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Abstract

Objective—Attention-deficit/hyperactivity disorder (ADHD) is a heritable neuropsychiatric
disorder associated with abnormal reward processing. Limited and inconsistent data exist about
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the neural mechanisms underlying this abnormality. Furthermore, it is unknown whether reward
processing is abnormal in unaffected siblings of participants with ADHD.

Method—We used event-related functional magnetic resonance imaging (fMRI) to investigate
brain responses during reward anticipation and receipt with an adapted monetary incentive delay
task in a large sample of adolescents and young adults with ADHD (n=150), their unaffected
siblings (n=92), and control participants (n=108), all of the same age.

Results—Participants with ADHD showed, relative to control participants, increased responses
in the anterior cingulate, anterior frontal cortex, and cerebellum during reward anticipation, and in
the orbitofrontal, occipital cortex, and ventral striatum during reward receipt. Responses of
unaffected siblings were increased in these regions as well, except for the cerebellum during
anticipation and the orbitofrontal cortex during receipt.

Conclusion—ADHD in adolescents and young adults is associated with enhanced neural
responses in frontostriatal circuitry to anticipation and receipt of reward. The findings support
models emphasizing aberrant reward processing in ADHD and suggest that processing of reward
is subject to familial influences. Future studies using standard monetary incentive delay task
parameters have to replicate our findings.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neuropsychiatric disorder affecting
about 5% of children worldwidel and is characterized by a pattern of impairing and
persistent inattention and/or hyperactivity and impulsivity.2 Research on cognitive aspects
of ADHD has long focused on executive functions such as working memory and response
inhibition.3 However, more recent cognitive models of ADHD have indicated deficits in
reward processing.# Children with ADHD appear to be more sensitive to the positive effects
of rewards on performance,>® make more risky decisions to obtain rewards,’ have stronger
preference for immediate compared to delayed rewards,8° and show steeper temporal
discounting compared to control participants.10-11 However, reports on behavioral measures
of reward processing are inconsistent, and findings often remain unreplicated (e.g. /+1213),
Little is known about the neural underpinnings of reward processing in particular in
adolescents with ADHD. Our study aimed to investigate the neural mechanisms underlying
reward processing in adolescents and young adults with ADHD, their unaffected siblings,
and control participants.

Frontostriatal brain networks, including the orbitofrontal cortex, medial prefrontal cortex,
and the ventral striatum (VS) play a crucial role in reward processing (for review see 14).
Accordingly, studies investigating reward processing using a monetary incentive delay
(MID) task have found alterations in VS signaling in both healthy populations and
participants with ADHD (for review see 1%). However, the manner in which VS signaling is
altered is dependent on the studied population. Control participants with impulsive traits
showed an increase of the striatal response to reward, whereas participants with ADHD
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mostly had decreased striatal responses to reward. VS responses during reward anticipation
for adolescents with ADHD were observed to be lower than for control participants, but no
differences were observed during reward receipt.18 However, an increased response in the
same VS area during reward receipt but not during reward anticipation has been reported, as
well.17 This inconsistency may be related to the small to moderate sample sizes and
differences in task and study design. We aimed at resolving this discrepancy by assessing
reward anticipation and reward receipt using an adaptation of the MID task in a large
population of adolescents and young adults with ADHD and control participants. The MID
task has been repeatedly shown to elicit a neural response in the VS to both reward
anticipation and receipt (for review see 15.18-20),

ADHD has a strong genetic loading with an estimated heritability of about 80%.21 Siblings
of participants with ADHD, who share on average 50% of their genetic information, have a
two- to eight-fold elevated risk of ADHD relative to control participants22. Despite the high
heritability of ADHD, identification of genes that contribute to the etiology of the clinical
phenotype has proven challenging. The identification of endophenotypes may be helpful in
unraveling the genetic component of ADHD. Endophenotypes are objective measures that
represent heritable vulnerability traits associated with the disorder in the population and are
thought to be intermediates on the pathway from genotype to phenotype 23. Importantly,
because of their assumed heritability, it has been proposed that valid endophenotypes can be
found at a higher rate in unaffected family members than in the general population 2324, So
far, two studies have investigated the familiality of behavioral measures of reward
processing in the context of ADHD. These studies have reported oversensitivity to reward
and abnormal preference for immediate reward in unaffected siblings 6°. Moreover, genetic
effects on reward processing in control participants have been described 25. Therefore we
investigated whether neural measures of reward processing in unaffected siblings are
intermediate between those of participants with ADHD and control participants, thus
supporting their role as an endophenotype of ADHD.

Method

Participants

This study was approved by the local ethics committee of participating centers. Written
informed consent was obtained from all participants or their legal guardians (for participants
<12 years). We considered data from 571 participants of the NeurolMAGE cohort, a large-
scale cohort of families with one or more children with ADHD and control families
recruited for the International Multicenter ADHD Genetics (IMAGE) study 2627, Detailed
recruitment and testing procedures for NeurolMAGE have been described elsewhere.28

At the time of follow-up, clinical status was reassessed by a trained professional
administering the Schedule for Affective Disorders and Schizophrenia for School-Age
Children (K-SADS)? to parents and children and complemented by ADHD questionnaires
(Conners' Parent and Teacher Rating Scales 3931; see 28 for detailed diagnostic procedures).
Diagnosis was based on DSM-5 criteria.2 Both unaffected siblings and control participants
were free of ADHD.
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The descriptive characteristics of the sample are summarized in Table 1. After applying
exclusion criteria (see Supplement 1, available online) we were able to analyze 350
individuals: 150 participants with ADHD (68 predominantly inattentive, 21 predominantly
hyperactive-impulsive, and 61 combined-type), 92 unaffected siblings, and 108 control
participants. Age was not different between groups (Table 1), while gender was unequally
distributed with a higher percentage of men with ADHD compared to the other groups
(Chi?[2]=23.3; p<0.01).

As expected in a clinical sample of participants with ADHD, the majority had a history of
treatment with ADHD medication (n=114 of 150). ADHD medication consisted of treatment
with methylphenidate with immediate release (MPH-IR; n=103), methylphenidate with
extended release (MPH-ER; n=84), atomoxetine (n=14), and/or dextroamphetamine (n=8).
All participants had discontinued use of medication for 48 hours prior to testing.

Reward Anticipation Paradigm

We used a modified version of the MID task 19:32; participants were asked to respond as
quickly as possible to a target by pressing a button. Prior to this target, a cue indicated the
possibility to gain a reward after a button press within a given time window. Every trial
ended with a feedback screen informing about the outcome of the current trial. Depending
on the participants' performance, the response window for a correct response was adapted in
the next trial resulting in an expected hit rate of 33%. The experiment lasted 12 minutes and
a total of € 5 could be gained. At the end of the experiment, the awarded money was paid to
the participant (see Supplement 1, available online, and Figure S1 for a detailed description
of the task).

Compared with the original task, our version differed on two main aspects: hit rate (33% vs.
66%) and reward magnitude (20 cents vs. $5). The rationale behind these adaptations was to
increase the demands of the task with stronger task engagement as a result. Secondly, our
adaptations aimed at meeting the practical constraints of our study. Considering that we
limited ourselves to rewarded and neutral conditions, rewarding participants according to the
original task parameters would have led to disproportional monetary rewards (approximately
€80), which was a concern for us and our ethical review board.

Behavioral Measures

Behavioral outcome measures were reaction time and coefficient of variation (CV) in the
rewarded and neutral conditions. Based on trials with correct responses (i.e. no premature
responses [reaction time, RT<100 ms], too many [>1] or too early [i.e. before target onset]
button presses or no response at all) we calculated mean reaction times. The CV was defined
as the standard deviation divided by the mean. Values were log10-transformed to improve
normal distribution of the data.

Image Analysis

After image acquisition, preprocessing, and initial nuisance regression (see Supplement 1,
available online), statistical parametric maps were estimated for each participant with a
general linear model (generalized linear model [GLM]; FSL FEAT). First-level regressors
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included six regressors of interest (onset times of rewarded and neutral cues, hits, and
misses, each with a duration of 0 seconds) and 6 regressors of no interest. The latter
regressors comprised a) onsets of rewarded and neutral targets; b) cue, target, and outcome
onsets of error events; and c) a motion regressor. Error events comprised events of trials
with incorrect responses. The motion regressor was inserted to control for possible
movement artifacts 33, Head movements from one image to the next exceeding 0.5 mm in
either the X, y, or z direction were considered movement artifacts. Onset of this error event
was set to 8 seconds before the movement, and all events within this 8-second interval were
discarded. To ensure we had a sufficient amount of events to model our regressors of
interest, we only included participants with at least 5 events per event type (see Table S1,
available online). All regressors and their temporal derivatives were convolved with a
canonical hemodynamic response function (HRF). Finally, the estimated beta maps for each
participant were normalized to a common space (MNI1152) for group comparisons.

Group comparison was divided into two steps: identification of regions that show sensitivity
to ADHD-control differences and testing of endophenotypic characteristics within these
regions including participants with ADHD, unaffected siblings and control participants. The
first group comparison included participants with ADHD and control participants only. We
chose this approach as opposed to a more conservative approach of assessing diagnostic
effects within a general linear model including all three groups in order to be maximally
sensitive to diagnosis-dependent effects. An ADHD-control comparison derived from a
model including the unaffected siblings would have been less sensitive, as the included
siblings would increase the error variance. Alternatively, investigating only the three-group
contrast would reveal only regions showing endophenotypic characteristics (for results
following this latter strategy see Supplement 1 and Table S2, available online).

Region Identification

To identify brain regions that showed deviant blood oxygenation level-dependent (BOLD)
responses during reward anticipation and receipt, normalized contrast maps of the first-level
parameter estimates were taken to second-level random effect analyses (FSL FLAME). For
anticipation, we contrasted response maps for rewarded cues with response maps for neutral
cues. For monetary reward receipt, we assessed the interaction of accuracy (hits vs. misses)
and reward (rewarded vs. neutral trials [rewarded hits: 1; rewarded misses: -1; neutral hits:
-1; neutral misses: 1]). This contrast was thought to have highest sensitivity to responses of
the VS, signaling the need to adapt behavior in order to maximize reward gain and minimize
punishment, commonly referred to as the reward prediction error 18, Group (ADHD vs.
control) was entered as a between-subject factor in both anticipation and receipt analyses.
Scan location, age, gender, comorbidity with oppositional defiant disorder (ODD)/conduct
disorder (CD), and summary movement parameters (sum of all realignment parameters, and
the number of movement-related error events) were added as regressors to account for
effects of no interest. After initial thresholding at the voxel level (Z>2.3), statistical
inference was done at a cluster level using Gaussian random field (GRF) theory-based
significance testing (FSL 34; p<0.025 to correct for testing during anticipation and receipt)
within a whole-brain search-space (for results of analyses restricted to a region of interest
[ROI] search-space, see Supplement 1 and Table S3, available online).
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Assessment of Unaffected Siblings

To subsequently examine the endophenotypic characteristics of regions identified by the
procedure above, we tested the influence of familiality in each identified region using an
analysis of variance (ANOVA) with group (ADHD, unaffected siblings, and control) as
between-subject factor. We added scan location, age, gender, comorbidity with ODD/CD,
and movement summary scores as covariates. Of note, in familial study designs that include
more than one participant per family, the assumed independence of data is violated,
potentially underestimating inter-individual variance in standard GLMs. The current study
allowed inclusion of more than one participant with ADHD from one family. We therefore
corrected for non-independence of data by adding family as a random effect. This was done
in R (R 2.15.3 using the Ime4 package [Ime4 1.0.4 35]). All p-values were Bonferroni
corrected (p<0.0083) for the number of clusters.

In addition to the regions identified by the ADHD-control comparison, we specifically
examined the role of the VS using ROI analyses 8. To avoid non-independent voxel
selection, we defined our ROI based on anatomical information. Each participant's
anatomical magnetic resonance imaging (MRI) scan was segmented using an automatic
subcortical segmentation tool (FIRST v1.2; 36). From these segmented structures, we
selected the bilateral VS labelled as nucleus accumbens (NAcc), aligned them with the
functional images, and extracted the mean of the parameter estimates from the contrast
images for reward anticipation and receipt. We tested for endophenotypic characteristics of
each of these two measures using an ANOVA with the same design as described above.

Finally, we estimated the influence of group on RT and CV difference scores (neutral
RT/CV minus rewarded RT/CV).

Age, Family Gradient, and Sensitivity Analyses

Because of the wide age range of the studied sample and the divergent findings in literature
including older participants, we investigated age-related effects in our sample. Therefore, we
conducted two analyses. First, we divided our sample into two age groups (<18, 18+). We
used this division as an additional between-subject factor, resulting in an age by diagnosis
design with comorbidity with ODD/CD, scan site, gender, and motion as nuisance
regressors. All reported clusters within the ROl were treated as dependent variables. Second,
we added the interaction of age as a continuous measure with diagnosis to the statistical
model.

We also assessed familiality of our neural measures by calculating family gradients. Results
of these analyses, as well as additional post-hoc assessment of potential confounding factors
such as medication use and testing at multiple sites, and main effect of task in all three
diagnostic groups are reported in Supplement 1, Tables S6, S8-S11, and Figure S3, available
online.
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Behavioral Results

Task performance is summarized in Table 1 and plotted in Figure 1. There was a main effect
of cue type with faster reaction times for rewarded trials compared to neutral trials (295 ms
versus 323 ms; t[335] = -19.4; p<0.001). We did not observe a significant group difference
(F[2,328]=2.7; p<0.07). Regarding CV we found a main effect of cue with more variability
during neutral trials (0.186 vs. 0.235; t[349]=5.9; p<0.001). We also observed a significant
group effect (F[2,275] = 3.1; p<0.04). Pair-wise comparison revealed that reward-related
reductions in variability were larger in participants with ADHD compared to control
participants (t[236] = -2.4; p<0.02). Unaffected siblings had CV scores that were similar to
those of control participants and their affected siblings.

General Task Effects

After family-wise error correction for multiple comparisons within the whole brain, we
established a significant effect of reward anticipation for the contrast rewarded vs. neutral
cue. Regions that showed response to the task manipulation included the basal ganglia
including the VS, anterior cingulate cortex (ACC), insular cortex, visual cortex, and
cerebellum (Figure 2). For reward receipt, we detected significant BOLD signal increases
for rewarded relative to neutral hits (vs. misses) in the reward system, including the VS and
frontal regions, motor cortex, and visual cortex.

Main Effects of ADHD Diagnosis

During anticipation we observed a significant main effect of ADHD (ADHD vs. control
comparison) in three clusters including the ACC, frontal pole, and cerebellum (Figure 2; for
results of three-groups group analysis see Supplement 1, available online). During receipt,
the same comparison revealed a significant main effect of ADHD in the occipital cortex and
two regions in the OFC, one of them extending into the amygdala. All significant clusters
are summarized in Table 2 (post-hoc tests of the interaction that is implicitly modeled in this
comparison can be found in Tables S4 and S5 and are illustrated in Figure S2, available
online).

Familiality Analyses

Results of statistical group analysis (ADHD, unaffected siblings, control) in the significant
clusters are presented in Table 2. Two different response patterns were observable. For the
majority of tested regions, both participants with ADHD and unaffected siblings had
increased responses relative to control participants (anticipation: ACC, frontal pole; receipt:
occipital cortex, OFC). In two other regions (anticipation: cerebellum; receipt: OFC),
participants with ADHD had increased brain responses relative to their unaffected siblings
and control participants; the responses of unaffected siblings and control participants did not
differ from each other. Group-specific mean responses are displayed in Figure 3.

Results of the ROI analysis are also indicated in Table 2 and Tables S10 and S11, available
online. For reward anticipation and receipt, analysis of the VS revealed a main effect of task
with increased BOLD response for rewarded trials compared with neutral trials
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(anticipation: t[257]=5.0; p<0.001; receipt: t[257]=5.8; p<0.001). For receipt, we
additionally observed an ADHD effect (F[2,334]=3.2; p<0.04), with an increased BOLD
response in ADHD compared to control participants (t[334]=2.44; p<0.04). Unaffected
siblings did not differ from their affected siblings and the control participants. During
anticipation BOLD responses were equal between all groups (F[2,336]=1.1, p<0.4).

Age Analyses

None of the brain regions (i.e. clusters from the ADHD-control comparison and NAcc
during anticipation and receipt) showed a significant effect of age or interaction between age
and diagnosis (see Supplement 1 and Table S7, available online).

Discussion

The aim of this study was to investigate the neural mechanisms of reward processing in
ADHD and its potential as an endophenotype of ADHD. Our results revealed that ADHD is
characterized by increased reward-related neural responses during anticipation and receipt as
well as reduced variability of behavioral responses for rewarded cues. These findings extend
previous observations of increased impact of reward on behavior in adolescent ADHD.5
Further, unaffected siblings of participants with ADHD also had increased neural responses
during anticipation and during receipt, suggesting that familial factors play a role in this
increased sensitivity of the reward system.

Participants with ADHD specifically displayed an increased response to reward in the
frontal pole and orbitofrontal cortex. During anticipation this increased response extended to
the ACC, which together with the basal ganglia forms the frontostriatal reward network.
Here, the orbitofrontal cortex has been put forward as the central structure for representing
the value of an expected outcome, 37 whereas the ACC has been associated with
performance monitoring 38. Consequently, it might be that participants with ADHD
overestimate the expected value of reward outcome. Additionally, they might recruit more
resources to monitor actions or prepare a response.

Participants with ADHD also exhibited an increased response to reward receipt in the VS.
VS responsiveness has been considered to code either for the hedonic value representation
of reward (i.e. the amount of subjective pleasure in individual experiences) and to represent
reward prediction error coding (i.e. the difference between expected and actual reward 18).
This would suggest that participants with ADHD might be hypersensitive to reward because
they experience receiving a reward relative to no reward as more pleasurable than control
participants. Alternatively, they might be unable to correctly establish an association
between a reward-predicting cue and the receipt, leading to an increased prediction error
response during reward receipt relative to non-reward. A third explanation would be that
participants with ADHD experience the inability to gain reward as overly aversive, which
may result in a stronger signal of the brain to avoid such a situation in future 39,

A novel aspect of the current study was the assessment of familiality of the neural
mechanisms of reward processing in ADHD. For most of these brain regions, the unaffected
siblings exhibited increases of brain responses that made them comparable to affected
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participants. For two regions (cerebellum, OFC), we found that their brain responses were
more similar to the control participants. Together our results suggest that unaffected siblings
show part of the disorder-specific changes in neural functioning; however, these changes
were present to a lesser extent. The observed changes in the neural substrate underlying
reward processing in symptom-free family members of participants with ADHD suggest that
familial factors (i.e. genes and/or shared environment) contribute to alterations in the reward
system. Interestingly, genes such as DAT1, which can confer risk to ADHD, have been
found to affect reward processing in control participants 25 and participants with ADHD 17.
As a result, altered reward processing is a potential new endophenotype of ADHD. Of note,
we used strict diagnostic criteria to guarantee that unaffected siblings neither exhibited
subthreshold ADHD nor differed from control participants on ADHD symptom measures.

Our data replicate behavioral reports of altered reward sensitivity in adolescents with
ADHD °. However, they are in contrast with reports of decreased responsiveness of the VS
in anticipation of reward in adults with ADHD,1° as well as with one study with adolescents
with ADHD.16 Age may have a critical influence on the functioning of the reward system.
Evidence supporting this account comes from studies showing developmental changes in
neural firing of the reward system. These studies have mainly shown hypersensitivity of the
reward system in adolescents. 40 Adolescence is thought to be characterized by behavioral
changes such as increased risk-taking and behavioral impulsivity 4142 putatively caused by
an imbalance of basal ganglia and prefrontal cortex maturation. Moreover, impulsivity is in
the healthy population associated with increases in sensitivity to reward 1°. Given that
healthy adolescents and participants with ADHD share increased behavioral impulsivity, we
speculate that both adolescents and participants with ADHD might experience an age-related
imbalance of neural development. At later ages, when regulatory functions of the prefrontal
regions have matured in healthy populations 43, signaling in striatal regions may not only be
normalized in participants with ADHD but may even be suppressed, resulting in a hypo-
responsive reward system. However, we did not find support for this interpretation in our
study since effects of age or an interaction of age by diagnosis were non-significant. This
may be because our participants are mainly late adolescents and young adults. Accordingly,
it might be that striatal hypo-responsiveness occurs at a later age. Another possibility is that
adult ADHD is different from adolescent ADHD in terms of neural underpinnings.
Longitudinal studies are needed to differentiate between these possible explanations.

The findings reported here should be interpreted in the context of the strengths and
limitations of our study. We examined reward processing in a large sample of carefully
phenotyped participants using a family design. A modified version of the well-established
monetary incentive delay paradigm was employed, which induced clear behavioral and
neural activation effects as both whole-brain and ROI analyses indicated. Another strength
of the study was that all participants were scanned while off medication. Furthermore, we
were able to rule out the effects of common confounds such as medication use, gender, and
comorbidity with ODD/CD.

Our task was modified compared to the traditional versions of the MID 32, Specifically, we
included only one level of reward with relatively low reward magnitude and lowered hit
probability. Evidence from imaging studies on reward processing in healthy participants
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suggests that reward processing in the striatum is dependent on both of these parameters 44,
Considering that previous studies with children and adults with ADHD have reported
differences in striatal responses for a high reward condition only, it may be that
inconsistencies between these studies and ours might be due to differences in reward
magnitude. Indeed, signals in the striatum are most robust when high rewards are at stake,
while responses to lower rewards are present yet less reproducible 4. Although we cannot
exclude this possibility, we argue that this is unlikely given observations that dopaminergic
midbrain neurons code for the relative rather than absolute value of a reward. Indeed,
reward-related responses adapt to the context in which a reward is presented 46, in the sense
that they depend on a combination of the overall expected value and their variance rather
than the absolute magnitude of reward value. As is the case for dopamine neurons, 46
reward-related BOLD signals should maintain their sensitivity over a large range of reward
values. This argument is supported by the clear and strong reward-related responses we
observed in regions that are typically associated with reward processing (see Figure 2)32.

Another aspect of the changed task parameters relates to the underlying cognitive process.
Specifically, it might be that due to the infrequent hits, our task was generally experienced
as too difficult, leading to frustration and surprise rather than anticipating and receiving
reward. Indeed, striatal structures are known to show biphasic responses, making them
capable of responding to positive (reward) as well as negative (punishment) stimulation.*
Moreover, such an account would be in line with experimental findings demonstrating
increased responses in reward processing brain regions to delayed rewards 3°. Yet, both
reward magnitude and reward probability are coded relatively rather than absolutely. 46 This
implies that the perception of a cue as rewarding or punishing depends on the context.
Accordingly, our hit rate of 33% would have been experienced as frustrating only when
participants were able to compare this with experimental paradigms or conditions with a
higher hit rate. Secondly, we observed faster and more stable responses on rewarded trials
for all participants indicating that participants were aware of the reward component of the
task rather than being surprised by the infrequent hits. Nevertheless, future studies need to
confirm our findings. Moreover, given that another study reporting no VS differences in the
anticipatory phase 48 applied a paradigm that also differed on reward probability, it suggests
that this parameter is a crucial task parameter and deserves systematic investigation in
future.

Finally, our task was originally designed to investigate reward anticipation and was not
optimized for assessing reward receipt processing. The amount of trials used to estimate
responses during reward receipt was relatively small and, with twice as many misses as hits,
unequally distributed (for details see Table S1, available online). This may have resulted in a
suboptimal estimation of receipt-related effects. Nevertheless, we are confident that the
receipt-related effects reported here are robust and reliable based on the size of the sample
we used as well as the clear main task effect of receipt (irrespective of group) that is in line
with previous reports 4. A final note of caution concerns the functional specificity of the
observed effects to reward processing. Specifically, we cannot exclude the possibility that
the reported hyper-activation during reward anticipation and receipt reflects non-reward
specific effects of ADHD on the processing of salient events 4°.

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2016 May 01.
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To summarize, adolescents and young adults with ADHD, compared to control participants,
had increased responses of the reward system (even when relatively low rewards were at
stake). Unaffected siblings of the participants with ADHD showed the same altered response
to reward anticipation (frontal pole; ACC) and receipt (occipital lobe; OFC) as their affected
siblings whereas no changes could be observed in the cerebellum (anticipation) and the OFC
(receipt). Our findings highlight that familial factors contribute to the pathogenesis of
ADHD by affecting the reward system and suggest that altered reward processing is a
promising endophenotype of ADHD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Anticipation Receipt

Fig 2.

Brgain responses to rewarded versus neutral cues (anticipation; left) and rewarded vs. neutral
accuracy (hits versus misses; right) in participants with attention-deficit/hyperactivity
disorder (ADHD; red) and control (CON) participants (blue), and the contrast ADHD vs.
control participants (green). Note: All maps show Gaussian random field (GRF) theory-
based cluster significance at p<0.025 within a whole-brain search-space.
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Group means for significant clusters from the attention-deficit/hyperactivity disorder
(ADHD)-control comparisons and regions-of-interest (ROI; NAcc) analyses. Note: Regions
are frontal pole (FP), cerebellum (C), anterior cingulate cortex (ACC), occipital cortex (OC),
orbitofrontal cortex (OFC), and OFC extending into amygdala (OFC2). Error bars indicate
standard error of the mean. *p<0.05 ***p<0.001.
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