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Socioeconomic disparities in academic achievement: A multi-
modal investigation of neural mechanisms in children and 
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Maya L. Rosen1, Margaret A. Sheridan2, Kelly A. Sambrook3, Andrew N. Meltzoff1, and Katie 
A. McLaughlin1

1Department of Psychology, University of Washington

2Department of Psychology, University of North Carolina, Chapel Hill

3Department of Radiology, University of Washington

Abstract

Growing evidence suggests that childhood socioeconomic status (SES) influences neural 

development, which may contribute to the well-documented SES-related disparities in academic 

achievement. However, the particular aspects of SES that impact neural structure and function are 

not well understood. Here, we investigate associations of childhood SES and a potential 

mechanism—degree of cognitive stimulation in the home environment—with cortical structure, 

white matter microstructure, and neural function during a working memory (WM) task across 

development. Analyses included 53 youths (age 6–19 years). Higher SES as reflected in the 

income-to-needs ratio was associated with higher parent-reported achievement, WM performance, 

and cognitive stimulation in the home environment. Although SES was not significantly associated 

with cortical thickness, children raised in more cognitively stimulating environments had thicker 

cortex in the frontoparietal network. Higher family SES was associated with white matter 

microstructure and neural activation in the frontoparietal network during a WM task, including 

greater fractional anisotropy (FA) in the right and left superior longitudinal fasciculi (SLF), and 

greater BOLD activation in multiple regions of the prefrontal cortex during WM encoding and 

maintenance. Greater FA and activation in these regions was associated higher parent-reported 

achievement. Together, cognitive stimulation, WM performance, FA in the SLF, and prefrontal 

activation during WM encoding and maintenance significantly mediated the association between 

SES and parent-reported achievement. These findings highlight potential neural, cognitive, and 

environmental mechanisms linking SES with academic achievement.
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1. Introduction

Growing evidence indicates that brain development varies as a function of family 

socioeconomic status (SES; Brito & Noble, 2014; Noble et al., 2015; Ursache & Noble, 

2016). These neural differences may play a role in the well-documented academic 

achievement gap between children raised in high- compared to low-SES households 

(Baydar, 1993; Brooks-Gunn & Duncan, 1997). SES-related differences in cognitive and 

brain outcomes are particularly pronounced in the domains of executive functions (EF) and 

language (Noble et el., 2005; 2007). EF are a set of cognitive functions including inhibition, 

cognitive flexibility, and working memory (Miyake & Friedman, 2012). Here, we focus 

specifically on SES-related differences in working memory (WM), which involves the 

ability to hold in mind, manipulate, and update information in memory.

Children growing up in low-SES households exhibit worse WM than children raised in 

higher-SES families; these differences have been observed across the SES gradient and are 

not limited to children living in poverty (Hackman & Farah, 2009; Noble et al., 2005; 2007). 

EF abilities broadly, and WM specifically, are strongly associated with academic 

achievement (Best et al., 2011; Blair & Diamond, 2008; Finn et al., 2016). Understanding 

how the neural networks that support WM vary as a function of SES may shed light on 

neural pathways that explain the achievement gap. To that end, the present study uses a 

multi-modal approach to investigate SES-related differences in brain structure and function 

in neural systems involved in WM and the links between these neural systems and cognitive 

and academic performance in children.

Why might childhood SES influence brain development? It is likely that many aspects of 

SES produce differences in neural structure and function, and ultimately academic 

achievement, including cognitive and social stimulation, environmental predictability, 

parenting, exposure to toxins, nutrition, and exposure to violence (Johnson et al., 2016). 

Here, we focus on whether SES-related differences in neural structure and function are 

driven by differences in the degree of cognitive stimulation in the home environment.

Children raised in low-SES families experience lower levels of cognitive stimulation, 

interaction with adults, linguistic complexity, and access to enriching experiences at home 

and school than children raised in high-SES families (Hart & Risley, 1995; Bradley et al., 

2001; Bradley & Corwyn, 2002; Hackman et al., 2015). This reduction in cognitive and 

social stimulation is argued to constrain early forms of learning that rely on rich sensory, 

linguistic, and social input, resulting in accelerated synaptic pruning throughout the cortex 

(McLaughlin, et al., 2017; McLaughlin & Sheridan, 2016; Sheridan & McLaughlin, 2016). 

These patterns could produce age-specific reductions in cortical thickness and surface area 

among children from low-SES backgrounds.
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Existing research on SES and neural structure is consistent with these predictions (Jednoróg 

et al., 2012; Lawson et al., 2013; Mackey et al., 2015; Noble et al., 2015; 2012; Piccolo et 

al., 2016). Lower parental education and family income are associated with reduced cortical 

thickness and surface area throughout the cortex (Mackey et al., 2015; Noble et al., 2015), 

with the strongest association between SES and cortical surface area at the lowest levels of 

income (Noble et al., 2015). SES-related differences are particularly pronounced in regions 

underlying WM and language, including dorsolateral prefrontal cortex (dlPFC), superior 

temporal cortex, and superior parietal cortex (Noble et al., 2012; 2015). Cortical thickness in 

dlPFC and superior temporal cortex decreases more rapidly in children from low-SES 

backgrounds followed by an attenuation of this thinning in adolescence (Piccolo et al., 

2016), consistent with the idea that children in low-SES environments exhibit accelerated 

pruning of synaptic connections early in life that produces more rapid declines in cortical 

thickness and surface area across childhood (McLaughlin et al., 2017; Sheridan & 

McLaughlin; 2014; 2016; McLaughlin et al., 2014). Although accumulating evidence 

demonstrates reductions in cortical thickness and surface area among children raised in low-

SES environments, we are unaware of prior research directly examining the hypothesis that 

these differences are driven by the reductions in cognitive stimulation experienced by low-

SES children. We provide the first empirical test of this hypothesis in the current paper.

Moreover, differences in cortical structure may have implications for cognitive and academic 

outcomes. Longitudinal data indicate that accelerated cortical thinning in childhood 

followed by attenuated thinning in adolescence—a pattern observed among low-SES 

children (Piccolo et al., 2016) is associated with lower cognitive ability (Shaw et al., 2006). 

Similarly, greater thickness in temporal, parietal, and occipital cortex is associated with 

better standardized test scores in adolescents (Mackey et al., 2015). Thus, reductions in 

cortical thickness may be a mechanism linking low-SES with poor academic outcomes.

Although SES-related differences in cortical structure are well documented, few studies have 

examined the associations of SES with white matter microstructure, particularly in children. 

White matter microstructure in fronto-striatal and fronto-temporal tracts is reduced in 

children who have experienced adverse environments characterized by deprivation in 

cognitive and social stimulation, such as institutional rearing and neglect (Eluvathingal et al., 

2006; Kumar et al., 2014; Hanson et al., 2013; Bick et al., 2015). Because children raised in 

low-SES families also experience lower levels of cognitive stimulation than children raised 

in high-SES families (Bradley & Corwyn, 2002), it is possible that SES may have similar 

influences on white matter microstructure, although this is largely untested. Evidence from 

adults is somewhat consistent with this hypothesis: global white matter integrity follows an 

SES gradient in adults, such that greater education, income, and community-level SES are 

associated with higher fractional anisotropy (FA) across the entire brain (Gianaros et al., 

2013). Variability in white matter structure, in turn, influences cognitive outcomes. In 

particular, greater integrity of the superior longitudinal fasiculus (SLF), a tract that connects 

the lateral PFC to the parietal cortex, has been linked to better WM (Mabbott et al., 2006; 

Vestergaard et al., 2011) and higher educational attainment in adolescents (Noble et al., 

2013), suggesting that this tract may play an important role in SES-related variation in WM 

and academic achievement.
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Few studies have examined SES-related differences in neural function during WM tasks in 

children, although such differences in neural function have been observed in relation to 

language processing (e.g. Raizada et al., 2008), emotion regulation (e.g. Kim et al., 2013), 

and academic subjects including mathematics and reading (e.g. Demir-Lira et al., 2016; and 

Noble et al., 2006). Existing evidence suggests that SES is associated with PFC function 

during multiple forms of EF. During novel rule-learning, low-SES children perform more 

poorly and exhibit a more diffuse pattern of PFC activation than higher-SES children 

(Sheridan et al., 2012). Additionally, SES is related to reduced inhibitory control in 

adolescents and greater recruitment of the dorsal anterior cingulate cortex, coupled with 

reduced connectivity between the dorsal anterior cingulate and dorsolateral PFC specifically 

among low SES girls (Spielberg et al., 2015). During a WM task, children from lower-

income backgrounds exhibit reduced PFC and superior parietal recruitment than children 

from higher-SES families (Finn et al., 2016). In that study, WM capacity and fronto-parietal 

recruitment mediated the association between SES and performance on a statewide 

mathematics exam. These findings suggest that differences in neural recruitment in the 

frontoparietal network observed among low-SES children may contribute directly to 

academic performance.

In the present study we used a multi-modal neuroimaging approach to investigate the 

associations of parental SES with brain structure and function, including cortical structure, 

white matter microstructure, and neural function during a WM task. We focused on SES-

related differences in the frontoparietal network because of its known role in WM (Corbetta 

& Shulman, 2002; Curtis & D’Esposito, 2003), which was the focus of our behavioral and 

fMRI task. Moreover, previous studies have found SES-related differences in neural 

structure and function in the frontoparietal network (Sheridan et al., 2012; Noble et al., 

2013; Finn et al., 2016). For structural region of interest (ROI) analyses, we focused on the 

middle frontal gyrus (MFG) and superior parietal lobule / intraparietal sulcus (SPL/IPS), key 

frontoparietal regions that are recruited during WM tasks (Corbetta & Shulman, 2002). For 

white matter analyses, we examined the superior longitudinal fasciculus (SLF) because it 

connects the prefrontal and parietal cortices and is associated with WM performance 

(Mabbott et al., 2006; Vestergaard et al., 2011). In our fMRI approach, we used a 

conservative whole brain approach to examine SES-related differences in neural recruitment, 

which demonstrated clear differences in our frontoparietal regions. We then extracted ROIs 

from frontoparietal regions to examine associations with task performance and academic 

achievement.

We hypothesized that SES would be associated with frontoparietal structure and function, 

including positive associations with cortical thickness in the MFG and SPL/IPS; positive 

associations with white matter integrity in the SLF; and positive associations with BOLD 

signal in the prefrontal and parietal cortex during a WM task. We expected that cortical 

thickness, white matter microstructure, and BOLD signal in these frontparietal regions 

would be associated not only with SES, but also with parent-reported academic 

achievement. Importantly, we also hypothesized that SES-related differences in neural 

structure and function would be driven by differences in the degree of cognitive stimulation 

in the home environment. Together, we expected that WM performance, cognitive 

stimulation, and neural structure and function would be mechanisms explaining the income-
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achievement gap. Critically, low-SES is associated not only with lower levels of cognitive 

stimulation but also higher levels of exposure to violence, which has distinct influences on 

neural development (McLaughlin et al., 2014). To date, only one study examining SES-

related differences in neural measures has measured and controlled for violence exposure 

(Sheridan et al., 2017). We did so in the present study to isolate the links between SES and 

neural structure and function that are not explained by exposure to violence.

2. Materials and Methods

2.1 Participants

A sample of 66 participants aged 6 to 19 years (M=13.68 years, SD=3.23 years; 35 male) 

participated. The sample was recruited in Seattle, WA between February 2014 and February 

2015. Youths were recruited at schools, after-school and prevention programs, medical 

clinics, and in the general community. Half of the sample was recruited based on exposure to 

violence in order to test additional questions about how environmental experience is 

associated with neural processes involved in memory for emotional information (Lambert et 

al., 2017). We controlled for violence exposure by including it as a covariate of non-interest 

in all analyses that included SES or cognitive enrichment as the predictor variable. The study 

sample was racially and ethnically diverse (53.5% White, 6.25% Black, 14.55% Hispanic, 

2.1% Asian, 23.6% Multiracial or Other). The Institutional Review Board at the University 

of Washington approved all procedures. Participants were compensated and written 

informed consent was obtained from legal guardians; youths provided written assent.

Five participants were excluded from all analyses. One subject (female, 15 years) had an 

incidental neurological finding, one subject got out of the scanner (female 8 years), and three 

subjects had excessive motion for all three scan types (female, 6 years, male 6 years, male, 9 

years). For functional MRI analyses, seven additional participants (5 female, mean age: 

11.43 ±3.11 years) were excluded from analyses due to below-chance performance on the 

task and two participants (females, 9 and 12 years) were excluded due to excessive motion 

(>20% TRs with framewise displacement outliers). For DTI analyses, nine additional 

subjects (6 female, mean age 10.92±2.76 years) were excluded due to poor quality assurance 

on DTI images. The final analytic sample after the above exclusions and missing data was 

49 for structural MRI analyses, 43 for DTI, and 47 for fMRI. Importantly, exclusion from 

analyses did not vary as a function of income-to-needs ratio (ps >.250).

2.2 Measures

2.2.1 Socioeconomic Status—We used the income-to-needs ratio as a measure of SES. 

The income-to-needs ratio captures the amount of annual income that a family earns relative 

to the federally-defined poverty threshold for a family of that size. Income-to-needs is a 

widely used measure of SES that allows associations to be examined across the entire SES 

gradient. Parents reported annual income in 10 bins, and the median of the income bins was 

used except for the lowest and highest bins, which were assigned $5,000 and $200,000 

respectively. The median income was $42,500. Income-to-needs ratio was calculated by 

dividing the total household income by the 2014 U.S. census-defined poverty line for a 

family of that size, with a value of 1 or less indicating income below the poverty line. The 
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range of income-to-needs was 0.13 to 8.33. Median income-to-needs was 1.77, and 21 

participants (38.18%) were living in poverty. Six participants (mean age 16.85 ±2.32 years, 

4 female) had missing income data. These participants were included for analyses where 

they had available data (e.g., those examining cognitive stimulation and neural structure and 

function). The income-to-needs ratio was log-transformed for all analyses, following prior 

work documenting that associations between income and neural measures exist across the 

SES distribution but are stronger at lower levels of income (Noble et al., 2015). Additionally, 

we examined whether the best fitting model included income-to-needs as a linear or log-

transformed variable, and the logarithmic model was a better fit to the data for all analyses.

2.2.2 Parent-reported academic achievement—To assess academic achievement, 

parents completed the Child Behavior Check List (CBCL; Achenbach, Howell, Quay, & 

Conners, 1991). Parents reported their child’s performance in four academic subjects 

(Reading, English, or Language Arts, History or Social Studies, Arithmetic or Math, and 

Science) choosing from four options. Each of these options was assigned a numerical value 

(1= Failing, 2=Below Average, 3= Average, 4 = Above Average) and we used this value to 

compute a composite score for each participant by taking the mean performance level for all 

four academic subjects. Three subjects were missing parent-reported achievement data (2 

males 18 years, 1 female 18 years).

2.2.3 Cognitive Stimulation—To assess the degree of cognitive stimulation in the home 

environment, parents completed the Home Observation for Measurement of the 

Environment-Short Form (HOME-SF; Mott, 2004). The HOME-SF has slightly different 

versions for children aged 6–9 and 10–15 years, with 16 items that are identical across these 

age ranges. We used only the 16 questions that are present in the HOME-SF for both 

younger and older children. This assessment included items that assess cognitive stimulation 

and exposure to varied learning experiences. Example items included: “About how many 

books does your child have?”; “‘How many times does your child get out of the house per 

week for activities (e.g., sports, extracurricular activities, activities with the family)?”; and 

“Did you and/or your partner teach your child numbers at home?”. The measure was scored 

using the cut-offs used in the original HOME assessment, where one point is assigned for 

each item where age-appropriate experiences are met (e.g., 1 point is assigned if a child 

leaves the house at least once a week for an activity; 0 is assigned if the child leaves the 

house less than once a week for an activity); for a total possible score of 16. While this 

assessment has not been validated in youths over 15, it has been used in older adolescents in 

prior studies (Cleveland et al., 2000). In the present study, the HOME-SF had good internal 

consistency (α = .75) and the subscale assessing cognitive stimulation used in the present 

study has adequate internal consistency (α = .62). The mean score on the cognitive 

stimulation sub-scale was 13.05 ±2.15, and scores were normally distributed. Seven subjects 

were missing cognitive stimulation data (4 male, mean age = 14.5 years).

2.2.4 Violence Exposure—Violence exposure was assessed with the Childhood 

Experiences of Care and Abuse (CECA) interview (Bifulco et al., 1997), the Childhood 

Trauma Questionnaire (CTQ) (Bernstein et al., 1997) and the UCLA PTSD Reaction Index 

(PTSD-RI) trauma screen (Steinberg, Brymer, Decker, & Pynoos, 2004). Each of these 
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measures assesses exposure to violence, including child abuse and domestic violence. 

Participants who reported physical abuse, sexual abuse, witnessing domestic violence, or 

directly experiencing other violence, or who had a score on the CTQ physical or sexual 

abuse sub-scales above a validated threshold (Walker et al., 1999) were classified as exposed 

to violence and this dichotomous variable was included as a covariate in all analyses 

investigating SES-related differences including behavioral, parent-reported achievement, 

cognitive stimulation, cortical thickness, white matter integrity, and functional MRI 

analyses. Because this study included youths exposed to different types of violence (e.g., 

abuse, domestic violence, community violence) and no single scale captures all of these 

exposures, a dichotomous variable for violence exposure was used. As a sensitivity analysis, 

we constructed a continuous variable reflecting a sum of the standardized scores of multiple 

violence measures as a covariate rather than a dichotomous variable. Using this continuous 

measure of violence exposure as a covariate in our analyses did not alter any of our results.

2.2.5 Working Memory Task—Participants completed a delayed-match to sample WM 

task (Supplemental Figure 1) using emotional faces as stimuli. Faces were drawn from a 

standardized stimulus set (Tottenham et al., 2009). Stimuli were neutral, happy, and angry 

faces, distributed evenly across trials and presented in a counter-balanced order across 

participants. Participants were instructed to attend and respond to the faces and their 

emotional expressions. The delayed-match-to-sample (DMS) task consisted of two runs of 

50 trials. Each trial involved Encoding (2000 ms), Delay (1000 or 5000 ms), and Probe 

(2000 ms) and an inter-trial interval (ITI) of 500 ms (67% of trials) or 2000 ms (33% of 

trials). Each actor was presented 6–7 times for each facial expression. During the Encoding, 

facial stimuli were embedded in realistic background scenes to investigate implicit context 

encoding for another study that involved a memory test outside the scanner for contextual 

information (Lambert et al., 2017). This made encoding more similar to real-world facial 

encoding. During the Probe, an image of a face without a background scene was presented, 

and participants were asked to indicate whether the Probe face matched the Encoding face. 

On 1/3 of trials, the Probe face presented matched the Encoding face (i.e. was the same 

person showing the same emotion) and on the other 2/3 of trials, the Probe did not match. 

There were two types of mismatches: Emotion Mismatch (same person, different emotion), 

Identity Mismatch (different person). Each subject had 30 trials of each mismatch type (16–

17 per run, for a total of 100 trials). All trial types were interspersed throughout the 2 task 

runs. Subjects completed two runs of the WM task, with the exception of one subject that 

completed only one run.

Behavioral performance was assessed using d′, which was calculated using the following 

formula:

d′ = z(hit rate) − z(false alarm rate)

where z is the standardized score, as a measure of the sensitivity to detect matches.
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2.3 Image Acquisition and Processing

2.3.1 Image Acquisition—Before undergoing scanning, children 12 years and younger 

and older children exhibiting anxiety about the scan were trained to minimize head 

movements in a mock scanner with a motion tracker that stopped playing a movie if a 

movement of >2 mm occurred. This method has been shown to significantly reduce head 

motion once children are in the scanner (Raschle et al., 2012). In the scanner, we used a 

head-stabilizing pillow to further restrict movement.

Scanning was performed on a 3T Phillips Achieva scanner at the University of Washington 

Integrated Brain Imaging Center using a 32-channel sensitivity-encoding (SENSE) head 

coil. T1-weighted multi-echo MPRAGE volumes were acquired (TR=2530ms, TE=1.64–

7.04µs, flip angle=7°, FOV=256mm2, 176 slices, in-plane voxel size=1mm3). Blood 

oxygenation level dependent (BOLD) signal during functional runs was acquired using a 

gradient-echo T2*-weighted EPI sequence. Thirty-two 3mm thick slices were acquired 

parallel to the AC-PC line (TR=2000ms, TE=30ms, flip angle=90degrees, bandwidth=2300, 

echo spacing=0.5, FOV=256×256, matrix size=64×64). Prior to each scan, four images were 

acquired and discarded to allow longitudinal magnetization to reach equilibrium. DTI was 

acquired using a single-shot echoplanar imaging sequence (TR=8165ms, TE=75ms, flip 

angle=90°, FOV=256×256mm, 72 slices, in-plane voxel size=2mm3). Diffusion-weighted 

images were acquired along 64 non-collinear and non-coplanar directions with a b value of 

1000 s/mm2 and 1 image with a b value of 0 s/mm2.

2.3.2 Structural Image Processing—Cortical surface of each hemisphere was 

computationally reconstructed using FreeSurfer software (Dale, Fischl, & Sereno, 1999; 

Fischl, Sereno, & Dale, 1999). ROI analyses of the prefrontal and parietal cortex were 

conducted by extracting the mean cortical thickness value for each subject for predetermined 

regions in the frontoparietal network defined by the FreeSurfer 2005 parcellation (left and 

right MFG and SPL/IPS). We focus here on hypothesized differences in the frontoparietal 

network, but present a whole-cortex exploratory analysis in the Supplemental Materials.

2.3.3 DTI Processing—DTI pre-processing including skull-stripping and correction for 

distortion due to eddy currents in FSL and registration using non-linear symmetric 

diffeomorphic transformation in Advanced Normalization Tools (ANTS) (Avants et al., 

2011). Head motion and eddy current correction were conducted with the ‘eddy’ tool in FSL 

(Andersson and Sotiropoulos, 2016). The diffusion tensor was calculated per voxel using 

conventional reconstruction methods in FSL’s dtifit. From these maps, FA was calculated. 

The temporal signal-to-noise ratio and estimates of subject movement (from the eddy tool) 

were calculated for quality assurance purposes (Roalf et al., 2016). Subjects with values 

greater than 2.5 standard deviations from the mean of these metrics were excluded from the 

analyses.

We then examined FA in the SLF. To extract FA values, we used a standardized protocol 

developed by the ENIGMA consortium; this protocol is described in detailed elsewhere 

(Jahanshad et al., 2013). Briefly, FA images were nonlinearly registered to the ENIGMA-

DTI target brain using FNIRT. The data were then processed using a modified version of 
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FSL’s tract-based spatial statistics (TBSS) (Smith et al., 2006) to project individual FA 

values on the hand-segmented ENIGMA-DTI skeleton mask rather than the TBSS skeleton. 

After extracting the skeletonized white matter and the projection of individual FA values, 

ENIGMA tract-wise regions of interest, derived from the Johns Hopkins University white 

matter parcellation atlas (Mori et al., 2008), were transferred to extract the average FA 

values for the SLF tract for each hemisphere. The protocol, target brain, ENIGMA-DTI 

skeleton mask, source code and executables are all publicly available (http://

enigma.ini.usc.edu/ongoing/dti-working-group/). We focus here on hypothesized differences 

in the frontoparietal network, but present a whole-brain exploratory analysis in the 

Supplemental Materials.

2.3.4 fMRI Processing—Preprocessing and statistical analysis of fMRI data was 

performed in a pipeline using Make, a software development tool that can be used to create 

neuroimaging workflows that rely on multiple software packages (Askren et al., 2016). 

Simultaneous motion and slice-time correction was performed in NiPy (Roche, 2011). 

Spatial smoothing with a Gaussian kernel (6mm full width at half maximum [FWHM]) was 

performed in FSL (Jenkinson et al., 2012). Data were inspected for artifacts, and volumes 

with motion >2-mm or >3-SD change in signal intensity were regressed out using volume-

specific covariates of non-interest. For subjects who were not specifically excluded for 

motion, motion was extremely low. Those with the highest motion had fewer than 10% of 

volumes with framewise displacement outliers across both runs, with the next highest being 

3.6% of volumes with outliers. Six rigid-body motion regressors were included in person-

level models. A component-based anatomical noise correction method (Behzadi, Restom, 

Liau, & Liu, 2007) was used to reduce noise associated with physiological fluctuations. 

Person- and group-level models were estimated in FSL. Following estimation of person-

level models, the resulting contrast images were normalized into standard space, and 

anatomical co-registration of the functional data with each participant’s T1-weighted image 

was performed using surface-based registration in FreeSurfer version 5.3 (Dale et al., 1999), 

which provides better alignment than other methods in children (Ghosh et al., 2010). 

Normalization was implemented in Advanced Normalization Tools (ANTs) software, 

version 2.1.0 (Avants et al., 2011). Each participant’s MRI data were first warped to a 

pediatric template (NIH Pediatric MRI Data Repository: https://pediatricmri.nih.gov/nihpd/

info/index.html), then from the pediatric template to MNI space. The pediatric template was 

originally developed from a sample of 500 youths aged 6–18 years with a mean age of 14 

years, similar to the present study.

fMRI analysis was performed using FEAT (FMRI Expert Analysis Tool) Version 6.00, part 

of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Regressors were created by 

convolving a boxcar function of phase duration with the standard double-gamma 

hemodynamic response function for each phase of the task (Encoding, Delay, and Probe). A 

general linear model (GLM) was constructed for each participant. Higher-level analysis was 

carried out using FLAME (FMRIB’s Local Analysis of Mixed Effects) stage 1, (Woolrich et 

al., 2004). Individual-level estimates of BOLD activity were submitted to group-level 

random effects models of Encoding, Delay, and Probe periods, each compared to Baseline 

(ITI). Whole-brain analyses were conducted using only correct trials.
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We performed cluster-level correction (z > 2.3, p < .01) to our models run in FSL FLAME. 

This combination of correction and model is associated with relatively low risk of both false 

positive and false negative findings in recent simulations (see Eklund et al., 2016, Figure 1). 

Results were then projected onto the cortical surface for visualization purposes using 

Connectome Workbench (Washington University, St. Louis; Marcus et al., 2013).

Results of whole-brain group average activation are displayed in Supplemental Figure 2. 

ROI analyses were conducted to examine associations of neural activation with performance 

on the task and parent-reported achievement. ROIs were created by masking functional 

activation for each period of the task (i.e. Encoding, Delay, and Probe) in the group average 

for correct trials only and intersecting this mask with an anatomical mask (20% threshold) 

from the Harvard-Oxford atlas in FSL. This produced an anatomical ROI that included only 

task-active regions. Importantly, we used a mask based on recruitment across the whole 

sample to avoid double-dipping when investigating the association of activation with task 

performance (Vul et al., 2009).

2.4 Data Analysis

Bivariate correlations between all study variables are presented in Table 2.

Associations of the income-to-needs ratio with cognitive stimulation, WM, and parent-

reported achievement were assessed using linear regression, controlling for age, sex, and 

violence exposure. As noted earlier, the income-to-needs ratio was log-transformed in all 

analyses, as this provided a better fit to the data than a linear variable in every model. We 

use the term SES throughout results to refer to this log-transformed variable. The 

logarithmic association of income-to-needs with academic achievement and WM and FA in 

the SLF can be viewed in Supplemental Figure 3A–B and Supplemental Figure 4. We 

investigated whether the association between SES and these outcomes was moderated by 

age and found no evidence for moderation.

We applied the same analysis approach to each of our measures of neural structure and 

function. For neural structure, we investigated the association of SES and cognitive 

stimulation with cortical thickness and FA in our ROIs of interest. We then determined 

whether regions that were associated with SES were also associated with WM performance 

and parent-reported achievement. For neural function, we estimated a model with a mean-

centered regressor for log income-to-needs and cognitive stimulation for each contrast of 

interest (Encoding, Delay, Probe). We then examined whether neural recruitment in regions 

that were associated with SES were also associated with WM and parent-reported 

achievement using the ROI approach described above (i.e., ROIs defined by intersecting a 

structural mask with task-related group average activation for the contrast of interest, to 

avoid double-dipping). All analysis controlled for age, sex, and violence exposure.

We evaluated whether age moderated the association of SES and cognitive stimulation with 

neural structure and function and found no evidence for interactions with age for any 

outcome.
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We tested two mechanistic hypotheses using standard tests of statistical mediation. First, we 

tested the hypothesis that cognitive stimulation in the home environment is a mechanism 

explaining the association between SES and neural structure and function; we examined this 

model for neural measures that were associated with cognitive stimulation. Second, we 

investigated potential mechanisms explaining the link between SES and parent-reported 

achievement; we included cognitive, neural, and environmental factors that were 

significantly associated with both SES and parent-reported achievement as mediators. For 

both models, we used the PROCESS macro to perform a test of statistical mediation that 

allows multiple mediators to be examined simultaneously and that uses a bootstrapping 

approach that provides confidence intervals for the indirect effects (Hayes, 2013). 

Confidence intervals that do not include 0 reflect statistically significant indirect (i.e., 

mediated) effects.

3. Results

3.1 SES, Academic Achievement, and Working Memory

Consistent with prior work, we found that SES was positively associated with parent-

reported achievement (β = .51, p < .0001, Figure 1A) and WM performance (β = .29, p = .

042, Figure 1B), such that children with higher SES had better parent-reported achievement 

and WM. WM performance was also positively associated with achievement (β = .51, p = .

001).

3.2 Cognitive Stimulation

Next, we investigated our hypothesis that cognitive stimulation in the home would be 

associated with SES as well as WM and achievement. As predicted, higher SES was 

associated with higher levels of cognitive stimulation (β = .33, p = .034), and cognitive 

stimulation was positively associated with parent-reported achievement (β = .35, p = .022). 

Cognitive stimulation was not associated with WM performance (p > .8).

3.3 SES, Cognitive Stimulation, and Neural Structure

We next tested the hypothesis that SES and cognitive stimulation would be associated with 

cortical thickness and FA in the frontoparietal network. With regard to cortical thickness, we 

observed no association between SES and cortical thickness in the MFG or SPL/IPS. In 

contrast, cognitive stimulation was significantly associated with cortical thickness in both 

left MFG (β = .31, p = .011) and SPL/IPS (β = .29, p = .045; Figure 2), but not right MFG 

or SPL/IPS (ps > .05).

With regard to white matter microstructure, SES was positively associated with FA in both 

the left (β = .37, p = .021) and right (β = .32, p = .032) SLF (Figure 3). There were no 

significant associations between cognitive stimulation and FA (ps > .27).

We examined whether cognitive stimulation was a mechanism linking SES and cortical 

thickness in the frontoparietal network. Although the association between SES and cortical 

thickness was not statistically significant, cognitive stimulation was associated with both 

SES and cortical thickness, as noted above. It is well-established that requiring a significant 
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association in the direct path in order to test statistical mediation reduces power to detect 

mediation, and that is appropriate to examine a mediation analysis even when the direct 

effect does not reach conventional thresholds of statistical significance (Hayes, 2009; 

MacKinnon, Fairchild, and Fritz, 2010). Here, we observed a significant indirect effect of 

SES on cortical thickness in the left MFG (95% CI: .0001–.0872) and left SPL (95% CI: .

0052–.0765) through cognitive stimulation.

3.4 SES, Cognitive Stimulation, and Neural Function

We next investigated whether SES was associated with neural recruitment during the WM 

task in a whole-brain analysis. SES was positively associated with BOLD signal in left 

MFG, left occipital fusiform gyrus, and medial superior frontal gyrus (SFG) during WM 

Encoding, such that youths with higher SES exhibited greater activation in these regions 

(Table 3, Figure 4A). During the Delay (i.e., WM maintenance), SES was positively 

associated with activation in left MFG, left orbitofrontal cortex (OFC), and left posterior 

middle temporal gyrus, again reflecting greater activation among youth with higher SES 

(Table 3, Figure 4B). During the Probe, SES was positively associated with activation in left 

posterior middle temporal gyrus (Table 3, Figure 4C). There were no areas where SES was 

negatively associated with activation. Cognitive stimulation was not associated with neural 

activation in frontoparietal regions.

3.5 Brain-Behavior Associations

Given widespread associations of SES and cognitive stimulation with frontoparietal network 

structure and function, we examined whether any of these neural measures were associated 

with WM and academic performance.

With regard to neural structure, we found no associations of cortical thickness in left MFG 

and SPL with WM or parent-reported achievement (ps > .30). FA in left SLF was positively 

associated with WM performance (β = .31, p = .042) and parent-reported achievement (β 
= .34, p = .034; Figure 5A), but FA in the right SLF was not associated with either (β = .

21–.26, p = .124–.192).

For neural function, we examined regions where children with higher SES had heightened 

activation during the WM task and where we observed significant task-related activation 

within the frontoparietal network in the group average (Encoding: left MFG, left and right 

SFG; Delay: left MFG). See Methods for ROI definition. Given that we examined multiple 

regions, including those outside of frontoparietal regions (see below), we applied FDR 

correction to all tests. WM performance was positively associated with neural activation in 

left MFG (β = .38, p = .008), left SFG (β = .40, p = .008), and right SFG (β = .29, p = .038) 

during Encoding, but not left MFG during the Delay (β = .26, p = .076). Academic 

performance was positively associated with activation during Encoding in left MFG (β = .

35, p = .040), left SFG (β = .36, p = .032; Figure 5B and C), but not right SFG (β = .20, p 
= .120) nor in left MFG during the Delay (β = .21, p = .102)

A significant association between SES and neural activation emerged in several regions 

outside of the frontoparietal network, including the left occipital fusiform cortex during 

Encoding, left OFC and left middle temporal gyrus during the Delay, and left middle 
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temporal gyrus during the Probe. As a final step, we investigated whether any of these 

regions were significantly associated with WM performance or parent-reported achievement 

after FDR correction. We found a significant association between activation in the occipital 

fusiform cortex and both WM performance (β = .442, p = .022; Supplemental Figure 5) and 

parent-reported achievement (β = .509, p = .006; Supplemental Figure 6), and between 

activation in the left OFC during the Delay and parent-reported achievement (β = .320, p = .

047; Supplemental Figure 6).

3.6 Mechanisms linking SES and Academic achievement

Finally, we examined whether the environmental, cognitive, and neural factors that were 

related to both SES and parent-reported achievement mediated this association. Specifically, 

we examined cognitive stimulation, WM performance, FA in left SLF, and activation in left 

MFG and left SFG during WM Encoding as mediators. Jointly, these factors significantly 

mediated the association between SES and parent-reported achievement, and the strong 

association between SES and achievement was no longer significant in the final model (c 

path, B =.439, p = .007; c′ path, B =.068, p = .67; Figure 6). We conducted an additional 

mediation analysis that included all functional ROIs that were significantly associated with 

both SES and parent-reported achievement (i.e., including those outside the frontoparietal 

network) and this mediation analysis also produced a significant indirect effect (95% CI: .

105 to .800, c path, B =.439, p = .007; c′ path, B =.021, p = .89; Supplemental Figure 7).

4. Discussion

The present study extends the burgeoning literature on SES-related neural differences that 

may contribute to the achievement gap by documenting differences in brain structure and 

function as a function of family SES that, in turn, are related to WM and academic 

performance. First, although we did not find differences in cortical thickness as a function of 

SES, we provide novel evidence for a link between low cognitive stimulation in the home 

environment—which has frequently been documented in low-SES households—and thinner 

cortex in frontoparietal regions. Second, we extend prior work that has focused primarily on 

cortical and sub-cortical structure by documenting SES-related differences in white matter 

microstructure in the SLF, a frontoparietal tract involved in WM (Mabbott et al., 2006; 

Vestergaard et al., 2011). Moreover, greater white matter integrity in this tract was associated 

with better academic achievement. Third, we demonstrate SES-related differences in brain 

activation in PFC and occipital-temporal cortex during WM encoding, maintenance, and 

retrieval, such that children from families with higher SES showed greater task-related 

activation. Greater activation in these regions was associated with improved performance on 

the WM task as well as better academic achievement. Finally, we found that cognitive 

stimulation, WM performance, and structure and function in the frontoparietal network fully 

mediated the association of SES with parent-reported achievement. Taken together, these 

findings highlight multiple links between SES and frontoparietal network structure and 

function and provide evidence for several environmental, neural, and cognitive factors that 

contribute to the SES-achievement gap.
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4.1 Cognitive Stimulation and Cortical Thickness

We extend prior work on SES and cortical thickness by documenting associations between 

cognitive stimulation and thickness in key nodes of the frontoparietal network and 

demonstrating that the degree of cognitive stimulation is a mechanism linking SES and 

cortical thickness. Cognitive stimulation is a key dimension of environmental experience 

that varies by SES (Bradley et al., 2001) and is argued to influence cortical thinning 

(McLaughlin et al., 2017; Sheridan & McLaughlin, 2014, 2016). Prior studies have found 

that low-SES and institutionalization, which are associated with low levels of cognitive 

simulation, are associated with cortical thickness in the frontoparietal network (McLaughlin 

et al., 2014; Mackey et al., 2015; Piccolo et al., 2016; Brito et al., 2017). However, this is the 

first study to our knowledge to demonstrate direct associations between cognitive 

stimulation in the home and cortical structure in children and adolescents as well as a 

significant indirect effect of SES on cortical thickness that operates through cognitive 

stimulation. These findings provide some support for theoretical models arguing that some 

forms of adversity characterized by environmental deprivation are associated with 

accelerated pruning of the cortex due to a lack of cognitive stimulation (McLaughlin, 

Sheridan, & Nelson, 2017; Sheridan & McLaughlin, 2014; Sheridan & McLaughlin, 2016). 

Perhaps most importantly, these findings provide a direct target for interventions aimed at 

reducing the income-achievement gap, as cognitive stimulation was also related to academic 

achievement. Enhancing cognitive stimulation in the home environment might be one 

effective strategy for reducing SES-related disparities in academic outcomes.

4.2 SES, White Matter Microstructure, and Academic Achievement

Our findings also provide novel evidence for SES-related differences in white matter 

microstructure in the frontoparietal network. Specifically, we show that higher SES is 

associated with greater FA in the SLF, a tract that connects the dorsolateral PFC and 

posterior parietal cortex. Moreover, greater FA in the left SLF was associated with higher 

levels of academic achievement. Higher levels of connectivity in the SLF have been 

associated with better EF in children and adolescents (Urger et al., 2015), although in one 

study this was true only among low-SES youths (Ursache & Noble, 2016). Together, our 

findings suggest that greater white matter integrity in the frontoparietal network among 

children from higher-SES backgrounds may contribute to better WM and academic 

achievement and are broadly consistent with prior work demonstrating positive associations 

between FA in the SLF and educational attainment in late adolescence (Noble et al., 2013).

4.3 SES, Neural Function, and Academic Achievement

Our fMRI results replicate a previous study that found greater activation in the MFG during 

WM among higher- as compared to lower-SES children (Finn et al., 2016), although a recent 

study found that lower SES was associated with greater activation in the IPS during WM 

(Sheridan et al., 2017). Future studies should investigate the possibility that different regions 

of the frontoparietal network are differentially influenced by early SES. Also consistent with 

prior work (Finn et al., 2016), we found that greater left MFG activation during WM 

encoding was associated with both higher performance on the WM task and higher 

achievement. We extend this prior work in several ways. First, we show that higher SES is 
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associated with greater activation during WM encoding in the medial SFG, a key node in the 

cognitive control network (Yeo et al., 2011) that is recruited for a wide range of EF tasks 

(e.g., Church et al., 2017; Verbruggen & Logan, 2008). Greater activation in this region was 

associated with better performance on the task as well as higher academic achievement. We 

additionally document greater recruitment of the fusiform gyrus during WM encoding 

among children from families with higher SES; greater activation in this region is also 

associated with better WM performance and academic achievement. Here, children raised in 

low-SES environments exhibit reduced activation in the visual association region involved in 

the initial encoding of the to-be-remembered stimulus—this could reflect reduced depth of 

perceptual processing or reduced visual attention (see Amso & Scerif, 2015; Rosen et al, in 

press).

4.4 Environmental, Cognitive, and Neural, Mechanisms in the SES-Achievement Gap

Critically, we found that cognitive stimulation, WM performance, frontoparietal white 

matter structure, and frontoparietal recruitment during a WM task jointly mediated the 

association between SES and parent-reported achievement. These findings are broadly 

consistent with prior work showing that neural recruitment during a WM task could be a 

mechanism explaining the income-achievement gap (Finn et al., 2016) and that enrichment 

and stimulation in the home environment may explain the association between SES and EF 

(Hackman et al., 2015). Here, we provide evidence that multiple environmental, cognitive, 

and neural factors are involved in the association between SES and parent-reported 

achievement.

Cognitive stimulation was not associated with white matter microstructure or functional 

recruitment during the WM task, although each of these measures was associated with SES. 

Recent work has suggested that many aspects of the home environment not measured in the 

present study including environmental predictability, exposure to toxins, nutrition, and 

parenting, may contribute SES-related neural differences (Johnson et al., 2016). It is possible 

that in low-SES environments, which are often characterized by lower levels of 

predictability (Deater-Deckard et al., 2012; Evans & Wachs, 2009), the environment 

produces an information processing style that prioritizes short-term goals over longer-term 

goals (Liu, Feng et al., 2012; Shah, Mullainathan, and Shafir, 2012). This shift, coupled with 

fewer opportunities to engage in cognitively stimulating activities, may result in chronic 

underutilization of the frontoparietal network, which in turn may result in reduced ability to 

engage this network when circumstances demand it. Importantly, this strategy and resulting 

neural changes could be adaptive for children growing up in unpredictable environments 

(Ellwood-Lowe et al., 2016). However, when children encounter environments that require 

long-term sustained attention (e.g. school), they may be less equipped to deal with the 

required focus on long-term goals and associated EFs required to obtain those goals, 

resulting in poor performance.

Moreover, exposure to complex language is a key domain of cognitive stimulation that we 

did not measure directly. Differences in language exposure may have contributed to the left-

lateralized pattern of SES-related differences observed here, consistent with work showing a 

reduced left lateralization among low compared to high SES children during a language 
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rhyming task (Raizada et al., 2008). Language complexity and child-directed speech is 

reduced among children raised in low-SES environments (Hart & Risley, 1995; Walker, 

Greenwood, Hart, & Carta, 1994; Fernald et al., 2013). While reduced language complexity 

and contingency has an obvious link to SES-related differences in language performance 

(Noble et al., 2005; Noble et al., 2007) and neural recruitment during language tasks 

(Romeo et al., 2017), a previous study found that reduced complexity of language in the 

home environment was associated with differential recruitment of the PFC during an EF task 

among low-SES children (Sheridan et al., 2012). More complex language environments may 

provide greater opportunities for children to build and practice EF skills (McLaughlin, 2016) 

as well as early opportunities to disambiguate perceptually similar information that scaffold 

the development of the PFC and more complex forms of EF (see Amso & Scerif, 2015). 

Indeed, the PFC computations necessary for EF skills emerge much earlier in development 

than previously thought through the process of learning language (Werchan, Collins, Frank, 

& Amso, 2016). Lower levels of caregiver interactions in low-SES households may 

contribute to reduced opportunities for learning categories of stimuli processed in the ventral 

visual stream; these differences may ultimately influence the ability to encode and sustain 

representations of complex visual stimuli (Amso & Scerif, 2015). Our finding that SES was 

positively associated with fusiform activation during WM encoding, which in turn was 

related to both WM and academic performance, is consistent with this possibility, and 

indicates that differences in early visual and linguistic processing may have meaningful 

implications for more complex cognitive functions. Higher SES environments, perhaps 

because of their higher levels of cognitive and caregiver stimulation, may enhance visual 

attention or perceptual processing during encoding and increase the ability to sustain these 

representations during maintenance, resulting in better performance. Future research should 

more closely examine language exposure and visual processing as potential mechanisms 

explaining SES related differences in neural, cognitive, and academic outcomes.

4.5 Limitations and Future Directions

The present findings have several notable strengths. Importantly, previous studies have used 

proxies for SES, including whether the child received free or reduced lunch (Finn et al., 

2016), while in the present study we directly assess family SES as well as a parent report 

measure of cognitive stimulation. Furthermore, unlike previous studies we measure and 

control for childhood violence exposure to identify differences in brain structure and 

function that are driven by SES-related differences that are independent of violence 

exposure, which is known to impact neural development (McLaughlin et al., 2014). 

However, there are also several key limitations. First, the sample was relatively small, 

particularly given the large age range, which limited statistical power. Indeed, cortical 

thickness and white matter connectivity results only emerged in ROI analyses and not in the 

whole brain. A limited sample size increases the risk of both Type I and Type II errors and 

therefore, results should be interpreted with caution. Future studies should seek to replicate 

these findings with a larger sample size.

Second, unlike other studies that have found a link between SES, brain structure and 

function, and academic achievement (Mackey et al., 2015; Finn et al., 2016), we did not 

have access to statewide standardized test results, as such tests are not performed at every 
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grade level in Washington State. Nor did we focus on actual grades, as the children in our 

sample came from a wide range of schools. Instead we relied on parent reports of children’s 

academic performance across a range of subjects, which are strongly correlated with 

academic performance and do not vary by demographics (Maguin & Loeber, 1996). 

However, it is possible that SES may be related to differences in how parents perceive their 

children’s academic performance. Parent-reports of academic achievement have been shown 

to be significantly related to objectively measured achievement, but are not a perfect proxy 

(Maguin & Loeber, 1996; Quiroga et al., 2013) and lower SES parents may be less accurate 

(e.g., Huston et al., 2005). Therefore, it will be critical for future studies to replicate the 

present findings using more objective measures of academic achievement. Additionally, 

while there is reason to believe that cognitive stimulation would mediate the link between 

SES and neural measures and those neural measures would in turn mediate the link between 

SES and academic achievement, the data did not support moving forward with a multilevel 

mediation analysis because cognitive stimulation was associated only with cortical thickness 

and not the other neural measures. Any future studies that find links between SES, cognitive 

stimulation, neural measures, and academic achievement should explore this possibility. 

Furthermore, although our motion correction threshold remains common in pediatric fMRI 

studies, including recent studies on the development of the frontoparietal network and on 

SES-related differences in neural function (e.g., Peters et al., 2016; Romeo et al., 2017), 

even small amounts of motion can impact fMRI results (Siegel et al., 2014) and therefore 

results from the current study should be interpreted with caution. Additionally, it should be 

noted that the regions we refer to as the frontoparietal network overlap considerably with 

both the dorsal attention and cognitive control networks (Yeo, Krienen et al., 2011). While 

findings for both of these networks would generate similar interpretations, future studies 

should focus on more fine-grained parcellation of regions within these networks. Finally, 

because of the cross-sectional nature of the study, replication of our findings with regard to 

environmental, cognitive, and neural mediators in longitudinal studies is warranted.

4.6 Conclusions

The present study adds to the growing body of literature that highlights SES-related 

differences in neural structure and function in children. We document multiple links between 

childhood SES and frontoparietal network structure and function and provide novel evidence 

that low cognitive stimulation, a common characteristic of low-SES households, is 

associated with thinner cortex in the frontoparietal network. Perhaps most importantly, we 

show that low cognitive stimulation, poor WM performance, reduced white matter 

microstructure in the fronto-parietal network, and reduced PFC recruitment during a WM 

task are mechanisms underlying the association between SES and academic achievement. 

Together, these findings suggest novel targets for reducing SES-related disparities in 

academic performance.
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Refer to Web version on PubMed Central for supplementary material.

Rosen et al. Page 17

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Funding: This work was supported by the National Institute of Child Health and Human Development at the 
National Institute of Health [F32 HD089514 to MR], National Institute of Mental Health at the National Institutes 
of Health [R01-MH103291 and R01-MH106482 to KM], the Brain and Behavior Foundation NARSAD Early 
Investigator Award, an Early Career Research Fellowship from the Jacobs Foundation, and the IMHRO Rising Star 
Award to KM.

References

Achenbach TM, Howell CT, Quay HC, Conners CK. National survey of problems and competencies 
among four- to sixteen-year-olds: parents’ reports for normative and clinical samples. Monographs 
of the Society for Research in Child Development. 1991; 56(3):1–131.

Amso D, Scerif G. The attentive brain: insights from developmental cognitive neuroscience. Nature 
Reviews: Neuroscience. 2015; 16:606–619. [PubMed: 26383703] 

Andersson JLR, Sotiropoulos SN. An integrated approach to correction for off-resonance effects and 
subject movement in diffusion MR imaging. NeuroImage. 2016; 125:1063–1078. [PubMed: 
26481672] 

Askren MK, McAllister-Day TK, Koh N, Mestre Z, Dines JN, Korman BA, et al. Using Make for 
Reproducible and Parallel Neuroimaging Workflow and Quality-Assurance. Frontiers in 
Neuroinformatics. 2016; 10(13):2. http://doi.org/10.3389/fninf.2016.00002. [PubMed: 26869916] 

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible evaluation of ANTs 
similarity metric performance in brain image registration. NeuroImage. 2011; 54(3):2033–2044. 
http://doi.org/10.1016/j.neuroimage.2010.09.025. [PubMed: 20851191] 

Baydar N, Brooks-Gunn J, Furstenberg FF. Early warning signs of functional illiteracy: predictors in 
childhood and adolescence. Child Development. 1993; 64(3):815–829. DOI: 10.1111/j.
1467-8624.1993.tb02945.x [PubMed: 8339697] 

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction method (CompCor) for 
BOLD and perfusion based fMRI. NeuroImage. 2007; 37(1):90–101. http://doi.org/10.1016/
j.neuroimage.2007.04.042. [PubMed: 17560126] 

Bernstein DP, Ahluvalia T, Pogge D, Handelsman L. Validity of the childhood trauma questionnaire in 
an adolescent psychiatric population. 1997; 36(3):340–348. doi: http://dx.doi.org/
10.1097/00004583-199703000-00012. 

Best JR, Miller PH, Naglieri JA. Relations between Executive Function and Academic Achievement 
from Ages 5 to 17 in a Large, Representative National Sample. Learning and Individual Differences. 
2011; 21(4):327–336. http://doi.org/10.1016/j.lindif.2011.01.007. [PubMed: 21845021] 

Bick J, Zhu T, Stamoulis C, Fox NA, Zeanah C, Nelson CA. Effect of early institutionalization and 
foster care on long-term white matter development. Journal of the American Medical Association, 
Pediatrics. 2015; 169(3):211–219. DOI: 10.1001/jamapediatrics.2014.3212 [PubMed: 25622303] 

Bifulco A, Brown GW, Lillie A, Jarvis J. Memories of childhood neglect and abuse: corroboration in a 
series of sisters. The Journal of Child Psychology and Psychiatry. 1997; 38(3):365–375. DOI: 
10.1111/j.1469-7610.1997.tb01520.x [PubMed: 9232482] 

Blair C, Diamond A. Biological processes in prevention and intervention: the promotion of self-
regulation as a means of preventing school failure. Development and Psychopathology. 2008; 
20(3):899–911. http://doi.org/10.1017/S0954579408000436. [PubMed: 18606037] 

Bradley RH, Corwyn RF. Socioeconomic status and child development. Annual Review of Psychology. 
2002; 53(1):371–399. http://doi.org/10.1146/annurev.psych.53.100901.135233. 

Bradley RH, Corwyn RF, McAdoo HP, Coll CG. The home environments of children in the United 
States part I: variations by age, ethnicity, and poverty status. Child Development. 2001; 72(6):
1844–1867. [PubMed: 11768149] 

Brito NH, Noble KG. Socioeconomic status and structural brain development. Frontiers in 
Neuroscience. 2014; 8:276. http://doi.org/10.3389/fnins.2014.00276. [PubMed: 25249931] 

Brito NH, Piccolo LR, Noble KM. Associations between cortical thickness and neurocognitive skills 
during childhood vary by socioeconomic status. Brain and Cognition. 2017; 116:54–62. DOI: 
10.1016/j.bandc.2017.03.007 [PubMed: 28377043] 

Rosen et al. Page 18

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.3389/fninf.2016.00002
http://doi.org/10.1016/j.neuroimage.2010.09.025
http://doi.org/10.1016/j.neuroimage.2007.04.042
http://doi.org/10.1016/j.neuroimage.2007.04.042
http://dx.doi.org/10.1097/00004583-199703000-00012
http://dx.doi.org/10.1097/00004583-199703000-00012
http://doi.org/10.1016/j.lindif.2011.01.007
http://doi.org/10.1017/S0954579408000436
http://doi.org/10.1146/annurev.psych.53.100901.135233
http://doi.org/10.3389/fnins.2014.00276


Brooks-Gunn J, Duncan GJ. The effects of poverty on children. The Future of Children / Center for the 
Future of Children, the David and Lucile Packard Foundation. 1997; 7(2):55–71.

Church JA, Bunge SA, Petersen SE, Schlaggar BL. Preparatory Engagement of Cognitive Control 
Networks Increases Late in Childhood. Cerebral Cortex (New York, N.Y. : 1991). 2017; 27(3):
2139–2153. http://doi.org/10.1093/cercor/bhw046. 

Cleveland HH, Jacobson KC, Lipinski JJ, Rowe DC. Genetic and shared environmental contributions 
to the relationship between the HOME environment and child and adolescent achievement. 
Intelligence. 2000; 28(1):69–86. DOI: 10.1016/S0160-2896(99)00029-X

Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nature 
Reviews. Neuroscience. 2002; 3(3):201–215. http://doi.org/10.1038/nrn755. [PubMed: 11994752] 

Curtis CE, D’Esposito M. Persistent activity in the prefrontal cortex during working memory. Trends 
in Cognitive Sciences. 2003; 7(9):415–423. [PubMed: 12963473] 

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation and surface 
reconstruction. NeuroImage. 1999; 9(2):179–194. http://doi.org/10.1006/nimg.1998.0395. 
[PubMed: 9931268] 

Deater-Deckard K, Chen N, Wang Z, Bell MA. Socioeconomic risk moderates the link between 
household chaos and maternal executive function. Journal of Family Psychology : JFP : Journal of 
the Division of Family Psychology of the American Psychological Association (Division 43). 
2012; 26(3):391–399. http://doi.org/10.1037/a0028331. 

Demir-Lira ÖE, Prado J, Booth JR. Neural correlates of math gains vary depending on parental 
socioeconomic status (SES). Frontiers In Psychology. 2016; 7(892)

Eklund A, Nichols TE, Knutsson H. Cluster failure: Why fMRI inferences for spatial extent have 
inflated false-positive rates. 2016; 113(28):7900–7905. http://doi.org/10.1073/pnas.1602413113. 

Ellwood-Lowe ME, Sacchet MD, Gotlib IH. The application of neuroimaging to social inequity and 
language disparity: A cautionary examination. Developmental Cognitive Neuroscience. 2016; 
22:1–8. http://doi.org/10.1016/j.dcn.2016.10.001. [PubMed: 27744097] 

Eluvathingal TJ, Chugani HT, Behen ME, Juhász C, Muzik O, Maqbool M, et al. Abnormal brain 
connectivity in children after early severe socioemotional deprivation: a diffusion tensor imaging 
study. Pediatrics. 2006; 117(6):2093–2100. http://doi.org/10.1542/peds.2005-1727. [PubMed: 
16740852] 

Evans, GW., Wachs, T. Chaos and its influence on children’s development: An ecological perspective. 
Washington, DC: American Psychological Association; 2009. 

Fernald A, Marchman VA, Weisleder A. SES differences in language processing skill and vocabulary 
are evident at 18 months. Developmental Science. 2013; 16(2):234–248. http://doi.org/10.1111/
desc.12019. [PubMed: 23432833] 

Finn, AS., Minas, JE., Leonard, JA., Mackey, AP., Salvatore, J., Goetz, C., et al. Functional brain 
organization of working memory in adolescents varies in relation to family income and academic 
achievement. Developmental Science. 2016. http://doi.org/10.1111/desc.12450

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: Inflation, flattening, and a surface-
based coordinate system. NeuroImage. 1999; 9(2):195–207. http://doi.org/10.1006/nimg.
1998.0396. [PubMed: 9931269] 

Ghosh SS, Kakunoori S, Augustinack J, Nieto-Castanon A, Kovelman I, Gaab N, et al. Evaluating the 
validity of volume-based and surface-based brain image registration for developmental cognitive 
neuroscience studies in children 4 to 11 years of age. NeuroImage. 2010; 53(1):85–93. http://
doi.org/10.1016/j.neuroimage.2010.05.075. [PubMed: 20621657] 

Gianaros PJ, Marsland AL, Sheu LK, Erickson KI, Verstynen TD. Inflammatory pathways link 
socioeconomic inequalities to white matter architecture. Cerebral Cortex (New York, N.Y. : 1991). 
2013; 23(9):2058–2071. http://doi.org/10.1093/cercor/bhs191. 

Hackman DA, Farah MJ. Socioeconomic status and the developing brain. Trends in Cognitive 
Sciences. 2009; 13(2):65–73. http://doi.org/10.1016/j.tics.2008.11.003. [PubMed: 19135405] 

Hackman DA, Gallop R, Evans GW, Farah MJ. Socioeconomic status and executive function: 
developmental trajectories and mediation. Developmental Science. 2015; 18(5):686–702. http://
doi.org/10.1111/desc.1224. [PubMed: 25659838] 

Rosen et al. Page 19

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1093/cercor/bhw046
http://doi.org/10.1038/nrn755
http://doi.org/10.1006/nimg.1998.0395
http://doi.org/10.1037/a0028331
http://doi.org/10.1073/pnas.1602413113
http://doi.org/10.1016/j.dcn.2016.10.001
http://doi.org/10.1542/peds.2005-1727
http://doi.org/10.1111/desc.12019
http://doi.org/10.1111/desc.12019
http://doi.org/10.1111/desc.12450
http://doi.org/10.1006/nimg.1998.0396
http://doi.org/10.1006/nimg.1998.0396
http://doi.org/10.1016/j.neuroimage.2010.05.075
http://doi.org/10.1016/j.neuroimage.2010.05.075
http://doi.org/10.1093/cercor/bhs191
http://doi.org/10.1016/j.tics.2008.11.003
http://doi.org/10.1111/desc.1224
http://doi.org/10.1111/desc.1224


Hanson JL, Adluru N, Chung MK, Alexander AL, Davidson RJ, Pollak SD. Early neglect is associated 
with alterations in white matter integrity and cognitive functioning. Child Development. 2013; 
84(5):1566–1578. http://doi.org/10.1111/cdev.12069. [PubMed: 23480812] 

Hart, B., Risley, TR. Meaningful differences in the everyday experiences of young American children. 
Baltimore, MD: Brookes; 1995. 

Hayes, AF. Introduction to mediation, moderation, and conditional process analysis: A regression-
based approach. New York, NY, US: Guilford Press; 2013. 

Huston AC, Duncan GJ, McLoyd VC, Crosby DA, Ripke MN, Weisner TS, Eldred CA. Impacts on 
children of a policy to promote employment and reduce poverty for low-income parents: new hope 
after 5 years. Developmental Psychology. 2005; 41(6):902–918. [PubMed: 16351336] 

Jahanshad N, Kochunov PV, Sprooten E, Mandl RC, Nichols TE, Almasy L, et al. Multi-site genetic 
analysis of diffusion images and voxelwise heritability analysis: a pilot project of the ENIGMA-
DTI working group. NeuroImage. 2013; 81:455–469. http://doi.org/10.1016/j.neuroimage.
2013.04.061. [PubMed: 23629049] 

Jednoróg K, Altarelli I, Monzalvo K, Fluss J, Dubois J, Billard C, et al. The influence of 
socioeconomic status on children’s brain structure. PloS One. 2012; 7(8):e42486. http://doi.org/
10.1371/journal.pone.0042486. [PubMed: 22880000] 

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL. NeuroImage. 2012; 62(2):
782–790. http://doi.org/10.1016/j.neuroimage.2011.09.015. [PubMed: 21979382] 

Johnson SB, Riis JL, Noble KG. State of the art review: poverty and the developing brain. Pediatrics. 
2016; doi: 10.1542/peds.2015-3075

Kim P, Evans GW, Angstadt M, Ho SS, Sripada CS, Swain JE, Phan KL. Effects of childhood poverty 
and chronic stress on emotion regulatory brain function in adulthood. Proceedings of the National 
Academy of Sciences. 2013; 110(46):18442–18447.

Kumar A, Behen ME, Singsoonsud P, Veenstra AL, Wolfe-Christensen C, Helder E, Chugani HT. 
Microstructural abnormalities in language and limbic pathways in orphanage-reared children: a 
diffusion tensor imaging study. Journal of Child Neurology. 2014; 29(3):318–325. http://doi.org/
10.1177/0883073812474098. [PubMed: 23358628] 

Lambert HK, Sheridan MA, Sambrook K, Rosen M, Askren MK, McLaughlin KA. Hippocampal 
Contribution to Context Encoding across Development is Disrupted following Early-Life 
Adversity. The Journal of Neuroscience : the Official Journal of the Society for Neuroscience. 
2017; 37(7) 2618-16-1934. http://doi.org/10.1523/JNEUROSCI.2618-16.2017. 

Lawson GM, Duda JT, Avants BB, Wu J, Farah MJ. Associations between children’s socioeconomic 
status and prefrontal cortical thickness. Developmental Science. 2013; 16(5):641–652. http://
doi.org/10.1111/desc.12096. [PubMed: 24033570] 

Liu, L., Feng, T., Suo, T., Lee, K., Li, H. Adapting to destitute situations: poverty cues lead to short-
term choice. PLOS One. 2012. htpps://doi.org/10.1371/journal.pone.0033950

Mackey AP, Finn AS, Leonard JA, Jacoby-Senghor DS, West MR, Gabrieli CFO, Gabrieli JDE. 
Neuroanatomical correlates of the income-achievement gap. Psychological Science. 2015; 26(6):
925–933. http://doi.org/10.1177/0956797615572233. [PubMed: 25896418] 

Mabbot DJ, Rovet J, Noseworthy MD, Smith ML, Rockel C. The relations between white matter and 
declarative memory in older children and adolescents. Brain Research. 2009; 1294:80–90. DOI: 
10.1016/j.brainres.2009.07.046 [PubMed: 19632208] 

Maguin E, Loeber R. How well do ratings of academic performance by mothers and their sons 
correspond to grades, academic test scores, and teachers’ ratings? Journal of Behavioral Education. 
1996; 6(4):405–425.

Marcus DS, Harms MP, Snyder AZ, Jenkinson M, Wilson JA, Glasser MF, et al. Human Connectome 
Project informatics: quality control, database services, and data visualization. NeuroImage. 2013; 
80:202–219. http://doi.org/10.1016/j.neuroimage.2013.05.077. [PubMed: 23707591] 

MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analysis. Annual Review of Psychology. 2007; 
58:593–614. DOI: 10.1146/annurev.psych.58.110405.085542

McLaughlin KA. Future directions in childhood adversity and youth psychopathology. Journal of 
Clinical Child and Adolescent Psychology. 2016; 45(3):361–382. DOI: 
10.1080/15374416.2015.1110823 [PubMed: 26849071] 

Rosen et al. Page 20

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1111/cdev.12069
http://doi.org/10.1016/j.neuroimage.2013.04.061
http://doi.org/10.1016/j.neuroimage.2013.04.061
http://doi.org/10.1371/journal.pone.0042486
http://doi.org/10.1371/journal.pone.0042486
http://doi.org/10.1016/j.neuroimage.2011.09.015
http://doi.org/10.1177/0883073812474098
http://doi.org/10.1177/0883073812474098
http://doi.org/10.1523/JNEUROSCI.2618-16.2017
http://doi.org/10.1111/desc.12096
http://doi.org/10.1111/desc.12096
htpps://doi.org/10.1371/journal.pone.0033950
http://doi.org/10.1177/0956797615572233
http://doi.org/10.1016/j.neuroimage.2013.05.077


McLaughlin KA, Sheridan MA. Beyond Cumulative Risk: A Dimensional Approach to Childhood 
Adversity. Current Directions in Psychological Science. 2016; 25(4):239–245. http://doi.org/
10.1177/0963721416655883. [PubMed: 27773969] 

McLaughlin KA, Sheridan MA, Lambert HK. Childhood adversity and neural development: 
deprivation and threat as distinct dimensions of early experience. Neuroscience and Biobehavioral 
Reviews. 2014; 47:578–591. http://doi.org/10.1016/j.neubiorev.2014.10.012. [PubMed: 25454359] 

McLaughlin, KA., Sheridan, MA., Nelson, CA. Neglect as a Violation of Species-Expectant 
Experience: Neurodevelopmental Consequences. Biological Psychiatry. 2017. http://doi.org/
10.1016/j.biopsych.2017.02.1096

Miyake A, Friedman NP. The nature and organization of individual differences in executive functions: 
Four general conclusions. Current Directions in Psychological Science. 2012; 21(1):8–14. https://
doi.org/10.1177/0963721411429458. [PubMed: 22773897] 

Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, Mazziotta J. Stereotaxic white matter atlas based 
on diffusion tensor imaging in an ICBM template. Neuroimage. 2008; 40(2):570–582. DOI: 
10.1016/j.neuroimage.2007.12.035 [PubMed: 18255316] 

Mott FL. The Utility of the HOME-SF Scale for Child Development Research in a Large National 
Longitudinal Survey: The National Longitudinal Survey of Youth 1979 Cohort. Parenting: Science 
and Practice. 2004; 4(2–3) https://doi.org/10.1080/15295192.2004.9681273. 

Noble KG, Grieve SM, Korgaonkar MS, Engelhardt LE, Griffith EY, Williams LM, Brickman AM. 
Hippocampal volume varies with educational attainment across the life-span. Frontiers in Human 
Neuroscience. 2012; 6:307. http://doi.org/10.3389/fnhum.2012.00307. [PubMed: 23162453] 

Noble KG, Houston SM, Brito NH, Bartsch H, Kan E, Kuperman JM, et al. Family income, parental 
education and brain structure in children and adolescents. Nature Neuroscience. 2015; 18(5):773–
778. http://doi.org/10.1038/nn.3983. [PubMed: 25821911] 

Noble KG, Houston SM, Kan E, Sowell ER. Neural correlates of socioeconomic status in the 
developing human brain. Developmental Science. 2012:1–12. doi:10:1111/j.
1467-7687.2012.01147.x. [PubMed: 22251286] 

Noble KG, Korgaonkar MS, Grieve SM, Brickman AM. Higher education is an age-independent 
predictor of white matter integrity and cognitive control in late adolescence. Developmental 
Science. 2013; 16(5):653–664. http://doi.org/10.1111/desc.12077. [PubMed: 24033571] 

Noble KG, McCandliss BD, Farah MJ. Socioeconomic gradients predict individual differences in 
neurocognitive abilities. Developmental Science. 2007; 10(4):464–480. http://doi.org/10.1111/j.
1467-7687.2007.00600.x. [PubMed: 17552936] 

Noble KG, Norman MF, Farah MJ. Neurocognitive correlates of socioeconomic status in kindergarten 
children. Developmental Science. 2005; 8(1):74–87. http://doi.org/10.1111/j.
1467-7687.2005.00394.x. [PubMed: 15647068] 

Noble KG, Wolmetz ME, Ochs LG, Farah MJ, McCandliss BD. Brain-behavior relationships in 
reading acquisition are modulated by socioeconomic factors. Developmental Science. 2006; 9(6):
642–654. [PubMed: 17059461] 

Peters S, Van Duijvenvoorde AC, Koolschijn PC, Crone EA. Longitudinal development of 
frontoparietal activity during feedback learning: contribitions of age, performance, working 
memory and cortical thickness. Developmental Cognitive Neuroscience. 2016; 19:211–22. DOI: 
10.1016/j.dcn.2016.04.004 [PubMed: 27104668] 

Piccolo LR, Merz EC, He X, Sowell ER, Noble KG. Pediatric Imaging, Neurocognition, Genetics 
Study. Age-Related Differences in Cortical Thickness Vary by Socioeconomic Status. PloS One. 
2016; 11(9):e0162511. http://doi.org/10.1371/journal.pone.0162511. [PubMed: 27644039] 

Quiroga CV, Janosz M, Bisset S, Morin AJS. Early adolescent depression symptoms and school 
dropout: Mediating processes involving self-reported academic competence and achievement. 
Journal of Educational Psychology. 2013; 105(2):552–560.

Raizada RDS, Richards TL, Meltzoff A, Kuhl PK. Socioeconomic status predicts hemispheric 
specialisation of the left inferior frontal gyrus in young children. NeuroImage. 2008; 40(3):1392–
1401. [PubMed: 18308588] 

Raschle N, Zuk J, Ortiz-Mantilla S, Sliva DD, Franceschi A, Grant PE, et al. Pediatric neuroimaging in 
early childhood and infancy: challenges and practical guidelines. Annals of the New York 

Rosen et al. Page 21

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1177/0963721416655883
http://doi.org/10.1177/0963721416655883
http://doi.org/10.1016/j.neubiorev.2014.10.012
http://doi.org/10.1016/j.biopsych.2017.02.1096
http://doi.org/10.1016/j.biopsych.2017.02.1096
https://doi.org/10.1177/0963721411429458
https://doi.org/10.1177/0963721411429458
https://doi.org/10.1080/15295192.2004.9681273
http://doi.org/10.3389/fnhum.2012.00307
http://doi.org/10.1038/nn.3983
http://doi.org/10.1111/desc.12077
http://doi.org/10.1111/j.1467-7687.2007.00600.x
http://doi.org/10.1111/j.1467-7687.2007.00600.x
http://doi.org/10.1111/j.1467-7687.2005.00394.x
http://doi.org/10.1111/j.1467-7687.2005.00394.x
http://doi.org/10.1371/journal.pone.0162511


Academy of Sciences. 2012; 1252(1):43–50. http://doi.org/10.1111/j.1749-6632.2012.06457.x. 
[PubMed: 22524338] 

Roalf DR, Quarmley M, Elliott MA, Satterthwaite TD, Vandekar SN, Ruparel K, Prabhakaran K. The 
impact of quality assurance assessment on diffusion tensor imaging outcomes in a large-scale 
population-based cohort. Neuroimage. 2016; 125:903–919. [PubMed: 26520775] 

Roche A. A four-dimensional registration algorithm with application to joint correction of motion and 
slice timing in fMRI. IEEE Transactions on Medical Imaging. 2011; 30(8):1546–1554. http://
doi.org/10.1109/TMI.2011.2131152. [PubMed: 21427017] 

Romeo RR, Leonard JA, Robinson ST, West MR, Mackey AP, Rowe ML, Gabrieli JDE. “Beyond the 
‘30 million word gap:’ Children’s conversational exposure is associated with language-related 
brain function”. Psychological Science. 2017 Epub ahead of print. 

Rosen, ML., Sheridan, MA., Sambrook, KA., Peverill, MR., Meltzoff, AN., McLaughlin, KA. The role 
of visual association cortex in associative memory formation across development. Journal of 
Cognitive Neuroscience. Epub ahead of print. https://doi.org/10.1162/jocn_a_01202

Siegel JS, Power JD, Dubis JW, Vogel AC, Church JA, Schlaggar BL, Petersen SE. Statistical 
improvements in functional magnetic resonance imaging analyses produced by censoring high-
motion data points. Human Brain Mapping. 2014; 35(5):1981–96. DOI: 10.1002/hbm.22307 
[PubMed: 23861343] 

Shah AK, Mullainathan S, Shafir E. Some consequences of having too little. Science. 2012; 338:682–
685. DOI: 10.1126/science.1222426 [PubMed: 23118192] 

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, et al. Intellectual ability and cortical 
development in children and adolescents. Nature. 2006; 440(7084):676–679. http://doi.org/
10.1038/nature04513. [PubMed: 16572172] 

Sheridan MA, McLaughlin KA. Dimensions of early experience and neural development: deprivation 
and threat. Trends in Cognitive Sciences. 2014; 18(11):580–585. http://doi.org/10.1016/j.tics.
2014.09.001. [PubMed: 25305194] 

Sheridan MA, McLaughlin KA. Neurobiological models of the impact of adversity on education. 
Current Opinion in Behavioral Sciences. 2016; 10:108–113. https://doi.org/10.1016/j.cobeha.
2016.05.013. [PubMed: 29046891] 

Sheridan MA, Peverill M, McLaughlin KA. Deprivation, but not trauma, influences prefrontal 
recruitment during a working memory filtering task. Development and Psychopathology. 2017; 
29:1777–1794. [PubMed: 29162183] 

Sheridan MA, Sarsour K, Jutte D, D’Esposito M, Boyce WT. The Impact of Social Disparity on 
Prefrontal Function in Childhood. PloS One. 2012; 7(4):e35744. http://doi.org/10.1371/
journal.pone.0035744. [PubMed: 22563395] 

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, et al. Tract-based 
spatial statistics: voxelwise analysis of multi-subject diffusion data. NeuroImage. 2006; 31(4):
1487–1505. http://doi.org/10.1016/j.neuroimage.2006.02.024. [PubMed: 16624579] 

Spielberg JM, Galarce EM, Ladouceur CD, McMakin DL, Olino TM, Forbes EE, Dahl RE. Adolescent 
development of inhibition as a function of SES and gender: Converging evidence from behavior 
and fMRI. Human Brain Mapping. 2015; 36(8):3194–3203. [PubMed: 26010995] 

Steinberg AM, Brymer MJ, Decker KB, Pynoos RS. The University of California at Los Angeles Post-
traumatic Stress Disorder Reaction Index. Current Psychiatry Reports. 2004; 6(2):96–100. 
[PubMed: 15038911] 

Tottenham N, Tanaka JW, Leon AC, McCarry T, Nurse M, Hare TA, et al. The NimStim set of facial 
expressions: judgments from untrained research participants. Psychiatry Research. 2009; 168(3):
242–249. http://doi.org/10.1016/j.psychres.2008.05.006. [PubMed: 19564050] 

Urger SE, De Bellis MD, Hooper SR, Woolley DP, Chen SD, Provenzale J. The superior longitudinal 
fasciculus in typically developing children and adolescents: diffusion tensor imaging and 
neuropsychological correlates. Journal of Child Neurology. 2015; 30(1):9–20. http://doi.org/
10.1177/0883073813520503. [PubMed: 24556549] 

Ursache A, Noble KG. Neurocognitive development in socioeconomic context: Multiple mechanisms 
and implications for measuring socioeconomic status. Psychophysiology. 2016; 53(1):71–82. 
http://doi.org/10.1111/psyp.12547. [PubMed: 26681619] 

Rosen et al. Page 22

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1111/j.1749-6632.2012.06457.x
http://doi.org/10.1109/TMI.2011.2131152
http://doi.org/10.1109/TMI.2011.2131152
https://doi.org/10.1162/jocn_a_01202
http://doi.org/10.1038/nature04513
http://doi.org/10.1038/nature04513
http://doi.org/10.1016/j.tics.2014.09.001
http://doi.org/10.1016/j.tics.2014.09.001
https://doi.org/10.1016/j.cobeha.2016.05.013
https://doi.org/10.1016/j.cobeha.2016.05.013
http://doi.org/10.1371/journal.pone.0035744
http://doi.org/10.1371/journal.pone.0035744
http://doi.org/10.1016/j.neuroimage.2006.02.024
http://doi.org/10.1016/j.psychres.2008.05.006
http://doi.org/10.1177/0883073813520503
http://doi.org/10.1177/0883073813520503
http://doi.org/10.1111/psyp.12547


Verbruggen F, Logan GD. Response inhibition in the stop-signal paradigm. Trends in Cognitive 
Sciences. 2008; 12(11):418–424. http://doi.org/10.1016/j.tics.2008.07.005. [PubMed: 18799345] 

Vestergaard M, Madsen KS, Baaré WF, Skimminge A, Ejersbo LR, Ramsoy TZ, Jernigan TL. White 
matter microstructure in the superior longtudinal fasciculus associated with spatiatl working 
memory performance in children. Journal of Cognitive Neuroscience. 2011; 23:2135–2146. 
[PubMed: 20964591] 

Vul E, Harris C, Winkielman P, Pashler H. Puzzlingly High Correlations in fMRI Studies of Emotion, 
Personality, and Social Cognition. Perspectives on Psychological Science : a Journal of the 
Association for Psychological Science. 2009; 4(3):274–290. http://doi.org/10.1111/j.
1745-6924.2009.01125.x. [PubMed: 26158964] 

Walker D, Greenwood C, Hart B, Carta J. Prediction of school outcomes based on early language 
production and socioeconomic factors. Child Development. 1994; 65(2):606–621. DOI: 
10.2307/1131404 [PubMed: 8013242] 

Walker EA, Unutzer J, Rutter C, Gelfand A, Saunders K, VonKorff M, Katon W. Costs of health care 
use by women HMO members with a history of childhood abuse and neglect. Archives of General 
Psychiatry. 1999; 56(7):609–613. [PubMed: 10401506] 

Werchan D, Collins AG, Frank MJ, Amso D. Role of prefrontal cortex in learning and generalizing 
hierarchical rules in 8-month-old infants. The Journal of Neurosciene. 2016; 36(40):10314–10322. 
DOI: https://doi.org/10.1523/JNEUROSCI.1351-16.2016. 

Woolrich MW, Behrens TEJ, Beckmann CF, Jenkinson M, Smith SM. Multilevel linear modelling for 
FMRI group analysis using Bayesian inference. NeuroImage. 2004; 21(4):1732–1747. http://
doi.org/10.1016/j.neuroimage.2003.12.023. [PubMed: 15050594] 

Yeo BTT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M, et al. The organization 
of the human cerebral cortex estimated by intrinsic functional connectivity. Journal of 
Neurophysiology. 2011; 106(3):1125–1165. http://doi.org/10.1152/jn.00338.2011. [PubMed: 
21653723] 

Rosen et al. Page 23

Neuroimage. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1016/j.tics.2008.07.005
http://doi.org/10.1111/j.1745-6924.2009.01125.x
http://doi.org/10.1111/j.1745-6924.2009.01125.x
https://doi.org/10.1523/JNEUROSCI.1351-16.2016
http://doi.org/10.1016/j.neuroimage.2003.12.023
http://doi.org/10.1016/j.neuroimage.2003.12.023
http://doi.org/10.1152/jn.00338.2011


Figure 1. 
Associations of SES with parent-reported achievement (A), and working memory 

performance (B).
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Figure 2. 
Associations between cognitive stimulation in the home environment and cortical thickness 

in the left frontoparietal network.
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Figure 3. 
A) Definitions of left and right superior longitudinal fasciculus. B) Associations between 

SES and fractional anisotropy in the superior longitudinal fasciculi.
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Figure 4. 
Whole brain activation associations during a working memory paradigm using mean-

centered predictor of log income-to-needs during: A) Encoding, B) Delay, and C) Probe.
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Figure 5. 
Associations between FA in left SLF and parent-reported achievement (A) and between 

activation in regions that show whole-brain association with SES and parent-reported 

achievement (B and C).
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Figure 6. 
Mediation model. Cognitive stimulation, WM performance, white matter connectivity in the 

frontoparietal network, and neural recruitment during the working memory task mediate the 

association between SES and parent-reported achievement (95% CI: .089 to .766).
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