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Objective: Prior functional magnetic resonance imaging (fMRI) work has revealed that children/adolescents with dis-
ruptive behavior disorders (DBDs) show dysfunctional reward/non-reward processing of non-social reinforcements in
the context of instrumental learning tasks. Neural responsiveness to social reinforcements during instrumental learning,
despite the importance of this for socialization, has not yet been previously investigated.

Methods: Twenty-nine healthy children/adolescents and 19 children/adolescents with DBDs performed the fMRI so-
cial/non-social reinforcement learning task. Participants responded to random fractal image stimuli and received social
and non-social rewards/non-rewards according to their accuracy.

Results: Children/adolescents with DBDs showed significantly reduced responses within the caudate and posterior cingu-
late cortex (PCC) to non-social (financial) rewards and social non-rewards (the distress of others). Connectivity analyses
revealed that children/adolescents with DBDs have decreased positive functional connectivity between the ventral stria-
tum (VST) and the ventromedial prefrontal cortex (vmPFC) seeds and the lateral frontal cortex in response to reward
relative to non-reward, irrespective of its sociality. In addition, they showed decreased positive connectivity between
the vmPFC seed and the amygdala in response to non-reward relative to reward.

Conclusion: These data indicate compromised reinforcement processing of both non-social rewards and social non-re-
wards in children/adolescents with DBDs within core regions for instrumental learning and reinforcement-based deci-
sion-making (caudate and PCC). In addition, children/adolescents with DBDs show dysfunctional interactions between
the VST, vmPFC, and lateral frontal cortex in response to rewarded instrumental actions potentially reflecting disruptions
in attention to rewarded stimuli.

KEY WORDS: Disruptive behavior disorder; Social reward; Ventral striatum; Posterior cingulate cortex; Caudate;
Ventro-medial prefrontal cortex.

INTRODUCTION

Conduct disorder (CD) and oppositional defiant dis-
order (ODD) are disruptive behavior disorders (DBDs)
characterized by aggressive behavior, emotional dysregu-
lation, and relationship difficulties.” Children and adoles-
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cents with DBDs demonstrate impairment on reinforce-
ment-based decision-making tasks,”” and considerable
prior work relates observable behavioral impairments to
dysfunction in brain regions critical for dysfunctional re-
ward/non-reward/punishment processing.*” Such im-
pairment may further contribute to the difficulties in so-
cialization for these children and adolescents.**

Neural areas implicated in reinforcement processing
are the ventromedial prefrontal cortex (vmPFC), ventral
striatum (VST), anterior insula cortex (AIC) and posterior
cingulate cortex (PCC).”” These regions typically are
known to show greater responsiveness to reward relative

@ This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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to punishment and non-rewards across various tasks,””
and there are indications that they are similarly responsive
to non-social (money gain/loss) and social reinforcements
(happy/sad expressions).'” The amygdala may also be im-
plicated particularly for social punishments/non-rewards

(distress of others).""""?

' Additionally, regions implicated in
response control (dorsomedial frontal cortex, AlC/inferior
frontal gyrus and caudate) have been implicated in the
avoidance of sub-optimal choices.”'*"'”

Appropriate processing of social reward is critical for

17,18)

adolescents” normal psychosocial development, and

emotional displays (e.g., of sadness or fear) can be modi-

19-21

fiers of observer behavior.'**" Children/adolescents with

DBDs show disrupted reinforcement processing within

2,3,5,22-25 . .
" Previous studies have

the striatum and vmPFC.
demonstrated that children/adolescents with DBDs, par-
ticularly those with elevated callous-unemotional traits,
display impaired recognition of emotional expression,

26-29,

particularly sadness and fear,”*” and a series of studies

has revealed reduced amygdala responses to distress cues

28,30,31 .
" This work, however,

(sad and fearful expressions).
has not examined socia/reinforcement processing, and to
our knowledge, no previous work has addressed the ex-
tent to which these children/adolescents demonstrate dis-
ruption in social reinforcement-based decision-making.
The goal of the current paper is to examine deci-
sion-making in children/adolescents with DBDs on the
basis of non-social and social reinforcements using a task
developed by Scott-Van Zeeland et a/*? in 2010. Given
CD and ODD share many symptoms,” particularly ag-
gressive behavior, the purpose of this study is to identify
the neural areas and their dysfunction related to symptom
manifestation across these disorders. In line with the
National Institutes of Health (NIH)-initiated research do-
main criteria (RDoC) approach to understanding mental
health disorders, this is a departure from a diag-
nosis-based approach to a mechanism-driven under-

32,33)

standing of the pathophysiology of DBD.

2,4,22-24,30,31 .
k, " we hypothesize

Based on previous wor
that children/adolescents with DBDs, relative to compar-
ison children/adolescents, would show reduced: (i) differ-
ential recruitment of the vmPFC, PCC and striatum to re-
wards compared to non-rewards (social and non-social);
(i) reduced responses to social non-rewards (sad facial
expressions) within the amygdala; and (iii) reduced pos-

itive connectivity between core regions involved in re-

ward processing (vmPFC, VST) and cortical regions in-
volved in reinforcement processing and attention (amygdala,
PCC, lateral frontal and parietal cortices).

METHODS

Subjects

Fifty-six children and adolescents participated: 30
healthy and 26 with DBDs (age, 12-18 years). Children
and adolescents were recruited from the community via
newspaper ads, fliers, and referrals from area mental
health practitioners. Eight participants (1 healthy, 7 with
DBDs) were not included in the final data analysis be-
cause of their excessive movement; repetition times (TRs)
were censored if movement >1 mm within the TR and
the participant was excluded if this occurred for >15% of
trials. In the final analysis, 48 subjects were included after
this process (29 healthy and 19 DBDs). There were no
group differences in age, gender, handedness, or in-
telligence quotient (IQ) (Table 1). Written informed con-
sent for participation in the study was obtained from all
subjects’ legal guardians and assent from the chil-
dren/adolescents. Ethics approval for this study was grant-
ed by the NIH Combined Neurosciences Institutional
Review Board under protocol number 05-M-0105.

Table 1. Characteristics of healthy children/adolescents and children/
adolescents with DBDs

Healthy Children/adole vl

Demographic children/adoles  scents with (d
cents (h=29) DBDs (n=19)

Age (yr) 14.2121.90  14.79+2.04 0.318 (1)
1Q 105.28+11.38 100.16+11.09 0.131 (1)
Gender (male/female) 13/16 13/6 0.095 (1)
Handedness (left/right) 4/25 2/17 0.554 (1)
DBD 0 19

CD 0 9

ODD 0 2

CD/ADHD 0 3

ODD/ADHD 0 3

CD/SA 0 2

Medication 0 3*

Values are presented as meanzstandard deviation or number only.
DBD, disruptive behavior disorder; df, degree of freedom; IQ, in-
telligence quotient; CD, conduct disorder; ODD, oppositional defiant
disorder; ADHD, comorbidity of attention deficit hyperactivity disorder;
SA, comorbidity of substance abuse (cannabinoid).

*1: amphetamine+risperidone; 1: amphetamine; 1: methylpheni-
date+quetiapine.



Social Reward Processing Dysfunction in Disruptive Behavior Disorders 451

All children and adolescents completed the Kiddie
Schedule for Affective Disorders and Schizophrenia
(K-SADS).*” The diagnoses of DBD were made by an ex-
pert child and adolescent psychiatrist on the basis of the
K-SADS (including the attention deficit hyperactivity dis-
order [ADHD], CD and ODD modules) performed by a
doctoral-level clinical psychologist. Healthy children and
adolescents presented without current or past psychiatric
diagnoses. The K-SADS has showed good validity as well
as good inter-rater reliability (kappa >0.75 for all diag-
noses).”” Exclusion criteria for all participants were au-
tism spectrum disorders, Tourette’s syndrome, bipolar dis-
order, lifetime history of psychosis, depression, general-
ized, social or separation anxiety disorder, post-traumatic
stress disorder, neurologic disorder including seizure or
epilepsy, history of major head trauma including skull
fracture, substance dependence (substance abuse was not
exclusionary), major medical illness, and 1Q of <80. 1Q
was assessed with the Wechsler Abbreviated Scale of
Intelligence 2-subtest form;.* There were no significant
group differences in IQ (Table 1).

Experimental Design

An adapted version of the social and non-social
(monetary) reinforcement-learning task was used for the
study.'® On each trial of a run (Fig. 1), subjects were pre-
sented with a fractal image (duration, 2,000 ms) and were
asked to categorize it into one of two groups by button
press. The participants received the following in-
structions: “You are going to play a computer game. In this
game, you will see colorful circles. You need to find out if
the picture belongs to group 1 or 2. You can do this by
pressing the buttons when you see the picture. Of course
you will not know in the beginning which picture belongs
to which group. However, you will be given feedback af-
ter each response, to tell you whether you are right or
wrong. Thus as the game goes on, you will find out which
picture belongs to which groups”.

The fractal image was followed by an inter-stimulus in-
terval of randomly jittered length (500-1,500 ms) during
which a blank screen was presented. After this, the subject
received feedback (duration, 1,250 ms). Following the
feedback, there was then an inter-stimulus interval of ran-
domly jittered length (1,250-2,500 ms) during which a
blank screen was presented before the next trial began
when another fractal image was presented.

Each task was comprised of two social (facial ex-
pressions) and two non-social (monetary) reinforcement
runs. During non-social (monetary) runs, correct re-
sponses were reinforced with the image of a 5-dollar bill
and the words “That's right!” (monetary reward) and in-
correct responses with the image of a 5-dollar bill struck
through with red lines and the words “That's wrong”
(monetary non-reward). On neutral trials, feedback con-
sisted only of the words “That's right”, or “That’s wrong”,
depending on the accuracy of the participants’ response
(monetary neutral). The participants did not receive the
actual money gained. During social runs, correct re-
sponses were reinforced with a happy face and the words
“That's right!” (social reward) and incorrect responses
with the image of a sad face and the words “That’s wrong”
(social non-reward). On neutral trials, feedback consisted
of a neutral face and the words “That’s right”, or “That’s
wrong” depending on the accuracy of the participant’s re-
sponse (social neutral). The pictures used for social feed-
back (the happy, neutral and sad expressions) were taken
from a single individual, and each picture had clearly dis-
tinctive valence (Fig. 1).

Each run (social or non-social [monetary]) contained

Non-social
feedback
That's wrong
Social
feedback
™
That's wrong
2,000 ms 1,250 ms

Fig. 1. Example trial sequences. (A) Non-social reward, (B) non-social
non-reward, (C) social reward , (D) social non-reward.

Adapted from the article of Hwang et al. (Clin Psychopharmacol
Neurosci 2017;15:369-381).
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six fractal images. Social runs involved a different set of
fractal images from those used in non-social runs. Four of
the 6 fractals always provided information with respect to
whether the participant’s response was correct or in-
correct with 100% probability. However, for 67% of re-
sponses to these trials, feedback was social or non-social
(depending on the run) while for the other 33% of re-
sponses to these trials feedback was neutral. The other 2
of the six fractals were reinforced at chance level, i.e.
these fractals were randomly rewarded in 50% of the tri-
als, irrespective of the participants’ response. Participants
completed four runs in total and the presentation order of
the runs was counterbalanced across the participants
(social-monetary-social-monetary or monetary-social-
monetary-social). Each run involved 54 trials (9 pre-
sentations of each of the 6 fractal images).

Image Acquisition and Analysis

Whole-brain blood oxygen level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) data were
acquired using a 3-T MRI scanner (General Electronics,
Chicago, IL, USA). Following sagittal localization, func-
tional T2*-weighted images were acquired using an
echo-planar single-shot gradient echo pulse sequence
with a matrix of 64x64 mm, TR of 3,000 ms, echo time
(TE) of 30 ms, field of view (FOV) of 240 mm, and voxels
of 3.75%3.75x4 mm. Images were acquired in 30 con-
tinuous 4 mm axial slices per brain volume across four
runs. The duration of each run was 6 minutes 40 seconds.
In the same session, a high-resolution T1-weighed ana-
tomical image was acquired to aid with spatial normal-
ization (three-dimensional Spoiled GRASS; TR=8.1 ms;
TE=3.2 ms, flip angle 20°; FOV=240 mm, 128 axial slices,
thickness=1.0 mm; 256x256 acquisition matrix).

fMRI Analysis

Data were analyzed within the framework of a random
effects general linear model using Analysis of Functional
Neuroimages (AFNI). Both individual and group-level
analyses were conducted. The first 5 volumes in each
scan series, collected before equilibrium magnetization
was reached, were discarded. Motion correction was per-
formed by registering all volumes in the Environmental
Performance Index (EPI) dataset to a volume that was col-
lected shortly before acquisition of the high-resolution
anatomical dataset.

The EPI datasets for each subject were spatially smooth-
ed (using an isotropic 6 mm Gaussian kernel) to reduce
the influence of anatomical variability among the in-
dividual maps in generating group maps. Next, the time
series data were normalized by dividing the signal in-
tensity of a voxel at each time point by the mean signal in-
tensity of that voxel for each run and multiplying the result
by 100. Resultant regression coefficients represented a
percent signal change from the mean. The model in-
volved six motion regressors, four regressors for stimulus
onset (onset of fractal images for non-social reinforcement
with 100% probability, social reinforcement with 100%
probability, non-social reinforcement with 50% proba-
bility, social reinforcement with 50% probability), and the
following task regressors: non-social reward, non-social
non-reward, non-social neutral, social reward, social
non-reward, and social neutral. A regressor modeling in-
correct responses was also included. All regressors were
convolved with a canonical hemodynamic response
function (HRF) to account for the slow hemodynamic re-
sponse (with time point commencing at time of first image
onset). There was no significant regressor collinearity.
Linear regression modeling was performed using the 11
regressors described earlier, plus regressors to model a
first-order baseline drift function. This produced B co-
efficients and associated ¢ statistics for each voxel and
regressor.

After excluding subjects with excessive movements
(defined as >15% TRs discarded due to movement >1
mm), there were no significant group differences in move-
ment parameters (average movement across each time
point) including delta-roll, delta-pitch, delta-yaw, del-
ta-ds, delta-dp, and delta-dl; F(1,45)=1.23-2.31, p>0.5.

The participants’ anatomical scans were individually
registered to the Talairach and Tournoux atlas.*® The in-
dividuals’ functional EPI data were then registered to their
Talairach anatomical scan within AFNL. Linear regression
modeling was performed using the 6 regressors described
earlier, plus regressors to model a third-order baseline
drift function. This produced B coefficients and associated
t statistics for each voxel and regressor.

The BOLD data were analyzed via a 2 (diagnosis:
healthy children/adolescents, children/adolescents with
DBDs) by 2 (reinforcement: reward, non-reward) by 2
(sociality of feedback: non-social, social) 3dMVM
ANOVA. The neutral feedback trials were not included in
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the group level ANOVA analyses, due to the concern of
potential power loss related to an additional level to the
reinforcement factor. We considered statistical maps for
each main effect and interaction by thresholding at a sin-
gle-voxel p value of <0.005. With these maps, a result
was considered significant if it was predicted a prioriand
had an extent threshold greater than 10 voxels. A priori re-
gions (vmPFC, PCC, VST, middle frontal cortex, and cau-
date) were selected from the following criteria: (1) neural
areas involved reinforcement processing by the previous
studies, and (2) neural areas showing dysfunction in chil-
dren/adolescents with DBD.*”***

ing recent suggestions that a more conservative approach

"It is worth consider-

that strictly controls for type I error should be adopted.*”
This approach contrasts with arguments that such a strict
approach fails to account for theory-driven hypotheses
and introduces an unacceptable amount of type Il error
Lieberman et a/,”” under review;. The disadvantage of
the conservative approach is that there are no post-pub-
lication remedies for type Il error. Data is simply not avail-
able for later consideration. In contrast, results that are
type | errors will fail to replicate and/or will not survive
meta-analysis. Furthermore, in order to facilitate future
meta-analytic work, effect sizes (2) for all clusters and
follow-up ¢ tests (partial eta [n] square) are reported.

Generalized form of Context-dependent
Psychophysiological Interaction (gPPI) Analysis

The gPPI analyses were conducted to examine differ-
ences in functional connectivity between healthy chil-
dren/adolescents and children/adolescents with DBDs,
following the method described by McLaren et a/** Our
main goal was to examine differences between these two
groups in functional connectivity within the reinforce-
ment processing network. As such, we took two seed re-
gions identified from the BOLD response ANOVA (main
effect of reinforcement using an initial threshold of p<
0.001); this p value was stricter than that used for the
BOLD response analyses to ensure the identification of a
relatively small seed that was within the one anatomical
region of interest (ROI): right vmPFC (coordinates: 1.5,
49.5, 2.5; 32 voxels) and right VST (coordinates: 13.5,
7.5, —3.5; 36 voxels) (Supplementary Fig. 1). These re-
gions met our two criteria for ROI selection. First, they
were revealed via the main effect of reinforcement in the
main BOLD response ANOVA. As such, they were re-

gions specifically sensitive to reinforcement across differ-
ent groups (a ROI identified through a diagnosis-by-re-
inforcement interaction might have revealed differences
via gPPI that simply reflected reduced signal in the region
in one of the groups, most likely children/adolescents
with DBD). Second, they were regions identified to be re-
ward sensitive within the previous literature.””

The average activation from these seed regions was ex-
tracted from the preprocessed time-series as used in the
main analysis, but before the spatial smoothing had been
applied. The seed time-series was first detrended and
deconvolved. Eleven interaction terms were created by
multiplying the detrended and deconvolved seed time-
series with eleven indicator regressors, which indicated
the onset of the four stimulus onset, six feedback types
(one for each reinforcement and sociality condition), and
one incorrect responses. Finally, these eleven interaction
terms were convolved with the HRF to create eleven gPPI
regressors. Linear regression modeling was performed us-
ing the task regressors from the main analysis, six motion
regressors, a regressor reflecting the seed time-series, the
eleven gPPI regressors and regressors to model a first-or-
der baseline drift function. This produced a p coefficient
and associated ¢ statistics for each voxel and regressor. A
2 (diagnosis: healthy children/adolescents, children/ado-
lescents with DBDs) by 2 (reinforcement: reward, non-re-
ward) by 2 (sociality of feedback: non-social, social)
ANOVA was then applied to the data. In addition to this,
based on the previous studies showing disruptive con-
nectivity between vmPFC and amygdala in children/ado-
lescents with DBD, %4041

lected for the gPPI analysis, using an anatomically defined

" a right amygdala ROI was se-

mask (Eickhoff-Zilles architectonic atlas: 50% proba-
bility),*® yielded a threshold of 162 mm’ at an initial sig-
nificance threshold of 0.02. Follow-up analyses were per-
formed to facilitated interpretations. For these analyses,
average percent signal change was measured across all
voxels within the amygdala ROI generated from the func-
tional masks, and data were analyzed using appropriate
follow-up independent ¢ tests within SPSS ver. 22.0 (IBM
Co., Armonk, NY, USA).

Note that while the BOLD response and connectivity
analyses can be considered relatively independent, the
use of two separate seeds for the gPPI analyses does lead
to experiment-wise alpha inflation. Consequently, the
gPPI analyses should be considered exploratory.
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RESULTS

Behavioral Data

Two 2 (diagnosis: healthy children/adolescents, chil-
dren/adolescents with DBDs) by 2 (sociality of feedback:
non-social, social) by 2 (phase: first phase [first two runs],
second phase [last two runs]) ANOVAs were applied to
the reaction time (RT) and accuracy data respectively
(Supplementary Table 1). With respect to accuracy data,
there was a significant main effect of phase (F(1,46)=
14.93, p<0.001), as well as a significant diagnosis-
by-phase interaction (F(1,49)=5.78, p=0.02). Specifi-
cally, accuracy was significantly better in the last two runs
relative to the first two runs (t(47)=4.25, p<0.001).
Moreover, healthy children/adolescents showed signifi-
cantly greater accuracy than children/adolescents with
DBD in the second (t(46)=2.03, p<0.05), but not the first
phase of the study (t(46)=0.44, p=0.66). No other main ef-
fects or interactions were significant.

With respect to RT data, there was a significant main ef-
fect of phase (F(46)=29.90, p<0.001). Specifically, RTs
were significantly shorter in the last two runs relative to
the first two runs (t(47)=5.68, p<0.001). These revealed
no other significant main effects or interactions.

fMRI Data

A 2 (diagnosis: healthy children/adolescents, children/
adolescents with DBDs) by 2 (reinforcement: reward,
non-reward) by 2 (sociality: non-social feedback, social
feedback) ANOVA was applied to the BOLD data. This re-
vealed regions showing significant main effects of re-
inforcement (vmPFC and bilateral VST [centered in right

VST but extending to the left hemisphere]) (Table 2).
Within these regions, BOLD responses were significantly
greater to reward than non-reward. These became the
seeds for our gPPI analyses. In addition, the ANOVA re-
vealed regions showing a main effect of sociality as well
as regions showing significant reinforcement-by-sociality
interactions (Supplementary Section 1-4). Importantly,
this ANOVA revealed the following key findings.

Diagnosis-by-reinforcement-by-sociality interaction
Regions showing diagnosis-by-reinforcement-by-so-
ciality interactions included right PCC (Fig. 2A) and left
caudate (Fig. 2B); see Table 2. Within these regions,
post-hoc analysis showed that groups differed sig-
nificantly in their response to social relative to monetary
rewards versus non-rewards (t(46)=3.47 and 3.15, p=
0.001 and 0.03, n2=0.21 and 0.26 for PCC and caudate
respectively). Healthy children showed significantly
greater responses to non-social rewards relative to social
rewards (money won vs. happy facial expressions) rela-
tive to social non-rewards (sad facial expression) relative
to non-social non-rewards (no money won) than chil-
dren/adolescents with DBDs; i.e., healthy children showed
greater responses to [(monetary reward —social reward) —
(monetary non-reward —social non-reward)] relative to
children with DBD (see Fig. 2 for significant contrasts).
Indeed, while healthy children/adolescents showed sig-
nificantly greater responses to non-social relative to social
rewards and social relative to non-social non-rewards,
children/adolescents with DBDs showed greater re-
sponses to social relative to non-social rewards but great-
er responses non-social relative to social non-rewards.

Table 2. Brain Regions showing significant diagnosis-by-reinforcement-by-sociality interaction

Coordinates of peak activation

Region* Fr Voxel  Partial n2
Left/right BA X y z

Main effect of reinforcement

Ventromedial prefrontal cortex Right 10 1.5 49.5 2.5 24.35 118 0.39

Ventral striatum Right 13.5 7.5 —35 34.58 186 0.55
Main effect of diagnosis

Posterior cingulate cortex Left 30 —7.5 49.5 23.5 22.69 187 0.47
Diagnosis by reinforcement by sociality

Posterior cingulate cortex Right 31 10.5 —37.5 35.5 11.95 22 0.21

Caudate Left —1.5 1.5 14.5 14.11 20 0.26

BA, Broadmann area.

*According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon); f Degree of freedom=38.

p<0.005.
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with DBD

Table 3. Brain regions showing a significant interaction of connectivity between healthy children/adolescents and children/adolescents with DBDs

Coordinates of peak activation

Region* Fr Voxels  Partial n2
Left/right BA X y z

(A) Right ventromedial prefrontal cortex seed (p=0.001, 32 voxels)

Diagnosis by reinforcement

Middle frontal gyrus Left 46 —435 28.5 23.5 14.68 45 0.30

Amygdala ROI Right 16.5 —1.5 24.5 15.46 30 0.31
(B) Right ventral striatum seed (p=0.0001, 36 voxels)

Diagnosis-by-reinforcement

Middle frontal gyrus Right 46 46.5 28.5 20.5 22.31 53 0.37

BA, Broadmann area; ROI, regions of interest.

*According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon); f Degree of freedom=38.

p<0.005 except (A) and (B) (p value specified for those areas).

Main effect of diagnosis

A region within the left PCC showed a significant main
effect of diagnosis (Table 2). Within this region, post-hoc
analysis showed BOLD responses were significantly
greater for healthy children/adolescents to reinforcement
information compared to children/adolescents with DBDs.

MRI Results: gPPI Results
Two 2 (diagnosis)-by-2 (reinforcement: reward, non-re-

ward)-by-2(sociality: social, non-social) ANOVAs were
conducted on the gPPI data using seeds identified via the
right VST and right
vmPFC). Results relevant to predictions are considered

main effect of reinforcement (i.e.,
below. For full results, see Table 3.
Right VST seed

A lateral region of right middle frontal gyrus showed a
significant diagnosis-by-reinforcement interaction (Table
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3). Follow-up analyses revealed that children/adolescents

with DBDs showed significantly less positive connectivity

with the right VST seed in response to reward relative to

non-reward, compared to healthy children/adolescents

(t(46)=26.55, p<0.001, 12=0.37) (Fig. 3A, 30).

vmPFC seed

Regions showing significant diagnosis-by-reinforce-

Children/adolescents
with DBD

Fig. 3. Regions showing significant
diagnosis-by-reinforcement interaction
of connectivity with right ventral
striatum seed on generalized form of
context-dependent psychophysiolo-
gical interaction (gPPI) analysis. (A)
Right middle frontal gyrus (coordi-
nates: 46.5, 28.5, 20.5). (B) Para-
meter estimates for right middle frontal
gyrus; regions showing significant
diagnosis-by-reinforcement interaction
connectivity with left ventromedial
prefrontal cortex seed on gPPI an-
alysis. (C) Right middle frontal gyrus
(coordinates: 52.5, 4.5, 35.5). (D)
Parameter estimates for right middle
frontal gyrus. (E) Left amygdala re-
gion of interest (ROI) (coordinates:
16.5, —1.5, 24.5), (F) Parameter
estimates for left amygdala ROI.
Reward Non-reward, reward relative
to non-reward; Non-reward Reward,
non-reward relative to reward; DBD,
disruptive behavior disorders.
*Statistically significant.

frontal gyrus, children/adolescents with DBDs showed

significantly less positive connectivity with the vmPFC in

response to reward relative to non-reward, compared to
healthy children (t(46)=19.78, p<0.001, n2=0.30)—and
instead actually showed negative connectivity between

these regions. In the right amygdala ROI, children/adoles-

cents with DBDs showed significantly less positive con-

nectivity with the vmPFC seed in response to non-reward

ment interactions were observed within left middle frontal
gyrus and the right amygdala ROI (Table 2). Follow-up
analyses on BOLD responses revealed that for middle

relative to reward, compared to healthy children/adoles-
cents (t(46)=20.42, p<0.001, n2=0.31) (Fig. 3E).
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Potential Confounds

We conducted analyses excluding (1) children/adoles-
cents with DBDs on psychotropic medications, (2) chil-
dren/adolescents with DBDs and substance abuse (2 sub-
jects, both using cannabinoid for unknown duration), and
(3) children/adolescents with DBDs and comorbid
ADHD. Participants treated with psychostimulants were
advised to hold medication for at least 48 hours prior to
MRI scans. These analyses revealed similar results to the
main analysis reported above (Supplementary Material).
We also measured the callous-unemotional trait using the
Inventory of Callous-Unemotional Trait (ICU);*” how-
ever, no correlation with BOLD responses was observed.

DISCUSSION

The current study investigated neural correlates of deci-
sion-making in children/adolescents with DBDs as a func-
tion of both non-social (money gain/no gain) and social
(happy/sad faces) reinforcements. There were three main
findings: First, healthy children showed significantly
greater responses within the caudate and PCC to non-so-
cial rewards (money won) relative to social rewards
(happy facial expressions) relative to social non-rewards
(money loss) relative to non-social non-rewards (sad fa-
cial expression) than children/adolescents with DBDs.
Second, children/adolescents with DBDs showed sig-
nificantly less positive connectivity between seeds within
both the VST and vmPFC, and the lateral regions of mid-
dle frontal gyrii in response to rewards relative to non-re-
wards, compared to healthy children/adolescents. Third,
children/adolescents with DBDs, compared to healthy
children/adolescents, showed significantly less positive
connectivity between the vmPFC and the amygdala ROI
in response to non-rewards (social and non-social).

Previous studies have reported that children/adolescents
with DBDs show reduced responses to reinforcement in-
formation within the striatum and vmPFC.>*>***® On this
basis and given findings that both regions are responsive
to social and non-social rewards for a meta-analysis,* we
hypothesized that children/adolescents with DBDs would
show reduced responses within these regions to social
and non-social rewards relative to social and non-social
non-rewards compared to healthy children/adolescents.
This prediction, however, was not confirmed, and it was
not due to a lack of signal within either region as both the

vmPFC and VST showed clear main effects of rein-
forcement. Participants showed greater responses within
these regions to rewards relative to non-rewards regard-
less of sociality and whether or not the participant pre-
sented with DBDs.

Group differences emerged in regions showing differ-
ential responsiveness to social rewards relative to non-so-
cial rewards and non-rewards. Notably, children/ado-
lescents with DBDs showed a particularly reduced re-
sponses to non-social rewards in a region of the dorsal
striatum/caudate that healthy children/adolescents partic-
ularly recruited for these rewards. The dorsal striatum/
caudate is critically involved in reinforcement processing,
particularly in the context of instrumental learning

44 45 . . . .
" and impairments in the striatal response to re-

tasks,
ward (always non-social reward in previous studies) in
children/adolescents with DBDs have been mostly con-
fined to dorsal striatum/caudate™******”; though see
Wrase et al.*® The current study replicated previous work
indicating reduced reward processing in the caudate in
children/adolescents with DBDs during instrumental
learning tasks. This is likely to lead to poor decision-mak-
ing and maladaptive behavior due to difficulty in process-
ing salient reward information in this population.” Our re-
sults extend earlier work by showing that the impairment
in reward processing is confined to non-social rewards as
this study showed no significant differences in the re-
sponse within the caudate (or VST or vmPFC) to social re-
wards but significant group differences within the caudate
to non-social rewards. This is in noted contrast to chil-
dren/adolescents with autism who have been reported to
show reduced ventral striatal responses to social rewards
on this task."”

Previous studies have reported that children/adoles-
cents with DBDs show reduced responses to social non-
rewards (distress cues/sad or fearful faces). Children/ado-
lescents with DBDs show reduced autonomic re-
sponses” and amygdala responses to sad facial ex-

.48
pressions )

as well as reduced amygdala responses to
fearful expressions.”” On this basis, we had predicted that
children/adolescents with DBDs would show reduced re-
sponses to social non-rewards (sad facial expression). This
prediction was partially confirmed. There were no group
differences in amygdala responses to social non-rewards,
however, within the right PCC children/adolescents with

DBDs showed significantly less BOLD responses than did
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the healthy children/adolescents. Given the role of the
PCC in the representation of subjective value,” this result
might represent a failure to represent the value of the dis-
tress of others by children/adolescents with DBDs. It has
been argued that individuals with DBDs may process the
distress of others to a lesser extent and thus be less likely to
49,50) It

should be noted that the vmPFC is also implicated in the

change their behavior as a consequence of it.

representation of subjective value but no group differ-
ences in responsiveness were observed within this region.

Our third prediction was that children/adolescents with
DBDs would show reduced connectivity between core
regions involved in reward processing (vmPFC, VST) and
cortical regions implicated in reinforcement processing
and attention. Although children/adolescents with DBDs
and healthy children/adolescents did not significantly dif-
fer in their responsiveness within the VST and vmPFC to
reward relative to non-reward information, there were,
significant group differences /in connectivity between
both the VST and vmPFC seeds and lateral regions of the
middle frontal cortices. Specifically, children/adolescents
with DBDs showed significantly less positive connectivity
between the seeds and these regions in response to re-
ward relative to non-reward, compared to healthy chil-
dren/adolescents. Healthy children/adolescents show
substantial connectivity between these regions potentially
allowing reinforcement information to modulate attention
as well as top down control over emotional responding.””
Notably, previous work has reported that both adolescent
smokers and adolescents with ADHD show increased
connectivity relative to comparison adolescents rather
than the reduced positive connectivity in children/adoles-
cents with DBDs compared to healthy children/adolescents

*239 The current results suggest that even if chil-

seen here.
dren/adolescents with DBDs show a relatively intact
VST/VmPFC response to reward, the degree to which this
region interacts with cortical structures in charge of allo-
cating attention and regulating emotional responding dur-
ing reward processing is compromised.” In addition, the
children/adolescents with DBDs in the current study
showed significantly reduced positive connectivity be-
tween the vmPFC seed and the amygdala ROI for non-re-
ward relative to reward. This is consistent with several
previous findings of reduced vmPFC-amygdala con-
28,54,56,57) It is

argued that this reflects impairment in the integrated func-

nectivity in children/adolescents with DBDs.

tioning of these regions during reinforcement-based
(particularly punishment-based) decision-making in chil-
dren/adolescents with DBDs.”

Three caveats should be considered with respect to the
current data. First, while we included children/adolescents
with comorbid ADHD and substance abuse, follow-up
analyses excluding these children/adolescents revealed
similar results with respect to the main findings
(Supplementary Section 3, 4). Second, only stimulant
medications were withheld for at least 48 hours before the
fMRI procedures. Once again, however, follow-up analy-
ses excluding these participants yielded comparable re-
sults with respect to the main findings (Supplementary
Material). Third, we did not correlate symptoms of DBD
with BOLD response. This warrants more comprehensive
future study.

In conclusion, considerable previous work has sug-
gested that children/adolescents with DBDs show re-

% and re-

duced responsiveness to non-social rewards
duced modulation of their behavior as a function of other
individual's distress cues.”” With respect to the modu-
lation of behavior by distress cues, the current data ex-
pand previous work by demonstrating that regions im-
plicated in reinforcement-based decision-making (PCC
and caudate) show significant differences in responses to
distress cues in children/adolescents with DBDs relative
to healthy children/adolescents in the context of an in-
strumental learning task. In addition, the current func-
tional connectivity findings are suggestive that chil-
dren/adolescents with DBDs may face difficulty in the al-
location of attention during reinforcement-based deci-
sion-making.
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