Responses were recorded as correct or incorrect by the examiner. In
order to assess the full range of reading ability across multiple ages,
modiﬁcations were made and letters or multiple-choice 'pre-reading'
items were presented to young children or participants with low
literacy levels. The oral reading score ranged from 1 to 281.
2.2.4.3. List sorting working memory test. This working memory task
requires immediate recall and sequencing of visually and orally
presented stimuli (Tulsky et al., 2013). Participants were presented
with a series of pictures of diﬀerent animals and food on a computer
screen and heard the name of the object from a speaker. The test was
divided into the One-List and Two-List conditions. In the One-List
condition, participants were told to remember a series of objects (food
or animals) and repeat them in order, from smallest to largest. In the
Two-List condition, participants were told to remember a series of
objects (food and animals, intermixed) and then again report the food
in order of size, followed by animals in order of size. Working memory
scores consisted of combined total items correct on both conditions,
with a max of 28 points.

Table 2
NIH toolbox cognitive measures.

2.2.4.4. Flanker inhibitory control and attention test. The NIH Toolbox
Cognition Battery version of the ﬂanker task was adapted from the
Attention Network Test (ANT) (Rueda et al., 2004). Participants were
asked to focus on a given stimulus, presented on the center of a
computer screen and were required to indicate the left-right orientation
while inhibiting attention to the ﬂankers (surrounding stimuli: ﬁsh for
ages 3–7 or arrows for ages 8–21). On some trials the orientation of the
ﬂankers was congruent with the orientation of the central stimulus and
on the other trials the ﬂankers were incongruent. The test consisted of a
block of 25 ﬁsh trials (designed to be more engaging and easier for
children) and a block of 25 arrow trials, with 16 congruent and nine
incongruent trials in each block, presented in pseudorandom order. All
children age 9 and above received both the ﬁsh and arrows blocks
regardless of performance. The NIH Toolbox ﬂanker vector score
incorporates both the congruent and incongruent trials. A two-vector

Mean (SD; Range)
Vocabulary
Picture Vocabulary Test (n = 1090)
Oral Reading
Oral Recognition Test (n = 1076)
Working Memory
List Sorting Task (n = 1084)
Flanker
Flanker Task Congruent & Incongruent Trials
(n = 1074)
Cognitive Flexibility
Dimensional Change Card Sort Task (n = 985)

56

0.67 (1.41; −3.5 to
4)
125.85 (68.25;
1–281)
17.71 (5.39; 0–28)
7.67 (1.85; 0.8–9.9)

7.68 (1.52; 2–10)
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3.2.2. CT associations with oral reading are moderated by family income
The income ∗ average (whole-brain) CT interaction term was signiﬁcant for oral reading (B = −0.20, p = 0.04, R2 = 0.79) only
(Table 3). The family income ∗ CT interaction was signiﬁcant for Left
IFG (B = −0.15, p = 0.03, R2 = 0.79), but did not pass FDR correction. Like the EF skills, results yielded an overall negative association
between CT and language scores, with thinner cortices predictive of
higher language scores. Fig. 2 shows that, unlike EF skills, family
income moderated this association for children with thinner cortices.
Probing the income ∗ average CT interaction for oral reading, JohnsonNeyman results indicated that the interaction was signiﬁcant for
cortical thickness values less than 2.96 mm.

(which support working memory, attention/inhibition and cognitive
ﬂexibility), as these regions have been implicated in past studies of CT
and cognitive function (Kharitonova et al., 2013; Lawson et al., 2013;
Mackey et al., 2015; Menary et al., 2013; Porter et al., 2011; Walhovd
et al., 2006).
Moderation analyses were conducted using PROCESS (Hayes, 2015)
to examine CT ∗ SES interactions, controlling for all variables speciﬁed
above. To probe interactions, the Johnson-Neyman (JN) technique
(Bauer & Curran, 2005; Johnson & Neyman, 1936) was utilized. Unlike
simple slopes analyses (Aiken & West, 1991), the JN technique does not
require the selection of arbitrary moderator values to estimate the
conditional eﬀect of X on Y. This technique allows us to visualize the
points along the continuum of the moderator where the conditional
eﬀect of X on Y transitions between statistically signiﬁcant and not
signiﬁcant at the alpha (0.05) level of signiﬁcance (Hayes, 2015).
Standardized coeﬃcients are reported for all multiple regression
analyses and unstandardized coeﬃcients (with heteroskedasticity-consistent standard errors) are reported for all analyses reporting interactions. All multiple comparisons (number of ROIs and cognitive tasks for
each domain of interest) were veriﬁed using False Discovery Rate (FDR)
analyses.

3.2.3. Impact of age on CT and income interactions
To probe the ﬁnding that family income moderated the above brainbehavior links for diﬀering levels of cortical thickness, we examined
whether associations between cortical thickness and cognition varied
with age. Like past studies (Giedd et al., 1999), cortical thickness varied
quadratically with age. We thus investigated whether there might be a
three-way interaction of age-squared, CT and family income. Three-way
interactions were not signiﬁcant for vocabulary (p = 0.38) or reading
(p = 0.31), but approached signiﬁcance for WM (p = 0.07), ﬂanker
(p = 0.05), and DCCS (p = 0.05). Although no signiﬁcant CT ∗ agesquared interactions were found for any of the EF skills, signiﬁcant
family income ∗ age-squared interactions were found for ﬂanker
(p = 0.01) and DCCS (p = 0.01). No two-way interactions of agesquared were found for the language skills.
The family income ∗ age-squared interactions for EF, but not
language, could possibly account for the diﬀerences between moderation ﬁndings for EF and language. Higher family income was associated
with better language scores across all ages, whereas the eﬀect of income
was attenuated for EF scores at the older ages (above 16 years; see
Fig. 3). As older children are more likely to have both thinner cortices
and higher EF scores, this may account for the reduced impact of
income at lower levels of CT.

3. Results
3.1. SES is associated with cognitive skills but not CT
As previously reported (Noble et al., 2015), family income and
parental education were not signiﬁcant predictors of whole-brain
average CT (p’s > 0.22). Additionally, no signiﬁcant associations were
found when examining associations between SES factors and CT for
speciﬁc brain regions of interest (Left IFG, Left STG, MFG, or ACC).
Both SES measures did, however, predict performance on all cognitive
skills of interest. Higher family income was signiﬁcantly related to
higher vocabulary (β = 0.12, p < 0.001, Adj. R2 = 0.75), reading
(β = 0.08, p < 0.001, Adj. R2 = 0.78), working memory (β = 0.08,
p < 0.001, Adj. R2 = 0.70), ﬂanker (β = 0.03, p = 0.09, Adj.
R2 = 0.60) and cognitive ﬂexibility (β = 0.06, p = 0.006, Adj.
R2 = 0.65) scores. Higher parental education was also related to higher
vocabulary (β = 0.14, p < 0.001, Adj. R2 = 0.76), reading, (β = 0.11,
p < 0.001, Adj. R2 = 0.79), working memory (β = 0.09, p < 0.001,
Adj. R2 = 0.70), ﬂanker (β = 0.06, p = 0.01, Adj. R2 = 0.59), and
cognitive ﬂexibility (β = 0.06, p = 0.002, Adj. R2 = 0.65) scores.

3.2.4. CT associations with vocabulary and reading moderated by parental
education
Finally, examining whether parental education moderated links
between whole-brain average CT and speciﬁc neurocognitive skills, the
education ∗ average CT interaction term was signiﬁcant for vocabulary
(B = −0.09, p = 0.02, R2 = 0.76) and oral reading (B = −0.14,
p < 0.001, R2 = 0.79) only (Table 3, Fig. 4). Examining speciﬁc brain
regions of interest, in predicting oral reading, parental education ∗ left
IFG CT (B = −0.09, p = 0.003, R2 = 0.79), parental education ∗ left
STG CT (B = −0.12, p = 0.001, R2 = 0.79), and parental education ∗ left fusiform CT (B = −0.09, p = 0.01, R2 = 0.79) interactions survived FDR correction. No ROIs for vocabulary passed FDR correction.
Probing the education ∗ CT interaction for oral reading, Fig. 4 shows
that, similar to income, overall there was a negative association
between CT and language scores, with thinner cortices associated with
higher language scores. However, parental education magniﬁed this
association, particularly for children whose parents were the least
educated. Johnson-Neyman results indicated that the interaction was
signiﬁcant for cortical thickness values less than 3.12 mm for vocabulary and values less than 2.99 mm for oral reading. No signiﬁcant
associations were found among parental education, CT, and EF scores.

3.2. Links between CT and cognitive skills vary by SES
3.2.1. CT associations with EF are moderated by family income
Next, we examined whether family income moderated the associations between whole-brain average CT and EF measures. The income ∗ average (whole-brain) CT interaction term was signiﬁcant for
ﬂanker (B = 0.38, p = 0.02, R2 = 0.61) and DCCS (B = 0.43,
p = 0.01, R2 = 0.66) (Table 3). Examining speciﬁc brain regions of
interest, family income ∗ CT interactions were found in MFG for ﬂanker
(B = 0.28, p = 0.01, R2 = 0.60) and DCCS (B = 0.32, p = 0.02,
R2 = 0.66), and in ACC for DCCS (B = 0.26, p = 0.04, R2 = 0.66),
but none passed FDR corrections.
Probing the income ∗ average CT interaction, Fig. 1 shows that, in
general, thicker cortices were associated with worse EF scores. Among
children with thinner overall cortices, children tended to perform well,
regardless of family socioeconomic background. However, among
children with thicker cortices, there were more pronounced diﬀerences
as a function of family income, with higher family income buﬀering the
eﬀect of greater cortical thickness. Put another way, the link between
CT and EF was more robust for children from lower income homes.
Johnson-Neyman results indicated that this interaction was signiﬁcant
for cortical thickness values greater than 2.79 mm for ﬂanker scores
and greater than 2.72 mm for DCCS scores.

4. Discussion
Although cortical thickness has been reported to mediate the
association between family income and school achievement during
adolescence (Mackey et al., 2015), our previous analysis of the PING
dataset found that only cortical surface area, and not CT, partially
explained the association between family income and executive function skills during childhood (Noble et al., 2015). In the current analysis,
57
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Table 3
SES * CT interactions for cognitive outcomes.

R2

Family Income Models
Age
Age-Squared
Sex
GAF African
GAF American Indian
GAF East Asian
GAF Oceanic
GAF Central Asian
CT
Family Income (ln)
Family Income * CT
R2

Parental Education Models
Age
Age-Squared
Sex
GAF African
GAF American Indian
GAF East Asian
GAF Oceanic
GAF Central Asian
CT
Parental Education
Parental Education * CT

WM
0.71

Flanker
0.61

DCCS
0.66

Vocabulary
0.76

Reading
0.79

B

t

p

B

t

p

B

t

p

B

t

p

B

t

p

0.57
−0.02
−0.06
−0.35
−0.26
−0.10
−0.24
0.10
0.04
0.08
0.02

27.41
−21.93
−1.71
−4.60
−1.31
−1.42
−0.38
0.85
0.21
4.06
0.17

< 0.001
< 0.001
0.08
< 0.001
0.19
0.16
0.70
0.39
0.83
< 0.001
0.87

0.61
−0.02
0.01
−0.18
−0.09
0.06
−1.53
0.14
−0.57
0.05
0.38

17.23
−15.90
0.17
−2.18
−0.55
0.73
−1.16
1.86
−2.50
1.95
2.26

< 0.001
< 0.001
0.87
0.03
0.58
0.46
0.24
0.06
0.01
0.05
0.02

0.62
−0.12
0.15
−0.21
−0.25
0.04
−1.54
0.08
−0.16
0.07
−0.43

16.89
−15.01
3.79
−2.80
−1.33
0.58
−1.34
0.97
−0.74
2.43
2.46

< 0.001
< 0.001
< 0.001
0.005
0.18
0.56
0.18
0.33
0.46
0.02
0.01

0.36
−0.01
−0.06
−0.59
−0.67
0.02
−1.60
−0.01
−0.01
0.12
−0.17

19.34
−11.74
−1.82
−8.29
−3.85
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−3.31
−0.09
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6.73
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< 0.001
< 0.001
0.07
< 0.001
< 0.001
0.78
−001
0.93
0.99
< 0.001
0.07

0.38
−0.01
−0.05
−0.32
−0.17
0.10
−0.62
−0.10
0.30
0.07
−0.20

22.67
−12.07
−1.56
−4.80
−1.21
1.54
−1.55
−0.70
1.96
4.65
−2.05

< 0.001
< 0.001
0.12
< 0.001
0.23
0.12
0.12
0.48
0.05
< 0.001
0.04
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0.58
−0.02
−0.06
−0.37
−0.20
−0.10
−0.34
0.08
0.05
0.04
−0.02

28.27
−22.56
−1.87
−5.17
−0.99
−1.48
0.62
0.66
0.30
4.39
−0.54

< 0.001
< 0.001
0.06
< 0.001
0.32
0.14
0.58
0.51
0.76
< 0.001
0.58

0.62
−0.02
0.01
−0.17
−0.04
0.06
−1.55
0.12
−0.55
0.03
0.09

17.39
−16.02
0.06
−2.16
−0.27
0.83
−1.20
1.58
−2.44
2.32
1.25

< 0.001
< 0.001
0.95
0.03
0.78
0.40
0.23
0.11
0.01
0.02
0.21

0.63
−0.19
0.14
−0.22
−0.23
0.05
−1.68
0.05
−0.14
0.03
0.07

16.79
−14.96
3.67
−3.09
−1.24
0.08
−1.47
0.62
−0.62
2.83
1.07

< 0.001
< 0.001
< 0.001
0.002
0.22
0.54
0.14
0.53
0.53
0.005
0.28

0.37
−0.01
−0.06
−0.61
−0.54
0.01
−1.67
−0.06
0.01
0.06
−0.09

20.08
−12.24
−2.12
−9.30
−3.07
0.20
−3.61
−0.52
0.08
8.34
−2.42

< 0.001
< 0.001
0.03
< 0.001
0.002
0.84
< 0.001
0.60
0.93
< 0.001
< 0.001

0.38
−0.01
−0.05
−0.31
−0.03
0.10
−0.62
−0.16
0.31
0.05
−0.14

23.39
−12.59
−1.78
−5.05
−0.23
1.60
−1.54
−1.16
2.04
7.03
−3.52

< 0.001
< 0.001
0.07
< 0.001
0.82
0.11
0.12
0.25
0.04
< 0.001
< 0.001

Note. GAF = Genetic Ancestry Factor; CT = Cortical Thickness. All analyses were adjusted for both testing site and scanner model.

Overall, children from higher SES homes tended to outperform their
more disadvantaged peers on measures of vocabulary and reading, at
all levels of cortical thickness. However, across all levels of CT, the
association between CT and language skills was attenuated for children
from higher-SES families. One possible interpretation of this ﬁnding is
that the resources available to children from socioeconomically advantaged homes – higher quality childcare and schools, better housing
in better neighborhoods, higher quality and quantity of linguistic

after adjusting for a wide range of individual characteristics (age, sex,
scanner, site and genetic ancestry), we found that both family income
and parental education moderate the association between CT and
speciﬁc neurocognitive skills across the whole brain. In other words,
CT does not explain the link between SES and cognitive skills; rather,
socioeconomic disadvantage can exaggerate links between brain st
ructure and cognitive performance, and socioeconomic advantage may
mitigate these links.

Fig. 1. Left Panel: associations among family income, cortical thickness, and ﬂanker scores. Overall there was a negative association between CT and EF scores, but among children with
thinner average cortices, children tended to perform well regardless of family income. However, among children with thicker cortices there were more pronounced diﬀerences as a
function of family income, speciﬁcally for cortical thickness values greater than 2.79 mm (area highlighted in blue). Right Panel: associations among family income, cortical thickness,
and DCCS scores. Among children with thinner average cortices, children tended to perform well regardless of family income. However, among children with thicker cortices there were
more pronounced diﬀerences as a function of family income, speciﬁcally for cortical thickness values greater than 2.72 mm (area highlighted in blue). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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stimulation in the home (Duncan & Magnuson, 2012; Duncan,
Magnuson, & Votruba-Drzal, 2014; Kalil, Duncan, & Ziol-Guest, 2016)
– lead to successful language and reading skill acquisition, even in the
face of a neurobiological “risk factor” – namely, reduced cortical
thickness in language-supporting regions. The particular experiences,
and the neural mechanism(s) explaining this buﬀering process, remain
to be investigated.
The ﬁndings concerning EF scores followed a slightly diﬀerent
pattern. Family income had very little impact on EF scores for children
with thinner cortices, but signiﬁcant diﬀerences were found by income
level for children with thicker cortices. The disparate ﬁndings across
language and EF domains may be related to diﬀerences in the impact of
family income on cognitive skills across age. Unlike language scores
where an income eﬀect was consistent across all ages, there were no
income eﬀects for ﬂanker or DCCS scores for older children (over
16 years). As older children are also more likely than younger children
to have thinner cortices and higher EF scores, this may help to explain
the diminished inﬂuence of income at lower levels of CT. Like language
scores, the link between CT and EF scores was robust for children from
lower-income homes and diminished for children from higher-income
homes. One speculative explanation for this ﬁnding is that the negative
experiences associated with socioeconomic disadvantage – higher
family stress, exposure to environmental toxicants, fewer routines and

Fig. 2. Associations among family income, cortical thickness, and oral reading scores.
Overall there was a negative association between CT and language scores, with thinner
cortices predictive of higher language scores. Family income moderated this association,
speciﬁcally for cortical thickness values less than 2.96 mm (area highlighted in blue).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 3. Top Panels: associations among family income, age and EF scores (ﬂanker & DCCS). Three-way interactions approached signiﬁcance for EF tasks and signiﬁcant income * agesquared interactions were found for both ﬂanker and DCCS. Eﬀect of income was more attenuated for EF scores, particularly at the older ages (above 16 years). Bottom Panels:
associations among family income, age and langauge scores (vocabulary & oral reading). Clear income eﬀects for language scores across all ages and no three-way interactions or two-way
interactions (income * age-squared) were found for language skills.
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Fig. 4. Left Panel: associations among parental educational attainment, cortical thickness, and vocabulary scores. Overall there was a negative association between CT and language
scores, but this relation was more robust for cortical thickness values less than 3.12 mm (highlighted in blue). Right Panel: associations among parental educational attainment, cortical
thickness, and oral reading scores. Again, this association was more robust for cortical thickness values less than 2.99 mm (highlighted in blue). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

greater chaos in the home (Kalil et al., 2016) – may accentuate
diﬃculties in developing attention and EF skills. The precise mechanisms involved remain unknown, but it has been hypothesized that the
hardships and challenges of disadvantaged environments may increase
stress and reduce the resources for experience-dependent brain development (Callaghan & Tottenham, 2016). Again, future work will be
necessary to explore this possibility, and to uncover the particular
experiences and neural mechanism(s) explaining these processes.
Our investigation was concentrated in language and executive functioning skills, two complex cognitive functions that have prolonged maturation
and have been associated with socioeconomic disparities (Casey et al., 2000;
Craik & Bialystok, 2006; Farah et al., 2006; Hackman & Farah, 2009;
Hulme & Snowling, 2009; Romine & Reynolds, 2005; Rueda et al., 2004;
Snowling, Goulandris, & Defty, 1996). Studies in humans and animals have
shown that environmental experiences interact with genetic and biological
mechanisms, either exaggerating or attenuating eﬀects of those variables
into phenotypes, reﬂecting diﬀerences in synaptic plasticity, cognitive
functions, and psychiatric disorders (Gräﬀ & Mansuy, 2008). The results
from our study support the notion that environmental experiences may
buﬀer or amplify brain-behavior relations.
We found that diﬀerences in family income moderated links
between CT and both EF and language skills, whereas diﬀerences in
parental education only moderated links between CT and children’s
language abilities. It has been suggested that these SES factors have
diﬀerential eﬀects on child development (Duncan & Magnuson, 2012;
Duncan et al., 2014). Speciﬁcally, family income may be more strongly
related to resource availability (access to quality foods, neighborhoods,
and materials), while parental educational attainment may impact
parenting style and cognitive stimulation within the home (Chou, Liu,
Grossman, & Joyce, 2010; Duncan et al., 2014; Fletcher & Frisvold,
2009). As these diﬀerent SES measures impact brain structures diﬀerently, these constructs should continue to be evaluated independently
when examining the impact of SES on brain and behavior.
The current study is not without its limitations. Even with large
sample sizes, cross-sectional studies allow for limited interpretation of
developmental trajectories. Our ﬁndings suggest that family income
and parental education may diﬀerentially impact structure-behavior
relations in speciﬁc brain regions. Taking into account the heterogeneous pattern of maturation in diﬀerent parts of the brain, the eﬀects of
SES on children's cognition may vary at diﬀerent stages of neural
development. Past studies have suggested that decreases in cortical gray
matter may reﬂect a shift to more eﬃcient cortical networks, where

cortical thinning could reﬂect either synaptic pruning or increased
myelination (Giedd et al., 1999; Gogtay et al., 2004; Shaw et al., 2006;
Sowell et al., 2004). However, developmental ﬁndings have been
inconsistent concerning patterns of cerebral cortex maturation (for
review see Walhovd, Fjell, Giedd, Dale, & Brown, 2016). Demonstrating
some consistency with past research (Mackey et al., 2015), our results
indicate that, after controlling for covariates, increased cortical thickness was associated with higher language scores, but overall the
association between CT and cognition was negative and particularly
robust for children from lower-SES homes. Discrepancies between the
present results and past studies (Kharitonova et al., 2013; Mackey et al.,
2015; Menary et al., 2013; Porter et al., 2011; Sowell et al., 2004;
Tamnes et al., 2010) could be due to our careful consideration of
socioeconomic diﬀerences, diﬀerences in CT maturation by ROI, or
changes in cognitive capacities across ages. As relations between CT
and some aspects of cognitive abilities change between early and late
childhood (Shaw et al., 2006), longitudinal data could be more
informative for understanding speciﬁc timing eﬀects in relation to
how SES impacts CT, and subsequently cognition.
Additionally, like all correlational studies, we cannot directly infer
that thinner or thicker cortices in regions identiﬁed within this study
are necessarily causing improved neurocognitive abilities. Likewise,
although we are observing associations between CT and behavior, the
measurement of CT does not directly reﬂect functional activation
during neurocognitive task performance; future studies would beneﬁt
from convergence of structure and function methodologies in order to
better understand neural substrates and mechanisms. Nonetheless, this
study adds to the nascent literature examining associations among SES,
CT, and neurocognitive performance during childhood (Lawson et al.,
2013; Mackey et al., 2015; Noble et al., 2015) and may help to elucidate
the signiﬁcant role of SES in shaping both brain development and
cognitive functioning.
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