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A B S T R A C T   

During adolescence, rapid development and reorganization of the dopaminergic system supports increasingly 
sophisticated reward learning and the ability to exert behavioral control. Disruptions in the ability to exert 
control over previously rewarded behavior may underlie some forms of adolescent psychopathology. Specif-
ically, symptoms of externalizing psychopathology may be associated with difficulties in flexibly adapting 
behavior in the context of reward. However, the direct interaction of cognitive control and reward learning in 
adolescent psychopathology symptoms has not yet been investigated. The present study used a Research Domain 
Criteria framework to investigate whether behavioral and neuronal indices of inhibition to previously rewarded 
stimuli underlie individual differences in externalizing symptoms in N ¼ 61 typically developing adolescents. 
Using a task that integrates the Monetary Incentive Delay and Go-No-Go paradigms, we observed a positive 
association between externalizing symptoms and activation of the left middle frontal gyrus during response 
inhibition to cues with a history of reward. These associations were robust to controls for internalizing symptoms 
and neural recruitment during inhibition of cues with no reward history. Our findings suggest that inhibitory 
control over stimuli with a history of reward may be a useful marker for future inquiry into the development of 
externalizing psychopathology in adolescence.   

1. Introduction 

Regulating impulses is integral to adaptive decision-making. A 
behavior may be rewarding in certain contexts, such as watching TV on 
the weekend, but not in other contexts, such as watching TV the night 
before an exam. However, if a behavior has previously been rewarding, 
resisting the impulse to engage in that behavior may be difficult (Shoda 
et al., 1990). Thus, monitoring and updating reward contingencies can 
facilitate flexible behavior (Del Arco et al., 2017), which may then 
promote adaptive decision-making (Lee and Carlson, 2015; McCormick 
and Telzer, 2017). 

Adolescents undergo dopaminergic reorganization that supports 
developing control over motivated behavior. During adolescence, 
dopamine system changes drive increased plasticity in circuits 

connecting midbrain, subcortical, and cortical regions that integrate 
motivation and executive processes (Mastwal et al., 2014). These 
changes, which include increases in ventral striatum and prefrontal 
cortex connectivity (Hoops and Flores, 2017) and dopaminergic neuron 
innervation from the midbrain to the prefrontal cortex (Padmanabhan 
and Luna, 2014), support reward learning and behavioral control over 
reward (Romer et al., 2017; Mastwal et al., 2014). The striatum trans-
lates motivational signals into action (Robbins and Everitt, 1996), while 
prefrontal regions such as the inferior frontal gyrus (IFG) and ventro-
medial prefrontal cortex (VMPFC) guide reward-related action selection. 
While the IFG supports inhibitory control (Rubia et al., 2003; Aron et al., 
2014), the VMPFC encodes and updates the value of actions and stimuli 
across time (Gl€ascher et al., 2009; Jocham et al., 2011). Thus, the 
adolescent brain develops connections between the striatum and 
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prefrontal cortex that support the ability to integrate reward learning 
into flexible goal-directed behavior (de Wit et al., 2012; Christakou 
et al., 2011). 

Psychopathology symptoms emerge in adolescence (Costello et al., 
2011), raising the possibility that disruptions in regions supporting 
control over motivated behavior may be related to risk for psychopa-
thology. Regulating behavior in rewarding contexts may be specifically 
related to externalizing behaviors (Bjork and Pardini, 2015), a dimen-
sion of psychopathology characterized by defiance of authority, impulse 
control difficulties, and increased sensation-seeking (Bogg and Finn, 
2010), behaviors which generally increase during adolescence (Moffitt, 
1993). Consistent with this idea, adolescents with externalizing psy-
chopathology demonstrate perseverative responding to previously 
rewarded cues during reversal learning (Fonseca and Yule, 1995; Byrd 
et al., 2014). This response perseveration has been associated with 
perseverative striatal activation and reduced recruitment of cognitive 
control regions (Gatzke-Kopp et al., 2009), suggesting that disruption in 
corticostriatal function may impact the ability to flexibly adapt behavior 
to reward contingency shifts resulting in externalizing psychopathology. 

Better understanding this link is critical, however, most studies 
examining externalizing psychopathology have studied cognitive con-
trol and reward separately. Previous work employing executive func-
tioning tasks such as the Go-No-Go and Stop Signal Tasks have found 
impaired cognitive control and reduced prefrontal cortex recruitment in 
externalizing psychopathology (Castellanos-Ryan et al., 2014; Rubia 
et al., 2005; Wetherill et al., 2013). Research using reward conditioning 
paradigms such as the Monetary Incentive Delay Task have revealed 
associations between externalizing symptoms and altered striatal func-
tion during conditioning (Bjork et al., 2010; Gatzke-Kopp et al., 2009; 
Cohn et al., 2015). However, understanding the interaction of reward 
learning and cognitive control may elucidate the etiology of these 
symptoms as they are proposed to result from difficulty exerting moti-
vational control (Rubia, 2011; Bjork and Pardini, 2015). It may also be 
that individual differences in executive function drive differences in 
reward-related behavior, given that domain-general behavioral disin-
hibition has been found to underly risk for externalizing disorders 
(Iacono et al., 2008; Tarter et al., 2003). However, current paradigms 
are unable to directly compare inhibitory control over responses which 
are previously unrewarded (motorically prepotent) vs previously 
rewarded (motorically prepotent and salient due to reward history) in 
the same task. 

The Conditioned Appetitive Response Inhibition Task (CARIT; 
Winter and Sheridan, 2014) assesses the interaction of reward learning 
with inhibitory control, by measuring the extent to which 
reward-conditioned stimuli disrupt response inhibition. By examining 
inhibition to previously rewarded and unrewarded stimuli in the same 
task, the CARIT directly compares neural responses to inhibitory control 
over these stimuli. This task demonstrates sensitivity to adolescent-onset 
changes in reward-cognition interactions, as adolescents begin to show 
adult-like performance patterns whereby reward history intrudes on 
behavioral control (Davidow et al., 2018). These age-related behavioral 
changes are linked to increased IFG-VMPFC coupling, reinforcing these 
regions as integral to value-based action selection (Davidow et al., 
2018). In contrast, during early childhood, history of reward facilitates 
inhibitory control in the CARIT (Winter and Sheridan, 2014). Reward 
learning may impact inhibitory control through attention, as reward 
conditioning has been found to direct attention to reward-predicting 
cues (Anderson et al., 2011; Bourgeois et al., 2015). Changes in atten-
tional processes would account for both reward-driven facilitation and 
disruption of inhibitory control differentially across age. Value-driven 
attentional capture has been associated with activation in the visual 
cortex, parietal cortex, and posterior cingulate (Small et al., 2003; 
Anderson et al., 2014; Peck et al., 2009). While previous work using the 
CARIT has characterized the developmental trajectory of neural and 
behavioral task performance, individual differences in regulating pre-
viously rewarded behavior remain unexplored. 

The Research Domain Criteria framework conceptualizes psychopa-
thology as a spectrum, whereby developmental processes range from 
normal to abnormal (Insel et al., 2010). Research suggests variation in 
externalizing symptoms in typically developing adolescents (Moffitt, 
1993), which are likely on a continuum with externalizing psychopa-
thology (Walton et al., 2011). Consistent with this framework, we used a 
sample of typically developing adolescents to test whether a link exists 
between inhibitory control over stimuli with a history of reward and 
externalizing symptoms. 

We examined associations between self-reported externalizing 
symptoms and neural recruitment and behavior on the CARIT task. We 
predicted that externalizing symptoms would be associated with 
reduced inhibitory control over stimuli with a history of reward and 
reduced recruitment of the IFG and VMPFC when inhibiting responses to 
previously rewarded cues. Because not just externalizing psychopa-
thology but also the onset of many psychiatric illnesses increases during 
adolescence (Costello et al., 2011), we included controls for internal-
izing psychopathology and examined associations with total psychopa-
thology in separate analyses. 

2. Methods 

2.1. Participants and general study procedures 

We utilized data from 61 adolescents aged 12–17 (Mage ¼ 14.8, SDage 
¼ 1.8; 48 % female), whose demographics are reported in Table 1. These 
adolescents were selected from a larger study of children, adolescents, 
and adults (Davidow et al., 2018) and were selected for the current 
analysis because they completed the Youth Self-Report Questionnaire 
(YSR; Achenbach and Rescorla, 2001) assessing symptoms of psycho-
pathology. Participants were recruited from the Greater Boston area 
using online ads such as craigslist, ads on public transportation, and 
flyers posted in Boston and Cambridge. Exclusion criteria for the larger 
study included self- or parent-reported history of neurological disorders, 
head trauma, formal diagnosis of any psychological or learning disorder, 
having a native language other than English, and having an MRI 
contraindication. Participants provided informed assent and a parent or 
legal guardian provided permission to participate and informed consent. 
All procedures were approved by the Partners Human Research Com-
mittee Institutional Review Board at Massachusetts General Hospital/-
Harvard Medical School. 

We excluded participants who lost at least two (out of three total) 
runs for concerns related to task performance and/or imaging data 

Table 1 
Sample characteristics (n ¼ 61).  

Characteristic Mean (SD) or Count (%) Min (Max) 

Age in years 14.8 (1.8) 12 (17.9) 
Female 29 (48.5 %)  
Race   

White/Caucasian 35 (57.3 %)  
Black/African-American 13 (21.3 %)  
Asian 4 (6.5 %)  
Native American/Alaska Native 1 (1.6 %)  
Bi-racial 4 (6.6 %)  
Unreported 4 (6.6 %)  

Ethnicity   
Latinx 12 (19.7 %)  

Youth Self-Report   
Externalizing   

T-score 46.3 (10.0) 29 (69) 
Symptom count 7.5 (6.1) 0 (25) 

Internalizing   
T-score 47.7 (9.9) 27 (68) 
Symptom count 8.2 (6.4) 0 (29) 

Total   
T-score 46.9 (10.7) 26 (66) 
Symptom count 29.6 (19.1) 1 (70)  
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quality concerns. Participants were excluded for task performance if 
they performed with less than 50 % accuracy on Go trials and/or less 
than 25 % accuracy on No-Go-trials. For imaging data quality criteria 
see 2.5.3 Motion and Nuisance Effects. Five participants were excluded 
from the imaging analysis; two participants were excluded due to 
behavioral performance, two participants were excluded due to both 
behavioral performance and motion, and one participant was excluded 
due to ending the scan session early. The final imaging sample was 56 
adolescents (Mage ¼ 14.8; SDage ¼ 1.8; 45 % female). Those excluded did 
not differ on psychopathology symptoms or demographic variables. 

2.2. Psychopathology symptoms 

The Youth Self-Report Questionnaire (YSR; Achenbach and Rescorla, 
2001) is a widely used child and adolescent self-report measure assess-
ing behavioral and emotional problems along two broadband scales: 
Internalizing and Externalizing Problems. The YSR was used to obtain an 
externalizing, internalizing, and total symptom score for each partici-
pant. Externalizing Problems (α ¼ 0.86) were youth reported symptoms 
on the Rule-Breaking Behavior and Aggressive Behavior subscales. 
Internalizing Problems (α ¼ 0.62) were youth reported symptoms on the 
Anxious/Depressed, Withdrawn/Depressed, and Somatic Complaints 

subscales. Total Problems (α ¼ 0.60) were youth reported symptoms on 
Externalizing Problems, Internalizing Problems, Social Problems, 
Thought Problems, Attention Problems and Other Problems. The val-
idity and reliability for this measure has been well-documented and 
extensive normative data are available for children ranging from 11–18 
years old (Achenbach and Rescorla, 2001). 

2.3. Behavioral Task: Inhibitory control over stimuli with a history of 
reward 

The Conditioned Appetitive Response Inhibition Task (CARIT; 
Winter and Sheridan, 2014; Davidow et al., 2018) was used to assess 
inhibitory control over stimuli with a history of reward. The task con-
sisted of two phases: (1) a reward conditioning phase and (2) an 
inhibitory control phase. The first phase of the CARIT utilized a modified 
version of the Monetary Incentive Delay task (MID; Knutson et al., 2000; 
Fig. 1.A.). The second phase of the CARIT used conditioned cues from 
the MID as No-Go cues in a Go-No-Go paradigm (Fig. 1.B). While the 
MID was performed outside of the scanner, the inhibitory control phase 
was performed inside of the scanner. Both phases of the CARIT were 
practiced outside of the scanner. 

Fig. 1. The Conditioned Appetitive Response Inhibition Task (CARIT) assessing inhibitory control over previously rewarded targets. A. The reward conditioning 
phase (modified MID paradigm) B The inhibitory control phase. Figures reproduced with permission from Davidow et al (2018). 
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2.3.1. Phase I: reward conditioning (MID) 
During each trial of the reward conditioning phase (Fig. 1.A.), the 

participant saw a black drawing of a shape against a white background 
(500 ms) indicating the type of trial. Then, a white fixation cross 
appeared against a black background as a signal to the participant to 
prepare for a rapid button press (jittered time interval; 2000� 2375 ms, 
M ¼ 2187.5, SD ¼ 140.2). Next, a white line drawing of the previously 
cued shape appeared against a black background. While this cue was 
present on screen, the participant was instructed to press a button as 
quickly as possible to obtain the outcome. Then, the participant received 
feedback about whether the response was fast enough along with the 
resulting monetary outcome (1500 ms; Fig. 1.A.). The window of time 
that the cue remained on the screen, during which the participant 
needed to press a button to obtain the outcome, was adjusted dynami-
cally during the task using a staircase algorithm to ensure an equal 
number of positive outcomes across participants (see Davidow et al., 
2018 for details). Each participant’s accuracy was set to 66 %. 

The task consisted of 156 conditioning trials distributed over three 
blocks with 39 of each of the four shapes indicating four types of trials 
(e.g. Loss, No Reward, Low Reward, High Reward) presented in an 
intermixed pseudo-random order. Two shapes, a circle and a triangle, 
were used as conditioned cues; the rewarded shape was counterbalanced 
across participants. The unrewarded shape, for example the circle, was 
never associated with a monetary outcome (No Reward). The rewarded 
shape, for example the triangle indicated by three lines within the shape, 
was associated with a high monetary gain (High Reward); given that the 
participant correctly pressed during the response window, the partici-
pant had a 70 % chance of winning $0.50 and a 30 % chance of winning 
$5.00. Another two shapes were conditioned with a relatively small 
monetary gain (Low Reward; 70 % chance of winning $0.10 and a 30 % 
chance of winning $0.20) and a monetary loss (Loss; 70 % chance of 
losing $1.00 and a 30 % chance of losing $5.00) but were not carried 
forward to the inhibitory control phase of the task and are not analyzed 
here. 

Following the final block of the task, the participants were asked to 
rate each cue based on how they felt about the cue (valence rating), how 
intensely they felt this way (intensity rating), and how important they felt 
that the cue was (importance rating). The participants rated these cues on 
a 5-point Likert scale from 1-very negative to 5-very positive (valence 
rating), 1-not at all intense to 5-very intense (intensity rating), and 1-not 
at all important to 5-very important (importance rating). 

2.3.2. Phase II: inhibitory control (Go-No-Go) 
This phase measured inhibitory control over stimuli with a history of 

reward by measuring the extent to which participants successfully 
withheld motor responses to previously rewarded cues in a Go-No-Go 
paradigm. This phase used two types of No-Go cues: the unrewarded 
cue (Previously Unrewarded target; PU) and the high reward cue (Pre-
viously Rewarded target; PR) from the MID. Critically, these targets no 
longer signaled reward. Therefore, false alarms to PR targets repre-
sented the residual impact of reward conditioning on performance. 

Participants were instructed to press a button as quickly as possible 
to Go stimuli, which appeared frequently (264 trials total), and withhold 
button presses to No-Go stimuli, a group of either PR or PU targets that 
appeared occasionally (96 trials total). Go stimuli were line drawings of 
novel shapes that had not previously appeared in the conditioning 
phase. The order of presentation for all targets was pseudo-randomized. 

Target stimuli were presented in a rapid event related design where 
Go and No-Go targets were presented for 600 ms followed by a jittered 
inter-stimulus-interval ranging from 500� 4500 ms (M ¼1875 ms, SD ¼
1221). Correct and incorrect responses were recorded during a 1100 ms 
response window beginning at the onset of the target. This phase con-
sisted of three runs, each containing 120 trials. 

2.4. Behavioral analysis 

For the MID, motor response bias was calculated by subtracting 
average reaction time (RT) for high reward cues from the average RT for 
unrewarded cues (unrewarded > high reward RT). Higher values indi-
cated more speeding to reward (i.e., greater response bias). In addition, 
self-report ratings for unrewarded cues were subtracted from self- 
reported ratings for high reward cues, generating three values repre-
senting the difference between high reward cues and unrewarded cues 
in valence, intensity, and importance (high reward > unrewarded self- 
report ratings). Greater values indicated greater subjective valuation 
of reward. 

For the inhibitory control phase of the CARIT, accuracy scores on PU 
No-Go stimuli were subtracted from accuracy scores on PR No-Go 
stimuli (PR > PU accuracy). Lower values indicated poorer inhibitory 
control over stimuli with a history of reward. 

To assess for the relationship between these behavioral measures and 
psychopathology symptoms, we used a multiple linear regression model 
in R (R Development Core Team, 2008), controlling for age and sex. We 
examined associations with externalizing symptoms with and without 
controlling for internalizing symptoms. Next, we examined associations 
with domain-general total psychopathology symptoms. 

We regressed behavioral measures in the MID on symptoms to 
indicate how psychopathology symptoms may relate to differences in 
reward sensitivity through motor response bias and self-reported reward 
valuation. We regressed inhibitory control over stimuli with a history of 
reward on symptoms to indicate how psychopathology symptoms may 
relate to differences in the ability to inhibit previously rewarded 
behavior. 

2.5. fMRI 

2.5.1. MRI acquisition 
Imaging data was acquired at the MGH/HST Athinoula A. Martinos 

Center for Biomedical Imaging on a 3 T CONNECTOM scanner using a 
64-channel phased array head coil. A high-resolution T1-weighted 
multi-echo magnetization-prepared rapid gradient-echo (MEMPRAGE) 
image was acquired. This acquisition was accelerated with generalized 
auto-calibrating partially parallel acquisitions for registration parame-
ters (TR ¼2530 ms; TE ¼1.61 ms, FA ¼ 7�; array ¼ 256 � 256, 208 
slices, voxel resolution ¼ 1.0 mm3, FOV ¼256 mm). 

Functional BOLD images for the inhibitory control phase of the 
CARIT were acquired in three runs of 124 volumes each (372 total 
volumes) of interleaved descending T2*-weighted echo-planar (EPI) 
volumes at oblique transverse orientation (TR ¼2500 ms; TE ¼30 ms; FA 
¼ 90�; array ¼ 72 � 72; 39 slices; effective voxel resolution ¼ 3.0 mm3; 
FOV ¼216 mm). Participants viewed the CARIT task projected onto a 
screen in a mirror mounted on the head coil and used a button box 
compatible with the MR environment to make behavioral responses. 

2.5.2. Preprocessing 
Functional and anatomical brain image data processing and statis-

tical analysis were performed in FMRIB’s Software Library (FSL, www. 
fmrib.ox.ac.uk/fsl). Preprocessing included skull-stripping using the 
Brain Extraction Tool (BET; Smith, 2002), segmentation using FMRIB’s 
Automated Segmentation Tool (FAST; Zhang et al., 2001), realignment 
and motion correction using estimates computed in MCFLIRT (Jenkin-
son et al., 2002), slice-time correction, and spatial smoothing using a 
Gaussian kernel of full width half maximum (FWHM) 5 mm, as 
described in Davidow et al. (2018). 

2.5.3. Motion and nuisance effects 
Nuisance regressors consisted of 24 regressors, comprised of 3-trans-

lational and 3-rotational estimates generated during preprocessing, their 
derivative, their square, and the square of the derivative. These esti-
mates were submitted to Art software (http://gablab.mit.edu/index.php 
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/software) implemented through Nipype (Gorgolewski et al., 2011) to 
identify timepoints where there was greater than 0.9 mm relative 
translational motion for censoring (Siegel et al., 2014) and spikes in 
signal intensity greater than 3 standard deviations away from the 
participant mean for the run. Outlier timepoints were appended to the 
motion nuisance regressor file included in the GLM to be censored. Runs 
were excluded for imaging data quality concerns if there was a single 
relative movement greater than 5 mm and/or 15 % timepoints censored 
from motion and artifact detection. 

2.5.4. fMRI group level statistical analysis 
A general linear model (GLM) was constructed to estimate effects of 

task and control for events of non-interest. The GLM design for task 
events was comprised of equally weighted event onsets and durations for 
the six possible task events: correct and incorrect responses to PR No-Go 
targets, PU No-Go targets, and Go targets (Davidow et al., 2018; Meyer 
et al., 2020). All task regressors were convolved with the canonical 
hemodynamic response function using FSL FEAT. To test for the influ-
ence of reward history manipulation on successful inhibitory control in 
the brain, correct trials of Previously Rewarded (correct PR) No-Go cues 
were contrasted with correct trials of Previously Unrewarded (correct 
PU) No-Go cues while regressing out the effect of non-interest cues. 
Following typical FSL procedures, statistical analysis of functional im-
ages was conducted for each participant and each run. Then, the runs 
were combined in a fixed-effect analysis for each participant using the 
linear registration of functional images to MNI-template space. 

Group level mixed-effect statistical analyses were performed in FSL 
FEAT with FLAME1. All group-level analyses were corrected for age and 
sex. The maps indicating successful inhibitory control over stimuli with 
a history of reward (correct PR > correct PU) were regressed on symp-
tom scores to test for the effect of externalizing symptoms and domain- 
general psychopathology symptoms on neural recruitment during 
reward inhibition. All group-level results were thresholded in FSL using 
a voxel-wise Z-statistic of Z ¼ 2.3 and a cluster threshold of p ¼ 0.05 for a 
family-wise error correction of FWE p < 0.05. 

For display purposes, activation parameter estimates for each 
participant were extracted from a 6 mm3 sphere drawn around the peak 
of activation using FSL featquery, and activation values were converted 
into percent signal change. 

3. Results 

3.1. Sample characteristics 

Demographics and scores from the Youth Self-Report are reported in 
Table 1. Externalizing and internalizing symptoms showed a positive 
correlation (r ¼ 0.52, df ¼ 59, p < 0.001), but were unrelated to age, sex, 
or ethnicity (all |r|’s < .21; all p’s > 0.10). 

3.2. Behavioral performance 

Here, we report results from the CARIT, beginning with the condi-
tioning phase (Phase I) and then the inhibitory control phase (Phase II). 

3.2.1. Phase I: reward conditioning (MID) 

3.2.1.1. Main effects of task. There was a significant effect of reward 
conditioning on reaction time, such that participants responded more 
quickly to the high reward cues (M ¼225.6 ms) relative to the unre-
warded cues (M ¼239.3 ms; t(60) ¼ 7.1, p < 0.001). There was also a 
significant effect of reward conditioning on self-reported valuation, such 
that participants rated the high reward cues as more intense (Mhigh ¼

4.38, Munrewarded ¼ 1.80; t(60) ¼ 14.7, p < 0.001), more important 
(Mhigh ¼ 4.52, Munrewarded ¼ 1.89; t(60) ¼ 15.6, p < 0.001), and more 
positive (Mhigh ¼ 4.64, Munrewarded ¼ 3.13; t(60) ¼ 12.5, p < 0.001) than 

the unrewarded cues. 

3.2.1.2. Association with externalizing psychopathology symptoms. We 
found that externalizing symptoms were not associated with motor 
response bias to high reward cues relative to unrewarded cues (B ¼
-0.49, df ¼ 57, p ¼ 0.13). Similarly, externalizing symptoms were not 
associated with self-reported valuation of cues (all p’s > 0.29). These 
associations remained non-significant when controlling for internalizing 
symptoms (p’s > 0.30). 

3.2.1.3. Association with total psychopathology symptoms. There was a 
non-significant effect of total psychopathology symptoms on motor 
response bias to reward (B ¼ � 0.19, df ¼ 57, p ¼ 0.06). There was a 
significant negative association between total symptoms and subjective 
intensity of reward (B ¼ � 0.02, df ¼ 57, p ¼ 0.04), such that differen-
tiation between the high reward and unrewarded cues on self-reported 
affective intensity decreased as total symptoms increased. Total symp-
toms were not related to self-reported importance or valence of reward 
(all p’s > 0.25). 

3.2.2. Phase II: inhibitory control (Go-No-Go) 

3.2.2.1. Main effects of task. We defined response inhibition as accu-
racy on PU trials controlling for Go trial accuracy to account for indi-
vidual differences in task-related behavior. Participants had 
significantly lower accuracy on PU No-Go targets (M ¼ 0.59) than on Go 
targets (M ¼ 0.96; t(57) ¼ 15.9, p < 0.001), typical of Go-No-Go task 
performance. 

The effect of previous reward conditioning on inhibition was termed 
inhibitory control over stimuli with a history of reward. Inhibitory 
control over stimuli with a history of reward was defined as accuracy on 
PR trials controlling for accuracy on PU trials to account for individual 
differences in inhibitory control. The difference in accuracy on PR No- 
Go targets (M ¼ 0.56) relative to PU No-Go targets (M ¼ 0.59) was 
not significant ((t(57) ¼ 1.7, p ¼ 0.09). 

3.2.2.2. Association with externalizing psychopathology symptoms. There 
was no association between externalizing symptoms and inhibitory 
control over stimuli with a history of reward (B ¼� 0.003, df ¼ 54, p ¼
0.23) or response inhibition (B < � 0.001, df ¼ 54, p ¼ 0.98). In addition, 
externalizing symptoms were not related to changes in false alarms to PR 
relative to PU cues across runs (B ¼ � 0.002, df ¼ 48, p ¼ 0.63). These 
associations remained non-significant when controlling for internalizing 
symptoms (p’s > 0.80). 

3.2.2.3. Association with total psychopathology symptoms. There was a 
non-significant effect of total symptoms on false alarms to PR relative to 
PU targets (B < 0.001, df ¼ 54, p ¼ 0.08). Total symptoms were unre-
lated to changes in false alarms to PR relative to PU cues across runs (B <
0.001, df ¼ 48, p ¼ 0.69) and response inhibition (B < 0.001, df ¼ 53, p 
¼ 0.89). 

3.3. fMRI results 

3.3.1. Main effects of task 
For the main effects of the inhibitory control phase we report on 

neural activation for our primary contrasts of interest: (1) successful 
inhibitory control over stimuli with a history of reward (correct PR >
correct PU) (2) successful response inhibition (correct PU > correct Go). 
Successful inhibition over stimuli with a history of reward revealed a 
large cluster with peak activation in the cuneus that extended inferiorly 
into the fusiform and lingual gyrus, and two clusters in the bilateral 
occipital pole (Table 2; Fig. 2), potentially reflecting subtle visual dif-
ferences between the cues (e.g. stripes in the PR cue). Successful 
response inhibition was associated with four large clusters spanning the 
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dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, temporal 
gyrus, and anterior cingulate cortex. Peak activation in these clusters 
was located in the right orbital frontal cortex, the right middle temporal 
gyrus, the left middle frontal gyrus, and the left insula. (Table 2; Fig. 3). 

3.3.2. Association with externalizing psychopathology symptoms 
During successful inhibition over stimuli with a history of reward, 

externalizing symptoms were associated with increased activation in the 
posterior cingulate, precuneus, parietal regions and left middle frontal 
gyrus (LMFG; Fig. 4.A..; Table 3). As externalizing symptoms increased, 

activation for correct PR relative to correct PU trials increased in these 
areas. Activation in the inferior parietal and prefrontal regions were 
robust for controls for internalizing symptoms (Fig. 4.B.; Table 3). For 
display purposes, parameter estimates from the LMFG, using peak 
activation in this region associated with externalizing symptoms, were 
extracted and plotted with externalizing symptoms, excluding one 
subject whose studentized residuals were identified as an outlier at 
Bonferroni p < 0.05 (Fig. 4.C.). During successful response inhibition, 
externalizing symptoms were associated with decreased activation in 
the left precuneus and left superior parietal (Fig. 5.A.), which were 

Table 2 
Regions of peak activation associated with main effects of the inhibitory control phase of the CARIT (n ¼ 56). Results thresholded using a voxel-wise threshold of Z ¼
2.3 and a cluster threshold of p ¼ 0.05 for a family-wise correction of p < 0.05.  

Contrast Region of Peak Activation Cluster Size x y z Z Value  

Successful Inhibition Over 
Stimuli with a History of Reward        

correct PR > correct PU         
Cuneus 5297 2 � 76 34 4.55 Cluster peak  
Occipital pole (R) 661 32 � 92 0 5.46 Cluster peak  
Occipital pole (L) 586 � 28 � 92 � 6 4.65 Cluster peak 

Successful Response Inhibition        
correct PU > correct Go         

Orbital frontal cortex (R) 10,878 30 20 � 12 6.48 Cluster peak  
~Inferior frontal gyrus (R)        
Middle temporal gyrus (R) 3970 52 � 26 � 6 5.56 Cluster peak  
Temporoparietal junction (R)  62 � 40 28 5.45 Local max  
Middle frontal gyrus (L) 1928 � 32 46 20 5.98 Cluster peak  
Insula (L) 1791 � 30 18 � 8 6.19 Cluster peak  
~Inferior frontal gyrus (L)       

Note: ~ ¼ contiguous with, PR ¼ Previously Rewarded, PU ¼ Previously Unrewarded. 

Fig. 2. Main effect of inhibitory control over Previously Rewarded targets (n ¼ 56). These maps demonstrate increased recruitment of the cuneus, lingual gyrus, 
fusiform gyrus, and occipital cortex during successful inhibition to Previously Rewarded (PR) No-Go relative to successful inhibition to Previously Unrewarded (PU) 
No-Go targets (voxel-wise corrected Z ¼ 2.3, cluster corrected p < 0.05). 
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robust for controls for internalizing symptoms (Fig. 5.B.). 

3.3.3. Association with total psychopathology symptoms 
During successful inhibition over stimuli with a history of reward, 

total symptoms were associated with four clusters in the frontal cortex, 
parietal cortex, precuneus, and posterior cingulate. Peak activation in 
these clusters was located in the precuneus, left intracalcarine cortex, 
left superior frontal cortex, and the left lateral occipital cortex (Fig. 6, 
Table 3). Total symptoms were not associated with changes in activation 
during successful response inhibition. 

4. Discussion 

The present study assessed whether, during adolescence, individual 
differences in the ability to regulate behavior to stimuli with a previous 
reward history were associated with individual differences in psycho-
logical functioning, particularly in the externalizing domain. Adoles-
cence is a period of dramatic change in reward learning and regulatory 
abilities, whereby individuals are increasingly able to integrate infor-
mation about past behaviors and outcomes to guide future-oriented 
decisions (Romer et al., 2017). Conversely, adolescent-onset external-
izing disorders are characterized by difficulty in flexibly adapting 
behavior in response to shifts in action-outcome contingencies (Rubia, 
2011; Byrd et al., 2014). Therefore, reductions in the ability to regulate 
previously rewarded behavior may be a mechanism by which individual 
differences in externalizing symptoms emerge. To date, few studies have 
measured the direct interaction of history of reward and inhibitory 
control. By measuring the extent to which history of reward disrupts 
inhibitory control, the CARIT task can disentangle reward learning from 
executive control processes. 

Although we did not observe an association between externalizing 
symptoms and behavioral performance when inhibiting responses to 
previously rewarded stimuli, we observed associations with neural 
recruitment. Externalizing symptoms were associated with alterations in 
the fronto-parietal control and default mode networks, specifically with 
increased activation in the left middle frontal gyrus (MFG), parietal 
cortex, and posterior cingulate when successfully inhibiting responses to 
PR targets relative to PU targets. Furthermore, activation within the 
MFG was robust for controls for internalizing symptoms. To be suc-
cessful at inhibiting responses to PR targets, participants with more 
externalizing symptoms recruited the left MFG to a greater degree. This 
increased activation, because it is observed in the context of no differ-
ences in task performance, may reflect a compensatory response. The 
MFG has been associated with executive control (Badgaiyan, 2000), 
working memory (McNab and Klingberg, 2008), and representation of 
task rules (Dixon et al., 2018). Previous work has demonstrated asso-
ciations between externalizing psychopathology and reduced MFG 
function during inhibitory control tasks, including 
developmentally-stable hypo-activation in the left MFG associated with 
externalizing symptoms during inhibitory control (Heitzeg et al., 2014; 
Quach et al., 2020). Interestingly, we predicted that we would observe 
associations with recruitment of the IFG based on previous work indi-
cating that the IFG subserves inhibitory control (Rubia et al., 2003; Aron 
et al., 2014). However, we found no associations between IFG recruit-
ment in this task and externalizing symptoms. Adolescents with exter-
nalizing symptoms may recruit different frontal regions for successful 
performance on the CARIT, which integrates inhibitory control with 
reward learning, than on other inhibitory tasks which do not utilize 
stimuli with imbued value. Future research using tasks that assess the 
interaction of inhibitory control with reward in adolescents with 

Fig. 3. Main effect of successful response inhibition to Previously Rewarded (PU) targets relative to successful responses to Go targets (n ¼ 56). These maps 
demonstrate robust positive associations with regions typically recruited in response inhibition tasks, including the inferior frontal gyrus and the anterior cingulate 
cortex (voxel-wise corrected Z ¼ 2.3, cluster corrected p < 0.05). 
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externalizing psychopathology is needed to replicate these findings. 
It has been suggested that risk for externalizing psychopathology 

may be best captured using broad dimensional constructs spanning af-
fective, cognitive, and behavioral domains (Tarter et al., 2003; Iacono 
et al., 2008). Risk for externalizing psychopathology has been postulated 
to occur from both impaired top-down executive function and sensitivity 
in bottom-up reward processing regions (Iacono et al., 2008;Bjork and 
Pardini, 2015), and existing literature has demonstrated associations 
between externalizing symptoms and impaired frontal recruitment 
during cognitive control (Rubia et al., 2005; Castellanos-Ryan et al., 
2014) and reward paradigms (Gatzke-Kopp et al., 2009; Castella-
nos-Ryan et al., 2011). Here, we extended previous research by 
demonstrating that this effect was most strong for response inhibition in 
the context of reward history. By comparing activation during successful 
inhibition to PR targets relative to PU targets, we held response 

inhibition processes constant, thus isolating the effect of reward history 
on inhibitory control. Interestingly, while externalizing-related differ-
ences were specific to inhibition in a reward context, externalizing 
symptoms were unrelated to differences in bottom-up reward-process-
ing regions. These findings suggest that disinhibition associated with 
externalizing psychopathology may be driven by domain-general im-
pairments in executive function, which may nevertheless impact affec-
tive domains requiring cognitive control. We also examined associations 
between externalizing symptoms and response inhibition to PU cues. In 
this sample, we did not observe that externalizing symptoms were 
associated with differences in prefrontal recruitment on these trials. 
Given that we used a typical sample without psychopathology, these 
findings may indicate that measures assessing the impact of reward 
history on inhibitory control are more sensitive than typical inhibitory 
control tasks to individual differences in subclinical symptoms. Future 

Fig. 4. Successful inhibitory control over previously rewarded (PR) relative to previously unrewarded (PU) targets, regressed on externalizing symptoms (n ¼ 56). 
Voxel-wise corrected Z ¼ 2.3 and cluster-corrected p < 0.05. * ¼ controlled for internalizing symptoms. A. Controlled for age and sex. These maps demonstrate 
positive correlation in the left ventrolateral prefrontal cortex, left middle frontal gyrus, and left inferior parietal cortex. B. Controlled for age, sex, and internalizing 
symptoms. These maps demonstrate that increased activation in prefrontal regions associated with externalizing symptoms is robust for controls for internalizing 
symptoms. C. Scatterplot of externalizing symptoms against left middle frontal gyrus (LMFG) BOLD-signal extracted during successful inhibitory control over stimuli 
with a history of reward, for visualization purposes only (MNI152 coordinates: x ¼ � 44, y ¼ 30, z ¼ 30; seed radius ¼ 6 mm3). 
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work should examine these associations in participants with external-
izing psychopathology. 

Cognitive risk-factors underlying externalizing psychopathology 
similarly predict risk for substance use disorders, including impaired 
performance on and reduced prefrontal recruitment during executive 
functioning tasks (Squeglia and Cservenka, 2017; Tervo-Clemmens 

et al., 2017). Furthermore, externalizing psychopathology has been 
linked to increased risk for substance use initiation and substance use 
disorders (Tarter et al., 2003; Squeglia et al., 2017). Thus, our findings 
may have implications for the development of substance use disorders. 
In support of this possibility, reduced MFG function has been consis-
tently identified in adolescents with and at risk for problematic 

Table 3 
Regions of peak activation when successfully inhibiting to Previously Rewarded (PR) relative to Previously Unrewarded (PU) targets associated with psychopathology 
symptoms, controlled for age and sex (n ¼ 56). Results thresholded using a voxel-wise threshold of Z ¼ 2.3 and a cluster threshold of p ¼ 0.05 for a family wise 
correction of p < 0.05.  

Contrast Region of Peak Activation Cluster Size x y z Z Value  

Successful Inhibition Over 
Stimuli with a History of Reward        

correct PR > correct PU        
Externalizing symptoms         

Precuneus 6026 8 � 42 40 4.20 Cluster peak  
Inferior parietal (L)  � 42 � 48 34 4.17 Local max  
Middle frontal gyrus (L) 2491 � 44 30 30 4.11 Cluster peak 

Externalizing symptoms*         
Inferior parietal (L) 1792 � 42 � 48 34 4.63 Cluster peak  
Frontal pole (L) 1460 � 44 54 4 3.88 Cluster peak  
~Middle frontal gyrus (L)       

Total symptoms Precuneus 4857 8 � 42 42 4.33 Cluster peak  
~Posterior cingulate, superior parietal (L)  
Intracalcarine cortex (L) 768 � 12 � 66 4 3.94 Cluster peak  
Superior frontal gyrus (L) 570 � 24 6 54 3.78 Cluster peak  
Middle frontal gyrus (L)  � 28 12 46 3.43 Local max  
Lateral occipital cortex (L) 527 � 30 � 88 38 3.77 Cluster peak 

Note: * ¼ controlled for internalizing symptoms, ~ ¼ contiguous with, PR ¼ Previously Rewarded, PU ¼ Previously Unrewarded. 

Fig. 5. Successful response inhibition to Previously Unrewarded (PU) targets regressed on externalizing symptoms (n ¼ 56). * ¼ controlled for internalizing 
symptoms. A. Controlled for age and sex. These maps demonstrate that externalizing symptoms are associated with decreased activation in parieto-occipital regions 
when successfully inhibiting responses to PU targets relative to successful responses to Go targets. Peak activation in left superior parietal ([MNI152 coordinates: x ¼
� 42, y ¼ � 72, z ¼ 44]; z-value ¼ 3.74, 574 voxels; voxel-wise corrected Z ¼ 2.3 and cluster corrected p < 0.05). B. Additionally controlled for internalizing 
symptoms. These maps demonstrate that decreased activation in parieto-occipital regions associated with externalizing symptoms is robust for controls for inter-
nalizing symptoms. 
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substance use during inhibitory control tasks (Hardee et al., 2014; 
Heitzeg et al., 2015), suggesting shared risk-related effects in this region. 
Prospective research using the CARIT task is needed to evaluate how 
certain adolescents with externalizing symptoms may transition to 
developing substance use disorders. 

Research suggests that the PR target may capture attention to a 
greater degree than the PU target due to the effect of reward condi-
tioning on attention selection (Anderson et al., 2011; Bourgeois et al., 
2015). We found that increases in externalizing and total psychopa-
thology symptoms, as reported on the YSR, were associated with 
increased activation in the posterior cingulate cortex (PCC), the pre-
cuneus, and parietal regions when successfully inhibiting responses to 
PR relative to PU cues. The parietal cortex has been found to direct the 
allocation of attention (Shomstein and Yantis, 2006) and is involved in 
value-driven attention orienting (Anderson, 2019), while the precuneus 
and PCC have been associated with biasing towards salient stimuli 
(Rubia et al., 2009; Small et al., 2003). Age-related increases in posterior 
parietal activation during a rewarded anti-saccade task have been linked 
to externalizing symptoms, which was proposed to reflect develop-
mental differences in orienting attention to reward-predicting cues 
(Quach et al., 2020). It may be that disrupted attention towards reward 
is a more general risk factor for psychopathology, not specific to exter-
nalizing psychopathology. These findings are consistent with previous 
studies suggesting that different forms of psychopathology are associ-
ated with differences in value-driven attentional capture (Sali et al., 
2018; Anderson et al., 2017; Albertella et al., 2020). However, future 
research using a sample with more impaired functioning may be better 
suited to probe these findings. 

We included associations with total psychopathology symptoms to 
evaluate whether a global measure of functioning was more informative 

than dissociating unique variance associated with externalizing symp-
toms. Our analysis indicated that while activation in posterior regions of 
the brain while inhibiting to PR cues might be associated with psycho-
pathology symptoms more generally, activation in the left MFG was 
selectively associated with externalizing symptoms. The specificity of 
these effects to inhibitory control over stimuli with a history of reward 
and not to response inhibition to PU stimuli suggests that the ability to 
regulate behavior to changing reward contingencies may be a useful 
marker for studying adolescent mental health. 

4.1. Study limitations and future directions 

The current study used a sample of typically developing adolescents 
to identify potential neural mechanisms related to symptoms of psy-
chopathology. As a preliminary investigation into the relationship be-
tween inhibitory control over stimuli with a history of reward and 
psychological functioning during adolescence, the present study in-
dicates that neural signaling when inhibiting previously rewarded 
behavior may predict individual differences in symptoms. However, the 
present findings should be considered in tandem with their limitations. 
Consistent with the currently popularized Research Domain Criteria 
(RDoC) framework (Insel et al., 2010), the present study conceptualized 
psychopathology as a continuum whereby normative processes become 
increasingly disrupted in psychopathology. However, the RDoC frame-
work does not assume a continuous or linear relationship between 
neuronal function and psychopathology symptoms. Here, because the 
sample was typically developing, there was low overall variance in 
psychopathology symptoms, meaning that we may not have been able to 
adequately detect relationships with behavioral measures of the task or 
with neural activation to inhibitory control cues with no history of 

Fig. 6. Successful inhibitory control to previously rewarded (PR) relative to previously unrewarded (PU) targets (n ¼ 56) regressed on total psychopathology 
symptoms, controlling for age and sex. Maps demonstrate a positive correlation in the precuneus and posterior cingulate, extending into the left superior frontal 
gyrus, left postcentral gyrus, and left superior parietal cortex (voxel-wise corrected Z ¼ 2.3, cluster corrected p < 0.05). 
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reward. In conjunction with low variance in symptoms, our sample size 
may limit statistical power. Critically, future research should understand 
how these associations may change at higher levels of psychopathology 
with a larger sample of subjects. Convergent peer, parent, and 
self-reports may also be useful to characterize symptoms. 

Another limitation of the current research was a relatively small 
number of No-Go trials across runs (n ¼ 96 across three runs). Although 
externalizing psychopathology has been associated with persistent ef-
fects of reward conditioning on responses to stimuli (Gatzke-Kopp et al., 
2009; Byrd et al., 2014), a low number of No-Go trials meant that we did 
not have sufficient power to model trials or blocks in our imaging data. 
Future studies assessing inhibitory control over stimuli with a history of 
reward would benefit from including a greater number of No-Go trials to 
assess how symptoms relate to changes in brain activation across trials 
and runs. 

Finally, understanding whether underlying mechanisms of behavior 
may predict risk for the development of psychopathology is critical to 
informing preventative interventions. As a cross-sectional study, the 
present study is limited in its ability to infer how age-related changes in 
reward learning and inhibition impact risk for psychopathology. Rather, 
tracking changes in the ability to inhibit previously rewarded behavior 
across time would better evaluate whether developmental changes in 
this domain precedes changes in psychopathology symptoms. Thus, 
future research should leverage longitudinal designs to establish a 
temporal relationship between the interaction of inhibitory control and 
reward learning across adolescence and psychopathology symptoms. 

4.2. Conclusion 

The present investigation was novel in linking individual differences 
in adolescent psychopathology symptoms to neural recruitment when 
inhibiting a previously rewarded behavior. We observed a selective as-
sociation between frontal recruitment and adolescent externalizing 
symptoms, which remained significant after controlling for internalizing 
symptoms. These results indicate that disruption in the executive control 
system may be critical to understanding the emergence of externalizing 
symptoms through its effect on reward learning and inhibition during 
adolescence. Our findings lay the foundation for future lines of inquiry 
into how reward history and cognitive control interact and predict risk 
for psychopathology during a crucial period of development. 

Funding 

This work was supported by the National Institutes of Health Blue-
print Initiative for Neuroscience Research Grant [U01 MH93765] to B.R. 
R.; the Harvard University Mind, Brain, and Behavior Interfaculty 
Initiative Grant to M.A.S. and L.H.S.; the National Institute on Drug 
Abuse [R03 DA037405] to M.A.S.; the National Science Foundation 
Graduate Research Fellowship [DGE-1650116] to A.M.R. and K.M.M. 

Declaration of Competing Interests 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors thank Randy Buckner and Thomas Witzel for helpful 
comments and support throughout the study; Boris Keil for technical 
support; Elizabeth Beam, Michelle Drews, Aya Hamadeh, and Emily 
Shaw for help with data collection; and Megan Garrad for help with 
participant recruitment. 

References 

Achenbach, T.M., Rescorla, L.A., 2001. Manual for the ASEBA School-Age Forms and 
Profiles. University of Vermont Research Center for Children, Youth, & Families, 
Burlington, VT.  

Albertella, L., Le Pelley, M.E., Chamberlain, S.R., Westbrook, F., Lee, R.S.C., 
Fontenelle, L.F., et al., 2020. Reward-related attentional capture and cognitive 
inflexibility interact to determine greater severity of compulsivity-related problems. 
J. Behav. Ther. Exp. Psychiatry 69, 101580. https://doi.org/10.1016/j. 
jbtep.2020.101580. 

Anderson, B.A., 2019. Neurobiology of value-driven attention. Curr. Opin. Psychol. 29, 
27–33. https://doi.org/10.1016/j.copsyc.2018.11.004. 

Anderson, B.A., Laurent, P.A., Yantis, S., 2011. Value-driven attentional capture. PNAS 
25, 10367–10371. https://doi.org/10.1073/pnas.1104047108. 

Anderson, B.A., Laurent, P.A., Yantis, S., 2014. Value-driven attentional priority signals 
in human basal ganglia and visual cortex. Brain Res. 1587, 88–96. https://doi.org/ 
10.1016/j.brainres.2014.08.062. 

Anderson, B.A., Chiu, M., DiBartolo, M.M., Leal, S.L., 2017. On the distinction between 
value-driven attention and selection history: evidence from individuals with 
depressive symptoms. Psychon. Bull. Rev. 24, 1636–1642. https://doi.org/10.3758/ 
s13423-017-1240-9. 

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2014. Inhibition and the right inferior frontal 
cortex: one decade on. Trends Cogn. Sci. 18, 177–185. https://doi.org/10.1016/j. 
tics.2013.12.003. 

Badgaiyan, R.D., 2000. Executive control, willed actions, and nonconscious processing. 
Hum. Brain Mapp. 9, 38–41. https://doi.org/10.1002/(SICI)1097-0193(2000)9: 
1<38::AID-HBM4>3.0.CO;2-T. 

Bjork, J.M., Pardini, D.A., 2015. Who are those “risk-taking adolescents”? Individual 
differences in the developmental neuroimaging research. Dev. Cogn. Neurosci. 11, 
56–64. https://doi.org/10.1016/j.dcn.2014.07.008. 

Bjork, J.M., Chen, G., Smith, A.R., Hommer, D.W., 2010. Incentive-elicited mesolimbic 
activation and externalizing symptomatology in adolescents. J. Child Psychol. 
Psychiatry 51 (7), 827–837. https://doi.org/10.1111/j.1469-7610.2009.02201.x. 

Bogg, T., Finn, P.R., 2010. A self-regulatory model of behavioral disinhibition in late 
adolescence: integrating personality traits, externalizing psychopathology, and 
cognitive capacity. J. Pers. 78, 441–470. https://doi.org/10.1111/j.1467- 
6494.2010.00622.x. 

Bourgeois, A., Neveu, R., Bayle, D.J., Vuilleumier, P., 2015. How does reward compete 
with goal-directed and stimulus-driven shifts of attention? Cogn. Emot. 31, 109–118. 
https://doi.org/10.1080/02699931.2015.1085366. 

Byrd, A.L., Loeber, R., Pardini, D.A., 2014. Antisocial behavior, psychopathic features 
and abnormalities in reward and punishment processing in youth. Clin. Child Fam. 
Psychol. Rev. 17, 125–156 https://doi-org.libproxy.lib.unc.edu/10.1007/s10567- 
013-0159-6.  

Castellanos-Ryan, N., Rubia, K., Conrod, P.J., 2011. Response inhibition and reward 
response bias mediate the predictive relationships between impulsivity and 
sensation seeking and common and unique variance in conduct disorder and 
substance misuse. Alcohol. Clin. Exp. Res. 35 (1), 140–155. https://doi.org/ 
10.1111/j.1530-0277.2010.01331.x. 

Castellanos-Ryan, N., Struve, M., Whelan, R., Banaschewski, T., Barker, J.G., Bokde, A.L. 
W., et al., 2014. Neural and cognitive correlates of the common and specific variance 
across externalizing problems in young adolescence. Am. J. Psychiatry 171, 
1320–1329. https://doi.org/10.1176/appi.ajp.2014.13111499. 

Christakou, A., Brammer, M., Rubia, K., 2011. Maturation of limbic corticostriatal 
activation and connectivity associated with developmental changes in temporal 
discounting. NeuroImage 54, 1344–1354. https://doi.org/10.1016/j. 
neuroimage.2010.08.067. 

Cohn, M.D., Veltman, D.J., Pape, L.E., van Lith, K., Vermeiren, R.R., van den Brink, W., 
et al., 2015. Incentive processing in persistent disruptive behavior and psychopathic 
traits: a functional magnetic resonance imaging study in adolescents. Biol. 
Psychiatry 78, 612–624. https://doi.org/10.1016/j.biopsych.2014.08.017. 

Costello, E.J., Copeland, W., Angold, A., 2011. Trends in psychopathology across the 
adolescent years: what changes when children become adolescents, and when 
adolescents become adults? J. Child Psychol. Psychiatry 52, 1015–1025. https://doi. 
org/10.1111/j.1469-7610.2011.02446.x. 

Davidow, J.Y., Sheridan, M.A., Van Dijk, K.R.A., Santillana, R.M., Snyder, J., Vidal 
Bustamante, C.M., et al., 2018. Development of prefrontal cortical connectivity and 
the enduring effect of learned value on cognitive control. J. Cogn. Neurosci. 31, 
64–77. https://doi.org/10.1162/jocn_a_01331. 

de Wit, S., Watson, P., Harsay, H.A., Cohen, M.X., van der Vijver, I., Ridderinkhof, K.R., 
2012. Corticostriatal connectivity underlies individual differences in the balance 
between habitual and goal-directed action control. J. Neurosci. 32, 12066–12075. 
https://doi.org/10.1523/JNEUROSCI.1088-12.2012. 

Del Arco, A., Park, J., Wood, J., Kim, Y., Moghaddam, B., 2017. Adapting encoding of 
outcome prediction by prefrontal cortex ensembles supports behavioral flexibility. 
J. Neurosci. 37, 8363–8373. https://doi.org/10.1523/JNEUROSCI.0450-17.2017. 

Dixon, M.L., De La Vega, A., Mills, C., Andrews-Hanna, J., Spreng, R.N., Cole, M.W., 
et al., 2018. Heterogeneity within the frontoparietal control network and its 
relationship to the default and dorsal attention networks. PNAS 115, E1598–E1607. 
https://doi.org/10.1073/pnas.1715766115. 

Fonseca, A.C., Yule, W., 1995. Personality and antisocial behavior in children and 
adolescents: an enquiry into Eysenck’s and Gray’s theories. J. Abnorm. Child 
Psychol. 23, 767–781. https://doi.org/10.1007/bf01447476. 

Gatzke-Kopp, L.M., Beauchaine, T.P., Shannon, K.E., Chipman, J., Fleming, A.P., 
Crowell, S.E., et al., 2009. Neurological correlates of reward responding in 

A.M. Rodriguez-Thompson et al.                                                                                                                                                                                                             

http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0005
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0005
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0005
https://doi.org/10.1016/j.jbtep.2020.101580
https://doi.org/10.1016/j.jbtep.2020.101580
https://doi.org/10.1016/j.copsyc.2018.11.004
https://doi.org/10.1073/pnas.1104047108
https://doi.org/10.1016/j.brainres.2014.08.062
https://doi.org/10.1016/j.brainres.2014.08.062
https://doi.org/10.3758/s13423-017-1240-9
https://doi.org/10.3758/s13423-017-1240-9
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1002/(SICI)1097-0193(2000)9:1<38::AID-HBM4>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1097-0193(2000)9:1<38::AID-HBM4>3.0.CO;2-T
https://doi.org/10.1016/j.dcn.2014.07.008
https://doi.org/10.1111/j.1469-7610.2009.02201.x
https://doi.org/10.1111/j.1467-6494.2010.00622.x
https://doi.org/10.1111/j.1467-6494.2010.00622.x
https://doi.org/10.1080/02699931.2015.1085366
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0065
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0065
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0065
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0065
https://doi.org/10.1111/j.1530-0277.2010.01331.x
https://doi.org/10.1111/j.1530-0277.2010.01331.x
https://doi.org/10.1176/appi.ajp.2014.13111499
https://doi.org/10.1016/j.neuroimage.2010.08.067
https://doi.org/10.1016/j.neuroimage.2010.08.067
https://doi.org/10.1016/j.biopsych.2014.08.017
https://doi.org/10.1111/j.1469-7610.2011.02446.x
https://doi.org/10.1111/j.1469-7610.2011.02446.x
https://doi.org/10.1162/jocn_a_01331
https://doi.org/10.1523/JNEUROSCI.1088-12.2012
https://doi.org/10.1523/JNEUROSCI.0450-17.2017
https://doi.org/10.1073/pnas.1715766115
https://doi.org/10.1007/bf01447476


Developmental Cognitive Neuroscience 45 (2020) 100813

12

adolescents with and without externalizing behavior disorders. J. Abnorm. Psychol. 
118 https://doi.org/10.1037/a0014378. 

Gl€ascher, J., Hampton, A.N., O’Doherty, J.P., 2009. Determining a role for ventromedial 
prefrontal cortex in encoding action-based value signals during reward-related 
decision making. Cereb. Cortex 19, 483–495. https://doi.org/10.1093/cercor/ 
bhn098. 

Gorgolewski, K., Burns, C.D., Madison, C., Clark, D., Halchenko, Y.O., Waskom, M.L., 
et al., 2011. Nipype: a flexible, lightweight and extensible neuroimaging data 
processing framework in Python. Front. Neuroinform. 5 https://doi.org/10.3389/ 
fninf.2011.00013. 

Hardee, J., Weiland, B., Nichols, T., Welsh, R., Soules, M., Steinberg, D., et al., 2014. 
Development of impulse control circuitry in children of alcoholics. Biol. Psychiatry 
74, 708–716. https://doi.org/10.1016/j.biopsych.2014.03.005. 

Heitzeg, M.M., Nigg, J.T., Hardee, J.E., Soules, M., Steinberg, D., Zubieta, J., et al., 2014. 
Left middle frontal gyrus response to inhibitory errors in children prospectively 
predicts early problem substance use. Drug Alcohol Depend. 141, 51–57. https://doi. 
org/10.1016/j.drugalcdep.2014.05.002. 

Heitzeg, M.M., Cope, L.M., Martz, M.E., Hardee, J.E., 2015. Neuroimaging risk markers 
for substance abuse: recent findings on inhibitory control and reward system 
functioning. Curr. Addict. Rep. 2, 91–103. https://doi.org/10.1007/s40429-015- 
0048-9. 

Hoops, D., Flores, C., 2017. Making dopamine connections in adolescence. Trends 
Neurosci. 40, 709–719. https://doi.org/10.1016/j.tins.2017.09.004. 

Iacono, W.G., Malone, S.M., McGue, M., 2008. Behavioral disinhibition and the 
development of early-onset addiction: common and specific influences. Annu. Rev. 
Clin. Psychol. 4, 325–348. https://doi.org/10.1146/annurev. 
clinpsy.4.022007.141157. 

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D.S., Quinn, K., et al., 2010. 
Research Domain Criteria (RDoC): toward a new classification framework for 
research on mental disorders. Am. J. Psychiatry 167, 748–751. https://doi.org/ 
10.1176/appi.ajp.2010.09091379. 

Jenkinson, M., Bannister, P., Brady, J.M., Smith, S.M., 2002. Improved optimization for 
the robust and accurate linear registration and motion correction of brain images. 
NeuroImage 17 (2), 825–841. https://doi.org/10.1006/nimg.2002.1132. 

Jocham, G., Klein, T.A., Ullsperger, M., 2011. Dopamine-mediated reinforcement 
learning signals in the striatum and ventromedial prefrontal cortex underlie value- 
based choices. J. Neurosci. 31, 1606–1613. https://doi.org/10.1523/ 
JNEUROSCI.3904-10.2011. 

Knutson, B., Westdorp, A., Kaiser, E., Hommer, D., 2000. FMRI visualization of brain 
activity during a monetary incentive delay task. NeuroImage 12, 20–27. https://doi. 
org/10.1006/nimg.2000.0593. 

Lee, W.S.C., Carlson, S.M., 2015. Knowing when to be “Rational”: flexible economic 
decision making and executive function in preschool children. Child Dev. 86, 
1434–1448. https://doi.org/10.1111/cdev.12401. 

Mastwal, S., Ye, Y., Ren, M., Jimenez, D.V., Martinowich, K., Gerfen, C.R., et al., 2014. 
Phasic dopamine neuron activity elicits unique mesofrontal plasticity in adolescence. 
J. Neurosci. 34, 9484–9496. https://doi.org/10.1523/JNEUROSCI.1114-14.2014. 

McCormick, E.M., Telzer, E.H., 2017. Adaptive adolescent flexibility: neurodevelopment 
of decision-making and learning in a risky context. J. Cogn. Neurosci. 29, 413–423. 
https://doi.org/10.1162/jocn_a_01061. 

McNab, F., Klingberg, T., 2008. Prefrontal cortex and basal ganglia control access to 
working memory. Nat. Neurosci. 11, 103–107. https://doi.org/10.1038/nn2024. 

Meyer, K.M., Davidow, J.Y., Van Dijk, K.R.A., Santillana, R.M., Snyder, J., Vidal 
Bustamante, C., et al., 2020. Fronto-striatal activity in reward-driven disruption of 
inhibitory control. NeuroImage. Submitted for publication.  

Moffitt, T.E., 1993. Adolescence-limited and life-course persistent antisocial behavior: a 
developmental taxonomy. Psychol. Rev. 100 (4), 674–701. https://doi.org/10.1037/ 
0033-295X.100.4.674. 

Padmanabhan, A., Luna, B., 2014. Developmental imaging genetics: linking dopamine 
function to adolescent behavior. Brain Cogn. 89, 27–38. https://doi.org/10.1016/j. 
bandc.2013.09.011. 

Peck, C.J., Jangraw, D.C., Suzuki, M., Efen, R., Gottlieb, J., 2009. Reward modulates 
attention independent of action value in posterior parietal cortex. J. Neurosci. 29, 
11182–11191. https://doi.org/10.1523/JNEUROSCI.1929-09.2009. 

Quach, A., Tervo-Clemmens, B., Foran, W., Calabro, F.J., Chung, T., Clark, D.B., et al., 
2020. Adolescent development of inhibitory control and substance use vulnerability: 
a longitudinal neuroimaging study. Dev. Cogn. Neurosci. 42 https://doi.org/ 
10.1016/j.dcn.2020.100771. 

R Development Core Team, 2008. R: a Language and Environment for Statistical 
Computing. ISBN 3-900051-07-0, URL. R Foundation for Statistical Computing, 
Vienna, Austria. http://www.R-project.org.  

Robbins, T.W., Everitt, B.J., 1996. Neurobehavioural mechanisms of reward and 
motivation. Curr. Opin. Neurobiol. 6, 228–236. https://doi.org/10.1016/S0959- 
4388(96)80077-8. 

Romer, D., Reyna, V.F., Satterthwaite, T.D., 2017. Beyond stereotypes of adolescent risk 
taking: placing the adolescent brain in developmental context. Dev. Cogn. Neurosci. 
27, 19–34. https://doi.org/10.1016/j.dcn.2017.07.007. 

Rubia, K., 2011. “Cool” inferior frontostriatal dysfunction in attention-deficit/ 
hyperactivity disorder versus “hot” ventromedial orbitofrontal-limbic dysfunction in 
conduct disorder: a review. Biol. Psychiatry 69, e69–e87. https://doi.org/10.1016/j. 
biopsych.2010.09.023. 

Rubia, K., Smith, A.B., Brammer, M.J., Taylor, E., 2003. Right inferior prefrontal cortex 
mediates response inhibition while mesial prefrontal cortex is responsible for error 
detection. NeuroImage 20, 351–358. https://doi.org/10.1016/S1053-8119(03) 
00275-1. 

Rubia, K., Smith, A.B., Brammer, M.J., Toone, B., Taylor, E., 2005. Abnormal brain 
activation during inhibition and error detection in medication-naïve adolescents 
with ADHD. Am. J. Psychiatry 162, 1067–1075. https://doi.org/10.1176/appi. 
ajp.162.6.1067. 

Rubia, K., Halari, R., Smith, A.B., Mohammad, M., Scott, S., Brammer, M.J., 2009. Shared 
and disorder-specific prefrontal abnormalities in boys with pure attention-deficit/ 
hyperactivity disorder compared to boys with pure CD during interference inhibition 
and attention allocation. J. Child Psychol. Psychiatry 50, 669–678. https://doi.org/ 
10.1111/j.1469-7610.2008.02022.x. 

Sali, A.W., Anderson, B.A., Yantis, S., Mostofsky, S.W., Rosch, K.S., 2018. Reduced value- 
driven attentional capture among children with ADHD compared to typically 
developing controls. J. Abnorm. Child Psychol. 46, 1187–1200. https://doi.org/ 
10.1007/s10802-017-0345-y. 

Shoda, Y., Mischel, W., Peake, P.K., 1990. Predicting adolescent cognitive and self- 
regulatory competencies from preschool delay of gratification: Identifying diagnostic 
conditions. Dev. Psychol. 26, 978–986. https://doi.org/10.1037/0012- 
1649.26.6.978. 

Shomstein, S., Yantis, S., 2006. Parietal cortex mediates voluntary control of spatial and 
nonspatial auditory attention. J. Neurosci. 26, 435–439. https://doi.org/10.1523/ 
JNEUROSCI.4408-05.2006. 

Siegel, J.S., Power, J.D., Dubis, J.W., Vogel, A.C., Church, J.A., Schlaggar, B.L., et al., 
2014. Statistical improvements in functional magnetic resonance imaging analyses 
produced by censoring high-motion data points. Hum. Brain Mapp. 35, 1981–1996. 
https://doi.org/10.1002/hbm.22307. 

Small, D.M., Gitelman, D.R., Gregory, M.D., Nobre, A.C., Parrish, T.B., Mesulam, M.-M., 
2003. The posterior cingulate and medial prefrontal cortex mediate the anticipatory 
allocation of spatial attention. NeuroImage 18, 633–641. 

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17 (3), 
143–155. https://doi.org/10.1002/hbm.10062. 

Squeglia, L.M., Cservenka, A., 2017. Adolescence and drug use vulnerability: findings 
from neuroimaging. Curr. Opin. Behav. Sci. 13, 164–170. https://doi.org/10.1016/j. 
cobeha.2016.12.005. 

Squeglia, L.M., Gall, T.M., Jacobus, J., Brumback, T., McKenna, B.S., Nguyen-Louie, T.T., 
et al., 2017. Neural predictors of initiating alcohol use during adolescence. Am. J. 
Psychiatry 174, 172–185. https://doi.org/10.1176/appi.ajp.2016.15121587. 

Tarter, R.E., Kirisci, L., Mezzich, A., Cornelius, J.R., Pajer, K., Vanyukov, M., et al., 2003. 
Neurobehavioral disinhibition in childhood predicts early age at onset of substance 
use disorder. Am. J. Psychiatry 160, 1078–1085. https://doi.org/10.1176/appi. 
ajp.160.6.1078. 

Tervo-Clemmens, B., Quach, A., Luna, B., Foran, W., Chung, T., De Bellis, M.D., et al., 
2017. Neural correlates of rewarded response inhibition in youth at risk for 
problematic alcohol use. Front. Behav. Neurosci. 11 https://doi.org/10.3389/ 
fnbeh.2017.00205. 

Walton, K.E., Ormel, J., Krueger, R.F., 2011. The dimensional nature of externalizing 
behaviors in adolescence: evidence from a direct comparison of categorical, 
dimensional, and hybrid models. J. Abnorm. Child Psychol. 39, 553–561. https:// 
doi.org/10.1007/s10802-010-9478-y. 

Wetherill, R.R., Squeglia, L.M., Yang, T.T., Tapert, S.F., 2013. A longitudinal 
examination of adolescent response inhibition: neural differences before and after 
the initiation of heavy drinking. Psychopharmacology 230, 663–671. https://doi. 
org/10.1007/s00213-013-3198-2. 

Winter, W., Sheridan, M.A., 2014. Previous reward decreases errors of commission on 
later ‘No-Go’ trials in children 4 to 12 years of age: evidence for a context monitoring 
account. Dev. Sci. 17, 797–807. https://doi.org/10.1111/desc.12168. 

Zhang, Y., Brady, M., Smith, S., 2001. Segmentation of brain MR images through a 
hidden Markov random filed model and the expectation-maximization algorithm. 
IEEE Trans. Med. Imaging 20 (1), 45–57. https://doi.org/10.1109/42. 

A.M. Rodriguez-Thompson et al.                                                                                                                                                                                                             

https://doi.org/10.1037/a0014378
https://doi.org/10.1093/cercor/bhn098
https://doi.org/10.1093/cercor/bhn098
https://doi.org/10.3389/fninf.2011.00013
https://doi.org/10.3389/fninf.2011.00013
https://doi.org/10.1016/j.biopsych.2014.03.005
https://doi.org/10.1016/j.drugalcdep.2014.05.002
https://doi.org/10.1016/j.drugalcdep.2014.05.002
https://doi.org/10.1007/s40429-015-0048-9
https://doi.org/10.1007/s40429-015-0048-9
https://doi.org/10.1016/j.tins.2017.09.004
https://doi.org/10.1146/annurev.clinpsy.4.022007.141157
https://doi.org/10.1146/annurev.clinpsy.4.022007.141157
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1523/JNEUROSCI.3904-10.2011
https://doi.org/10.1523/JNEUROSCI.3904-10.2011
https://doi.org/10.1006/nimg.2000.0593
https://doi.org/10.1006/nimg.2000.0593
https://doi.org/10.1111/cdev.12401
https://doi.org/10.1523/JNEUROSCI.1114-14.2014
https://doi.org/10.1162/jocn_a_01061
https://doi.org/10.1038/nn2024
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0200
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0200
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0200
https://doi.org/10.1037/0033-295X.100.4.674
https://doi.org/10.1037/0033-295X.100.4.674
https://doi.org/10.1016/j.bandc.2013.09.011
https://doi.org/10.1016/j.bandc.2013.09.011
https://doi.org/10.1523/JNEUROSCI.1929-09.2009
https://doi.org/10.1016/j.dcn.2020.100771
https://doi.org/10.1016/j.dcn.2020.100771
http://www.R-project.org
https://doi.org/10.1016/S0959-4388(96)80077-8
https://doi.org/10.1016/S0959-4388(96)80077-8
https://doi.org/10.1016/j.dcn.2017.07.007
https://doi.org/10.1016/j.biopsych.2010.09.023
https://doi.org/10.1016/j.biopsych.2010.09.023
https://doi.org/10.1016/S1053-8119(03)00275-1
https://doi.org/10.1016/S1053-8119(03)00275-1
https://doi.org/10.1176/appi.ajp.162.6.1067
https://doi.org/10.1176/appi.ajp.162.6.1067
https://doi.org/10.1111/j.1469-7610.2008.02022.x
https://doi.org/10.1111/j.1469-7610.2008.02022.x
https://doi.org/10.1007/s10802-017-0345-y
https://doi.org/10.1007/s10802-017-0345-y
https://doi.org/10.1037/0012-1649.26.6.978
https://doi.org/10.1037/0012-1649.26.6.978
https://doi.org/10.1523/JNEUROSCI.4408-05.2006
https://doi.org/10.1523/JNEUROSCI.4408-05.2006
https://doi.org/10.1002/hbm.22307
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0280
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0280
http://refhub.elsevier.com/S1878-9293(20)30061-X/sbref0280
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/j.cobeha.2016.12.005
https://doi.org/10.1016/j.cobeha.2016.12.005
https://doi.org/10.1176/appi.ajp.2016.15121587
https://doi.org/10.1176/appi.ajp.160.6.1078
https://doi.org/10.1176/appi.ajp.160.6.1078
https://doi.org/10.3389/fnbeh.2017.00205
https://doi.org/10.3389/fnbeh.2017.00205
https://doi.org/10.1007/s10802-010-9478-y
https://doi.org/10.1007/s10802-010-9478-y
https://doi.org/10.1007/s00213-013-3198-2
https://doi.org/10.1007/s00213-013-3198-2
https://doi.org/10.1111/desc.12168
https://doi.org/10.1109/42

	Examining cognitive control and reward interactions in adolescent externalizing symptoms
	1 Introduction
	2 Methods
	2.1 Participants and general study procedures
	2.2 Psychopathology symptoms
	2.3 Behavioral Task: Inhibitory control over stimuli with a history of reward
	2.3.1 Phase I: reward conditioning (MID)
	2.3.2 Phase II: inhibitory control (Go-No-Go)

	2.4 Behavioral analysis
	2.5 fMRI
	2.5.1 MRI acquisition
	2.5.2 Preprocessing
	2.5.3 Motion and nuisance effects
	2.5.4 fMRI group level statistical analysis


	3 Results
	3.1 Sample characteristics
	3.2 Behavioral performance
	3.2.1 Phase I: reward conditioning (MID)
	3.2.1.1 Main effects of task
	3.2.1.2 Association with externalizing psychopathology symptoms
	3.2.1.3 Association with total psychopathology symptoms

	3.2.2 Phase II: inhibitory control (Go-No-Go)
	3.2.2.1 Main effects of task
	3.2.2.2 Association with externalizing psychopathology symptoms
	3.2.2.3 Association with total psychopathology symptoms


	3.3 fMRI results
	3.3.1 Main effects of task
	3.3.2 Association with externalizing psychopathology symptoms
	3.3.3 Association with total psychopathology symptoms


	4 Discussion
	4.1 Study limitations and future directions
	4.2 Conclusion

	Funding
	Declaration of Competing Interests
	Acknowledgements
	References


