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Income inequality in the United States has risen dra-
matically in recent decades (Saez & Zucman, 2016). The 
mental health implications of this shift are significant; 
children from socioeconomically disadvantaged neigh-
borhoods are at an increased risk for developing inter-
nalizing (e.g., Deng et al., 2006) and externalizing (e.g., 
Rowland et al., 2018) disorders. Given the established 
link between socioeconomic disadvantage and psycho-
pathology, it is critical to better understand the neuro-
developmental mechanisms driving this association.

Making decisions on the basis of prior reward is 
central to shaping adaptive behavior. Socioeconomi-
cally disadvantaged youths grow up with diminished 
access to rewards and demonstrate structural aberra-
tions in several subcortical structures that underlie 
reward-guided decision-making ( Jenkins et al., 2020), 
and early life stress is associated with blunted ventral 
striatal recruitment during reward processing (Hanson 

et al., 2016). Similarly, children with internalizing and 
externalizing problems demonstrate aberrant dorsal and 
ventral striatal recruitment during reward processing 
(Bjork, Chen, Smith, & Hommer, 2010; Guyer et  al., 
2014). Importantly, relatively few studies have directly 
probed the impact of childhood socioeconomic disad-
vantage on brain function and, in turn, how aberrant 
neural recruitment during reward processing shapes 
risk for psychopathology in disadvantaged children.

The Adolescent Brain Cognitive Development (ABCD) 
study provides an unprecedented opportunity to specify 
the relationship among deprivation, psychopathology, 
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Abstract
Implementing motivated behaviors on the basis of prior reward is central to adaptive human functioning, but aberrant 
reward-motivated behavior is a core feature of neuropsychiatric illness. Children from disadvantaged neighborhoods 
have decreased access to rewards, which may shape motivational neurocircuits and risk for psychopathology. Here, 
we leveraged the unprecedented neuroimaging data from the Adolescent Brain Cognitive Development (ABCD) 
study to test the hypothesis that neighborhood socioeconomic disadvantage shapes the functional recruitment of 
motivational neurocircuits in children. Specifically, via the ABCD study’s monetary-incentive-delay task (N = 6,396 
children; age: 9–10 years), we found that children from zip codes with a high Area Deprivation Index demonstrate 
blunted recruitment of striatum (dorsal and ventral nuclei) and pallidum during reward anticipation. In fact, blunted 
dorsal striatal recruitment during reward anticipation mediated the association between Area Deprivation Index and 
increased attention problems. These data reveal a candidate mechanism driving elevated risk for psychopathology in 
children from socioeconomically disadvantaged neighborhoods.
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and motivational-neurocircuit neurodevelopment. A rep-
resentative sample of children from the United States 
completed a battery of clinical, demographic, and func-
tional neuroimaging assessments in the baseline ABCD 
visit (Garavan et al., 2018). Here, we leveraged ABCD’s 
monetary-incentive-delay (MID) functional MRI (fMRI) 
task, which involves working to obtain rewards or avoid 
losses, is a robust activator of motivational neurocircuits 
(Knutson, Adams, Fong, & Hommer, 2001), and is sensi-
tive to neurodevelopmental differences (Bjork, Smith, 
Chen, & Hommer, 2010). We also examined psychopa-
thology measures (Child Behavior Checklist, or CBCL; 
Achenbach & Rescorla, 2001) and a measure of neighbor-
hood deprivation via U.S. Census data (Area Deprivation 
Index, or ADI; standardized to 100 ± 20; higher numbers 
indicate greater deprivation; Kind et  al., 2014). Our 
hypothesis was that ADI would be associated with 
blunted recruitment of motivational neurocircuits during 
reward processing, which was expected to mediate the 
association between ADI and psychopathology.

Method

Participants

After downloading the prepackaged baseline ABCD 
data set from the National Institute of Mental Health 
Data Archive, we filtered the data to include only par-
ticipants who (a) completed the MID task, (b) had 
parent-reported CBCL scores available, (c) had a par-
ent-reported zip code enabling the ADI calculation, and 
(d) were scanned on Siemens or GE scanners.1 This led 
to the inclusion of 6,396 children (age: 9–10 years) in 
the current study. The sample size of the ABCD study 
was designed to be sufficient to detect small to medium 
effect sizes at the population level (Garavan et al., 2018).

The ABCD sample is socioeconomically diverse. In 
the current sample, 18% of children were from house-
holds with a combined annual income of less than 
$35,000 (51% female; 71% nonmarried parents; age:  
M = 119.0 months, SD = 7.41, SEM = 0.22; 49% non-White; 
ADI: M = 106.3, SD = 14.0, SEM = 0.41), 9% of children 
were from households with a combined annual income 
of $35,000 to $50,000 (53% female; 52% nonmarried 
parents; age: M = 119.2 months, SD = 7.42, SEM = 0.32; 
36% non-White; ADI: M = 102.7, SD = 14.9, SEM = 0.63), 
14% of children were from households with a combined 
annual income of $50,000 to $75,000 (48% female; 32% 
nonmarried parents; age: M = 119.3 months, SD = 7.47, 
SEM = 0.25; 20% non-White; ADI: M = 99.9, SD = 14.9, 
SEM = 0.51), 15% of children were from households 
with a combined annual income of $75,000 to $100,000 
(51% female; 17% nonmarried parents; age: M = 119.0 
months, SD = 7.57, SEM = 0.24; 14% non-White; ADI: 

M = 96.4, SD = 15.6, SEM = 0.50), 33% of children were 
from households with a combined annual income of 
$100,000 to $200,000 (48% female; 9% nonmarried par-
ents; age: M = 119.7 months, SD = 7.48, SEM = 0.16; 
11% non-White; ADI: M = 90.1, SD = 17.3, SEM = 0.38), 
and 12% of children were from households with a com-
bined annual income of $200,000 or more (49% female; 
5% nonmarried parents; age: M = 119.9 months, SD = 
7.39, SEM = 0.27; 12% non-White; ADI: M = 71.0, SD = 
28.0, SEM = 1.04). Child household income did not vary 
as a function of biological sex (p = .247) but differed 
significantly with respect to parent marital status (p < 
.001), age (p = .003), race (p < .001), and neighborhood 
deprivation (i.e., ADI; p < .001).

ABCD study procedure

MRI scanning.  ABCD data collection took place at 21 
sites across the United States on 3T MRI scanners (Siemens 
Prisma or GE MR750). Study site was included in all infer-
ential analyses as a random effect in the current study to 
ensure that any explained variance was not confounded 
by scanner-specific variance. Participants completed both 
a T1-weighted anatomical MRI sequence—matrix = 256 × 
256; slices = 176 (Siemens), 208 (GE); field of view = 256 × 
256; resolution = 1-mm isotropic space; repetition time = 
2,500 ms (Siemens, GE); echo time = 2.88 ms (Siemens), 
2 ms (GE); flip angle = 8—and two multiband fMRI 
sequences for the MID task—matrix = 90 × 90, slices = 
60, field of view = 216 × 216, resolution = 2.4-mm isotro-
pic space, repetition time = 800 ms, echo time = 30 ms, 
flip angle = 52, multiband factor = 6 (Casey et al., 2018). 
Children completed motion-compliance training prior to 
the MRI scanning session in a mock MRI environment 
that involved motion-capture devices that presented 
feedback to the child. Prospective motion correction for 
the T1-weighted sequence involved the collection of 
brief head-tracking images embedded within the main 
sequence and compensation for head motion on the 
basis of those images (Hagler et al., 2019). Additionally, 
for fMRI data collected at all study sites using Siemens 
scanners, Framewise Integrated Real-Time MRI Monitor-
ing software (Dosenbach et al., 2017) was used to track 
participants’ head motion in real time, enabling scanner 
operators to correct motion by providing verbal feedback 
to participants or to collect additional data (Hagler et al., 
2019). All scans were completed using standard adult-size 
multichannel head coils because the use of custom age-
appropriate head coils would confound future longitudinal 
analyses of the ABCD study data. Stimuli for the MID task 
were presented using E-Prime Professional software (Ver-
sion 2.0; Schneider, Eschman, & Zuccolotto, 2012), and 
responses were recorded with Current Designs button 
boxes (Science Plus Group, Groningen, The Netherlands).
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Image preprocessing.  The ABCD fMRI preprocessing 
and analysis stream is maintained by the ABCD Data 
Analysis and Informatics Center. Collectively, these scripts 
are referred to as the Multi-Modal Processing Stream 
(Hagler et al., 2019) and incorporate functions from open-
source neuroimaging software packages (e.g., FreeSurfer: 
Fischl, 2012; the FMRIB Sofware Library (fsl.fmrib.ox.ac 
.uk); and Analysis of Functional NeuroImages: Cox, 1996). 
For a comprehensive description of the analysis pipeline, 
see Hagler et al. (2019). Briefly, analysis of the T1-weighted 
structural images involved a combination of gradient 
warp correction, bias field correction, and resampling to 
1-mm isotropic space. Analysis of the fMRI data comprised 
motion correction, B0 distortion correction, gradient warp 
correction, and resampling to 2.4-mm isotropic space. For 
retrospective head-motion correction, the ABCD team 
regressed out variance associated with translational and 
rotational head movements and censored time points with 
framewise displacement above 0.9 mm (Hagler et al., 2019), 
and we included mean framewise displacement as a covari-
ate in all group-level fMRI models.

MID task.  Casey et al. (2018) provided full details on 
the MID task and all ABCD fMRI data-collection proto-
cols. Each trial of the MID task starts with an incentive 
cue telling participants that they have a chance to win 
money (reward trial), have a chance to lose money (loss 
trial), or have no money at stake (neutral trial; Fig. 1b). 
Participants then make a speeded response to a target, 
titrated to ensure approximately 60% accuracy. If partici-
pants respond in time, they receive positive feedback 
(win money or avoid losing money); otherwise, they 
receive negative feedback (do not win money or lose 
money). As in the standard procedure for the MID task 
(Knutson et  al., 2001), reward and loss trials randomly 
varied between small ($0.20) and large ($5.00) incentives. 
In total, the MID task contained 40 reward trials, 40 loss 
trials, and 20 neutral trials split evenly across two fMRI 
runs. Primary fMRI contrasts on the MID task are (a) 
reward anticipation versus neutral, (b) loss anticipation 
versus neutral, (c) reward positive versus negative feed-
back, and (d) loss positive versus negative feedback. The 
ABCD team also segmented participant-specific motiva-
tional-neurocircuit regions of interest (ROIs) via FreeSurfer 
(Fischl, 2012) and computed mean beta weights in our 
motivation-circuit ROIs during all four primary contrasts.

Child Behavior Checklist (CBCL).  To assay psycho-
pathology, we focused on parent-reported CBCL data 
from the Achenbach System of Empirically Based Assess-
ment (ASEBA; Achenbach & Rescorla, 2001). We primar-
ily focused on the ASEBA domains of internalizing and 
externalizing problems, which assay a set of issues com-
monly faced by children with developmental psychopa-
thology. The internalizing-problems domain comprises 

three subdomains: anxious-depressed symptoms (e.g., 
“fears going to school”), withdrawn-depressed symptoms 
(e.g., “would rather be alone than with others”), and 
somatic complaints (e.g., “stomachaches”). The external-
izing-problems domain of the ASEBA also comprises 
three subdomains: attention problems (characterized by 
both inattention, e.g., “can’t concentrate, can’t pay atten-
tion for long,” and hyperactivity/impulsivity, e.g., “can’t 
sit still, restless, or hyperactive”), aggression (e.g., “cru-
elty, bullying, or meanness to others”), and rule-breaking 
behaviors (e.g., “destroys things belonging to his/her 
family or others”).

Current analysis

Local processing and analysis of ABCD data were per-
formed using Python (Version 3.7.6; Python Core Team, 
2019) and the R programming environment (Version 
3.5.0; R Core Team, 2018). The code is provided in the 
Supplemental Material available online, and the results 
can be recreated by any researchers with authorization 
to download the ABCD data. In the current study, we 
focused on four ROIs from the MID-task data set: amyg-
dala, ventral striatum (accumbens area), dorsal striatum 
(caudate and putamen), and pallidum (see Fig. 1a). Prior 
meta-analytic research has highlighted the selected 
ROIs as being critical to a network of subcortical struc-
tures that underlie reward processing throughout 
development (Silverman, Jedd, & Luciana, 2015). Fur-
thermore, recent evidence has demonstrated structure 
variations in these ROIs based on socioeconomic dis-
advantage in youth ( Jenkins et  al., 2020). For the 
reward-anticipation-versus-neutral and loss-anticipation-
versus-neutral models, we filtered out participants with 
beta weights in any of these ROIs 3 times the inter-
quartile range, resulting in final samples of 6,235 for 
any analyses of the reward-anticipation-versus-neutral 
contrast, 6,238 for any analyses of the loss-anticipation-
versus-neutral contrast, 6,160 for any analyses of the 
reward-positive-versus-negative-feedback contrast, and 
6,153 for any analyses of the loss-positive-versus-
negative-feedback contrast.

The current analysis proceeded in three phases. In 
Phase 1, we modeled psychopathology (CBCL-domain 
scores) as a function of neighborhood socioeconomic 
disadvantage (ADI). In Phase 2, we modeled MID-task 
fMRI activity (reward-anticipation-versus-neutral contrast, 
loss-anticipation-versus-neutral contrast, reward-positive-
versus-negative-feedback contrast, and loss-positive-
versus-negative-feedback contrast) within our a priori 
ROIs as a function of ADI. Importantly, all models were 
fitted first with household ADI as a single fixed effect 
and then in a linear mixed-effects model covarying for 
potential confounds including five fixed effects (age in 
months, biological sex, race, parents’ marital status, and 
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framewise displacement for fMRI models) and one ran-
dom effect (ABCD study site). This was done to mini-
mize the variance explained by these confounds, given 
that children from different socioeconomic backgrounds 
have distinct demographic features. If ADI did not have 
a statistically significant effect on a given outcome vari-
able in the univariate model, we did not proceed to the 
mixed-effects model. Lastly, in Phase 3, we investigated 
the potential mediating relationship of motivational-
neurocircuit recruitment on the association between 
ADI and psychopathology. First, we generated correla-
tion matrices of all the variables in the current study 
(ADI, CBCL-subdomain scores, and MID-task motiva-
tional-neurocircuit activations). Next, for any ROI in 
which motivational-neurocircuit activation was corre-
lated with both ADI and CBCL scores, we constructed 
mediation models using 1,000 bootstrapped samples to 
test for statistically significant direct and indirect effects. 
Notably, a false-discovery-rate (FDR) procedure was 
used to correct for multiple comparisons in each phase 
of the analysis pipeline (q < 0.05).

Results

Association between neighborhood 
deprivation and psychopathology

We modeled the CBCL internalizing and externalizing 
domains as a function of household ADI, both with and 
without covarying for potential confounding variables. 
An FDR correction was applied at each step. These 
models suggested that both externalizing and internal-
izing problems were higher in children from socioeco-
nomically disadvantaged neighborhoods (i.e., had 
higher ADI scores), externalizing: b = 0.047, SE = 0.006, 
t(6233) = 7.59, q < 7.56e-14; internalizing: b = 0.030,  
SE = 0.006, t(6233) = 4.67, q = 3.06e-06. These effects 
remained significant after covarying for race, parents’ 
marital status, and study site (externalizing: b = 0.037, 
SE = 0.008, q < 5.28e-6; internalizing: b = 0.023, SE = 
0.008, q = 0.005). Notably, age and sex were not 
included as covariates, given that the CBCL dependent 
measures had already been age- and gender-normalized 
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(Achenbach & Rescorla, 2001). Full-model parameter 
estimates and inferential results for the mixed-effects 
models are provided in Table S1 in the Supplemental 
Material. In sum, increased neighborhood-area depriva-
tion was associated with elevated levels of develop-
mental psychopathology in children from the ABCD 
study.

Association between neighborhood 
deprivation and MID-task neural activity

Reward-anticipation-versus-neutral contrast.  We 
modeled mean beta weights during reward anticipation 
within eight a priori subcortical ROIs that are pivotal to 
motivated behavior—namely, amygdala, ventral striatum, 
dorsal striatum, and pallidum (left and right hemi-
spheres)—as a function of household ADI. As in the 
CBCL analyses, models were fitted with household ADI 
as a direct fixed effect and then with several potentially 
confounding mixed effects included as covariates. Fur-
ther, we applied an FDR correction for multiple compari-
sons across ROIs at each level. Household ADI did not 
predict amygdala recruitment in either hemisphere (left: 
q = 0.464; right: q = 0.482). Conversely, household ADI 
was associated with decreased ventral striatal activa-
tion—left: b = −0.0003, SE = 0.0001, t(6174) = −2.27, q = 
0.03; right: b = −0.0003, SE = 0.0001, t(6174) = −2.83, q = 
0.009—dorsal striatal activation—left: b = −0.0004, SE = 
0.0001, t(6174) = −4.06, q = 0.0002; right: b = −0.0005, SE = 
0.0001, t(6174) = −4.44, q = 0.00007—and pallidum acti-
vation—left: b = −0.0002, SE = 0.00009, t(6174) = −2.23, 
q = 0.03; right: b = −0.0003, SE = 0.00009, t(6174) = −3.70, 
q = 0.0006—during reward anticipation relative to neutral 
trials. The effects of ADI on bilateral dorsal striatal recruit-
ment—left: b = −0.0004, SE = 0.0001, t(6174) = −3.17, q = 
0.006; right: b = −0.0004, SE = 0.0001, t (6174) = −3.62, 
q = 0.003—right ventral striatal recruitment—b = −0.0004, 
SE = 0.0001, t(6174) = −2.43, q = 0.032—and right palli-
dum recruitment—b = −0.0003, SE = 0.0001, t(6174) = 
−2.86, q = 0.012—were robust to the inclusion of age, sex, 
marital status, framewise displacement, and study site as 
covariates (Fig. 2a). Left ventral striatum (q = 0.144) and 
pallidum (q = 0.271) were no longer associated with ADI 
after the covariates were fitted. Full-model parameter esti-
mates and inferential results for the mixed-effects models 
are provided in Tables S2 to S5 in the Supplemental Mate-
rial. In sum, higher neighborhood deprivation predicts 
blunted recruitment of motivational neurocircuits—particu-
larly in the right hemisphere—during reward anticipation 
relative to neutral trials.

Loss-anticipation-versus-neutral and feedback con- 
trasts.  Beta weights from our a priori ROIs during 
loss anticipation were modeled as a function of house-
hold ADI. Household ADI did not significantly predict 

recruitment of any motivational-neurocircuit ROIs in 
the loss-anticipation-versus-neutral contrast (all qs ≥ 0.110).  
We ran additional analyses of motivational-neurocircuit 
recruitment during the feedback epoch, contrasting reward 
positive versus negative feedback and loss positive ver-
sus negative feedback. Household ADI significantly pre-
dicted increased bilateral amygdala recruitment in the 
reward-positive-versus-negative-feedback contrast—left: 
b = 0.0004, SE = 0.0001, t(6176) = 3.23, q = 0.010; right:  
b = 0.0004, SE = 0.0001, t(6176) = 2.56, q = 0.041—but 
these effects were not significant when analyses covaried 
for age, sex, parent marital status, framewise displace-
ment, and study site (all qs = 0.364). ADI did not predict 
reward-positive-versus-negative-feedback contrast beta 
weights in any of the other ROIs (all qs ≥ 0.232), nor did 
it predict loss-positive-versus-negative-feedback contrast 
beta weights in any ROIs (all qs ≥ 0.308). Therefore, the 
observed effects of household ADI on motivational-
neurocircuit recruitment seem to be selectively associated 
with reward anticipation, with no robust effects observed 
in the loss-anticipation or incentive-feedback contrasts.

Reaction time (RT) controls.  It is possible that house-
hold ADI was associated with RTs during reward antici-
pation, which might have impacted its association with 
motivational-neurocircuit recruitment. We addressed this 
potential confound in two ways. First, we observed that 
although household ADI was associated with decreased 
RTs during reward trials—b = −0.360, SE = 0.025, t(6174) = 
−14.2, p < 2.0e-16—this effect was not robust to model-
ing the same confound variables that were included as 
covariates in the reward-anticipation-versus-neutral fMRI 
models (p = .114; Table S6 in the Supplemental Material). 
Second, given that our fMRI contrasts examined the differ-
ence between motivational-neurocircuit recruitment on 
reward-anticipation-versus-neutral trials, we ran additional 
models on the effect of ADI on the reward-anticipation-ver-
sus-neutral trial RT ratio: reward-anticipation-versus-neutral 
RT = (reward RT – neutral RT)/(reward RT + neutral RT). 
Modeling reward-anticipation-versus-neutral RT with an iso-
lated fixed effect of household ADI did not yield a signifi-
cant association between these variables (p = .747). 
Therefore, it does not appear that RTs—either during reward 
anticipation in isolation or during reward anticipation rela-
tive to neutral trials—were unexpectedly confounding the 
observed effects of ADI on motivational-neurocircuit recruit-
ment during reward anticipation.

Neural mediation of the link between 
neighborhood deprivation and 
psychopathology

We generated a correlation matrix comprising ADI 
(after regressing out the potential confound variables 
included in our fMRI models), CBCL-subdomain scores 
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(anxiety/depression, withdrawn, somatic complaints, 
aggression, attention problems, and rule breaking), and 
reward-anticipation-versus-neutral neural recruitment. 
This correlation matrix suggested that bilateral dorsal 

striatum recruitment during reward anticipation was 
associated with both household ADI and CBCL atten-
tion problems (Fig. 2b). On the basis of our a priori 
interest in examining the mechanisms driving the 
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association between socioeconomic disadvantage and 
psychopathology, we fitted mediation models examin-
ing whether dorsal striatum recruitment during reward 
anticipation mediates the association between ADI and 
attention problems to probe this three-way relationship. 
These models were subjected to an FDR correction. The 
results indicated that bilateral dorsal striatum recruit-
ment significantly mediated the association between 
ADI and attention-problems subdomain scores—left: 
ab: b = 0.008, SE = 0.004, z = 1.98, q = 0.048; right: ab: 
b = 0.009, SE = 0.004, z = 2.19, q = 0.048 (Fig. 2c; Table 
S7 in the Supplemental Material).

Discussion

These data suggest that neighborhood deprivation is 
associated with decreased recruitment of motivational 
neurocircuits—dorsal and ventral striatum as well as 
pallidum—during reward anticipation. Of particular 
relevance to public health, dorsal striatum activation 
during reward anticipation mediated the association 
between deprivation and attention problems in chil-
dren. Previous studies have found aberrant dorsal stria-
tal morphology in children with attention-deficit/
hyperactivity disorder extending into adolescence 
(Shaw et al., 2014), suggesting that it will be critical to 
track longitudinal changes in dorsal striatum recruit-
ment during reward processing and attention problems 
via future ABCD time points. Impaired reward-motivated 
behavior and attention problems can have devastating 
consequences as children progress through adoles-
cence and adulthood (e.g., criminality, substance mis-
use), and specifying the mechanisms driving this 
relationship is a critical topic for facilitating evidence-
based intervention.

More than any other ROI, dorsal striatum was 
impacted by neighborhood deprivation and mediated 
its relationship to externalizing. Whereas ventral stria-
tum has been implicated in goal-directed reward 
learning, dorsal striatum has been implicated in 
action-outcome habitual learning (Balleine & O’Doherty, 
2010). This suggests that interventions to reduce exter-
nalizing in children from deprived neighborhoods 
would do well to focus on shaping the environment to 
set up the child for success, rather than providing, for 
example, verbal instruction to change goal-directed 
behavior. Continued research on the neurobiological 
effects of neighborhood deprivation across adolescence 
(via ABCD) could be essential in informing the design 
of such interventions.

Three limitations should be noted. First, we leveraged 
mean beta weights in a priori ROIs to define motivational-
neurocircuit activation. This may cause Type II errors if 
sub-ROI clusters wash out in the average or if unanalyzed 

ROIs were impacted by deprivation. In future studies, 
researchers should conduct whole-brain voxel-wise anal-
ysis of the ABCD MID-task data to determine whether 
ROIs beyond the scope of the current study are impacted 
by neighborhood deprivation. Second, parent-reported 
measures of internalizing in children are influenced by 
rater bias (Youngstrom, Loeber, & Stouthamer-Loeber, 
2000), which may be the reason that we did not detect a 
relationship between MID-task striatal recruitment and inter-
nalizing subdomains (Knutson, Bhanji, Cooney, Atlas, & 
Gotlib, 2008). Third, these findings do not allow us to 
determine whether neighborhood deprivation modulates 
striatal activation to cause externalizing or whether a 
hidden variable associated with deprivation causes exter-
nalizing and, over time, leads to blunted striatal activa-
tion. Longitudinal analyses are needed to establish the 
temporal priority of these effects in order to test the 
hypothesis that blunted dorsal striatal activation causes 
increased attention problems in socioeconomically dis-
advantaged children.
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