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Effects of substance misuse on reward-processing in patients
with attention-deficit/hyperactivity disorder
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Attention-Deficit/Hyperactivity Disorder (ADHD) and Substance Use Disorder (SUD) often co-occur and are associated with

treatment resistance. Both disorders are characterized by similar reward-processing deficits with decreased striatal responses to
reward anticipation, though literature is inconsistent. It is unclear whether substance misuse exaggerates reward-processing deficits
observed in ADHD. The aim of this study was to examine substance misuse effects on reward-processing in ADHD. Functional MRI
data in a Monetary Incentive Delay (MID) task from a multi-site study were compared across ADHD groups with and without
substance misuse (ADHD + SM and ADHD-only, respectively) and healthy controls (n = 40/group, 74 males and 46 females, aged
13.7-25.9 years). Substance misuse was defined as misuse of alcohol, nicotine, or drugs. Groups were matched with presence/
absence of parental SUD to avoid interference with SUD trait effects. Compared to ADHD-only and controls, ADHD + SM showed
hyperactivation in putamen during reward anticipation. Compared to controls, the ADHD groups showed hypoactivation in motor/
sensory cortices and hyperactivation in frontal pole and OFC during reward outcome. ADHD + SM also showed hyperactivation in
frontal pole during neutral outcome. Moreover, ADHD + SM patients showed higher callous-unemotional (CU) traits that were
positively correlated with putamen responses to reward anticipation. Our results show distinct condition-independent neural
activation profile for ADHD + SM compared to ADHD-only and controls. Effects of comorbid substance misuse and variability of its
prevalence across ADHD studies might have contributed to inconsistencies in ADHD literature. Contrasted with findings for reward-

processing in SUD literature, results potentially suggest distinct underlying mechanisms for SUD subgroups with different

characteristics, like antisocial/psychopathic traits.
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INTRODUCTION

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common
neurodevelopmental disorder that persists into adulthood for a
considerable proportion of patients [1, 2]. Adolescents and adults
with ADHD are at increased risk for developing Substance Use
Disorder (SUD) [3-5], with prevalence rates up to 58% [6, 7],
contrasted with prevalence rates of 4-5% in the general
population [8]. ADHD patients with comorbid SUD start substance
use at an earlier age, progress more rapidly from recreational use
to SUD [9] and respond poorly to SUD and ADHD treatment,
compared to SUD-only [4, 9] and ADHD-only patients [10],
respectively. This suggests that patients with ADHD and comorbid
SUD represent a particularly severe and treatment resistant
subgroup. Hence, investigating mechanisms contributing to this
common comorbidity and treatment resistance is of paramount
importance.

Patients with ADHD and SUD share several phenotypic
characteristics. For instance, impulsivity is one of the core
symptoms of ADHD [11, 12] and is also commonly observed in
SUD patients [13, 14]. At cognitive level, impulsivity consists of

multiple components that are linked to both patient groups [15].
One of these components is (elevated) reward-seeking [15] that
refers to abnormalities in reward-processing and is associated with
altered reward sensitivity [16]. The cortico-basal ganglia circuit,
and particularly the ventral striatum (VS), is thought to mediate
reward-processing [17]. During adolescence, this pathway under-
goes substantial developmental changes [18], potentially predis-
posing adolescents to reward-seeking behaviors. Several studies
have investigated the role of this pathway in reward-processing
deficits observed in ADHD and SUD patients.

Interestingly, ADHD literature shows different developmental
trajectories of striatal maturation in patients compared to controls
[19, 20]. Moreover, meta-analysis of fMRI studies on neural
activation during reward anticipation in a Monetary Incentive
Delay (MID) task in ADHD patients showed VS hypoactivation for
patients compared to controls [21]. This finding was replicated by
a subsequent study that additionally found a positive association
between VS anticipatory activation and parent-reported reward
sensitivity for offspring [22]. In contrast, two studies showed non-
significant VS hyperactivation for ADHD patients compared to
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controls during reward anticipation [23, 24]. Some studies also
examined group differences during reward outcome showing
either VS hyperactivation [24, 25] or no group differences [26].
Meta-analysis on reward-processing deficits in SUD patients
showed that, compared to controls, SUD patients exhibited VS
hypoactivation during reward anticipation, followed by VS
hyperactivation during reward outcome in a MID task [27]. Similar
findings have been observed in individuals with recreational drug
and tobacco use [28, 29]. Moreover, VS hyperactivation, predicted
early-onset substance use in adolescents at high risk for SUD [30].

Where in ADHD impulsivity is thought to represent one of the
core symptoms of the disorder, in SUD it is seen as both risk factor
for and consequence of substance use. For instance, animal studies
show that chronic drug administration results in alterations within
the dopamine system, associated with various impulsivity
components [31-37]. On the other hand, Belin et al. showed that
high impulsivity predicted subsequent compulsive drug-taking in
rats [38]. High impulsivity as part of ADHD is thus thought to
mediate the increased risk for SUD in ADHD patients [39].
Moreover, most of the genetic liability shared between ADHD
and alcohol use disorder (AUD) was found to be also shared with
Conduct Disorder (CD) [40]. The callous-unemotional (CU)
component of psychopathy (i.e., CU traits) [41] is suggested to
be a modifier to CD diagnosis [42]. Impulsivity in ADHD-SUD
comorbidity might thus reflect both effects of chronic substance
use and shared trait effects. However, it's not clear whether CU
traits are also associated with the impulsive behaviors observed in
ADHD-SUD comorbidity.

To the best of our knowledge, there are no studies in ADHD
patients examining effects of substance misuse on reward-
processing. This study aims to address this question comparing
neural responses to reward and neutral anticipation and outcome
during a MID task between ADHD patients with and without
substance misuse. Based on the results of a large number of
ADHD studies, we hypothesized VS hypoactivation during
reward anticipation, followed by VS hyperactivation during
reward outcome for ADHD patients without substance misuse
compared to controls. Furthermore, given the same direction of
ADHD and SUD effects, we expected additive effects of substance
misuse on reward-processing deficits in ADHD patients. More
specifically, we hypothesized more pronounced VS hypoactivation
during reward anticipation and VS hyperactivation during reward
outcome for ADHD patients with comorbid substance misuse,
compared to those without and to controls. Finally, we explored the
association between CU traits and neural activation during the task.

MATERIALS AND METHODS
Participants
Participants of this study were part of the NeurolMAGE cohort [43],
a longitudinal study that recruited ADHD and control families and
focused on cognitive, neural, and genetic correlates of ADHD.
Additional data on substance use was collected. NeuroIMAGE was
approved by the regional ethics committee (Centrale Commissie
Mensgebonden Onderzoek: CMO Regio Arnhem Nijmegen; 2008/
163; ABR: NL23894.091.08) and the medical ethics committee of
the VU University Medical Center. Detailed description of the
project, including obtaining the required informed consents,
recruitment, and ADHD diagnostic procedure, can be found in
Supplement 1 and the main design paper of NeurolIMAGE [43].
The present study included ADHD offspring from ADHD families
and (unaffected) offspring from control families. Unaffected
offspring from ADHD families were excluded (n=92). For more
detailed description of exclusion criteria see Supplement 1. After
matching the groups with relevant covariates, the final sample of
our study consisted of an ADHD group without substance misuse
(ADHD-only, n=40), an ADHD group with substance misuse
(ADHD + SM, n =40), and a control group (n =40). In total, our
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dataset included offspring from 105 families: 91 families with 1
offspring, 13 families with 2 offspring and 1 family with 3
offspring. Our data were also part of that included in Von Rhein
et al. [24]. Sample characteristics are summarized in Table 1. Age
and 1Q distributions are included in Figs. S10 and S11.

Instruments/measurements

ADHD. The diagnostic algorithm for ADHD included assessment
with the Schedule for Affective Disorders and Schizophrenia for
School-Age Children-Present and Lifetime Version (K-SADS) [44]
and Conners’ ADHD questionnaires completed by parents,
teachers, and participants [45, 46]. The diagnostic algorithm is
described in detail in Supplement 1 and in the main design paper
of NeurolMAGE [43].

Substance use. Substance use was examined with the Dutch
version of the Self-Reported Delinquency Scale (SRD) [47, 48].
Daily alcohol or nicotine use or (at least) weekly drug use indexed
substance misuse [49]. Participants with missing data in at least
one of the scales of the questionnaire (i.e., alcohol, drug, or
tobacco) were excluded from the study (n=15).

Parental substance use was assessed with the Alcohol Use
Disorders Identification Test (AUDIT) [50], the Drug Abuse
Screening Test (DAST) [51], the Fagerstrom Test for Nicotine
Dependence (FTND) [52] and the Timeline Follow Back (TLFB; [53];
Supplement 1). Positive family history of SUD (FH-+) was identified
provided alcohol, drug, or nicotine dependence was present in at
least one of the parents. Negative family history of SUD (FH-) was
indicated for absence of alcohol, drug, and nicotine dependence
in both parents. Participants were excluded from the study in case
data on substance use were absent for at least one parent unless
the data of the other parent indicated SUD and thus FH-+.

To avoid interference with familial trait effects, all groups were
matched perfectly with family history of SUD (FH). To prevent the
influence of additional confounders, all groups were matched
optimally with age, and the ADHD groups were matched perfectly
with sex (i.e., biological sex at birth). Matching was conducted with
Matchlt in R (R version 3.6.2; Rstudio version 1.2.5033) [54, 55].

Callous-unemotional (CU) traits. CU traits were assessed with the
self-report Inventory of Callous-unemotional traits (ICU) [56]. This
consisted of three subscales: uncaring, callousness, and unemo-
tional. ICU has been validated in samples of adolescents and
young adults, with construct consistency a =0.74-0.85 for total
ICU, a = 0.70-0.84 for uncaring, a = 0.71-0.88 for callousness, a =
0.45-0.60 for unemotional [56, 57]. Moreover, self-report ICU has
previously been used for ADHD [58].

Monetary Incentive Delay (MID) task
Reward-processing was measured with an adapted version of the
MID task [24, 59, 60] (Fig. S1), consisting of one 12-min block with
25 reward, 25 neutral, and 25 trials without events. Reward and
neutral trials contained presentation of a cue (jittered interval
3.5-8.5 s) that indicated trial type (i.e., reward or neutral), followed
by the presentation of the target (270-500 ms). Time interval
between trials was fixed at 5000 ms. Participants were asked to
respond to the target as soon as possible by pressing a button.
This was followed by a feedback screen indicating the outcome of
the trial. Outcome in reward trials included the gain of a monetary
reward (i.e, 20 cents) for button presses within the response
window, while neutral trials included no monetary reward gain.
The response window for a correct trial was adapted in the next
trial based on participants’ performance, with an expected hit rate
of 33%. A detailed description of the task can be found in the
paper of Von Rhein et al. [24].

Behavioral variables were mean reaction time (RT) and intra-
individual coefficient of variation (ICV, defined as SD of RT/mean
RT) in reward and neutral conditions. Trials with no or premature
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Table 2. Descriptive statistics of the behavioral data.

Dependent Variables ADHD-only ADHD + SM Control p value Significant contrasts (p value)
Reaction Time (M = SD)

Reward condition 299.14 £ 34.66 281.36 £ 36.21 284.82 +£27.59 0.02 a (0.018)

Neutral condition 324.79 £41.22 309.94 + 43.68 304.34 £33.69

Intra-individual Coefficient of Variation (M + SD)

Reward condition 0.17 £0.06 0.19+0.05 0.17 £ 0.06 0.155 ns

Neutral condition 0.21+0.06 0.22 +0.06 0.18 £ 0.05

2ADHD— only vs. ADHD + SM.

responses (i.e., RT < 100 ms or button press prior to target onset)
or trials with more than one button presses were excluded from
the calculation of the mean RT.

Analyses

Behavioral data analysis. The log10-transformation to normality
was applied for variables that were not normally distributed. Task
effect and group differences in RT and ICV were examined using
separate two-way mixed ANCOVAs in R (R version 3.6.2; Rstudio
version 1.2.5033) [54], with condition as the within-subjects
independent variable (two levels: reward and neutral), group as
the between-subjects independent variable (three levels: ADHD-
only, ADHD + SM, controls) and FH, age, sex and scan-site as
covariates. Significant group differences (i.e, p<0.05) were
followed by post-hoc comparisons for pairwise differences and
Bonferroni-Holm correction for multiple comparisons.

fMRI data analysis. MRI data acquisition and preprocessing are
described in Supplement 1. For first-level analysis, statistical
parametric maps were estimated with a General Linear Model
(GLM) in FSL-FEAT [61, 62]. The model included six regressors of
interest (i.e, onset times for cues and onset times for hits and
misses in reward and neutral trials) and five regressors of no
interest (i.e., onset times for targets in reward and neutral trials
and for cue, target, and outcome for trials with no, premature or
multiple responses). Temporal derivatives of the regressors were
also added to the model. All regressors were convolved with a
canonical hemodynamic response function (HRF). Contrasts of
interest consisted of reward anticipation (i.e., onset time for cues
in reward trials), neutral anticipation (i.e.,, onset time for cues in
neutral trials), reward outcome (i.e., onset times for reward hits-
onset times for reward misses), neutral outcome (i.e., onset times
for neutral hits-onset times for neutral misses), reward minus
neutral anticipation and reward minus neutral outcome. The
included contrasts intended to go beyond traditional reward
minus neutral contrasts examining separately the reward and
neutral conditions, in order to define where the actual differences
across groups lie. First-level activation maps were spatially
normalized into each participant’s native space and subsequently
transformed into MINI152 standard space for group-level analysis.

Whole-brain analysis. For each contrast, group-level analysis was
performed with a Mixed-Effects Model with FSL flame [61, 62]. T-
tests for group activation maps and an F-test contrast for
differences across the three groups were included in the model.
Mean-centered FH, age, sex, and scan-site were also added as
regressors of no interest. Z-statistical images were thresholded
with a cluster forming threshold of Z>2.6 and a family-wise
corrected cluster significance threshold of p < 0.05. Mean activa-
tion parameters (B-values) of significant clusters were extracted for
each participant, using the fsimeants function [61, 62], and post-
hoc comparisons with Bonferroni-Holm correction were per-
formed in R (R version 3.6.2; Rstudio version 1.2.5033) [54].

Neuropsychopharmacology (2021) 46:622 - 631

Region of interest (ROI) analysis. Based on a priori interest in VS
activity, we created a nucleus accumbens (NAcc) region of interest
(ROI) mask in FSL using the Harvard-Oxford subcortical structural
atlas [61, 62]. Using the fsimeants function [61, 62], individual (-
values were extracted from the masked first-level statistical
parametric maps for reward minus neutral anticipation and
outcome and were used in separate one-way ANCOVAs to
examine group differences in VS activity in these contrasts. FH,
age, sex, and scan-site were included as covariates.

Sensitivity analysis. To make sure that group differences of the
main analysis were not driven by other confounding factors we did
not account for, we conducted sensitivity analyses with separate
linear mixed-effects models in R (R version 3.6.2; Rstudio version
1.2.5033) [54] for each behavioral variable and B-values from each
significant cluster. Factors added consisted of familiality (random-
effects factor; random intercept model), 1Q, current ADHD medica-
tion usage, and presence of comorbid Disruptive Behavioral Disorder
(DBD; Oppositional Defiant Disorder (ODD) or CD) [15].

Post-hoc exploratory Analysis. We performed multiple linear
regression (with ADHD + SM as reference group) in R (R version
3.6.2; Rstudio version 1.2.5033) [54] to examine the relationship of
the most important findings in the whole-brain analysis with
ADHD severity and CU traits, which have been previously
associated with elevated SUD prevalence [63]. Cluster activation
was used as outcome variable and CU traits-group interaction and
ADHD severity-group interaction as predictor variables in the
same model. ADHD severity was measured with scores in
hyperactivity-impulsivity and inattention subscales of the Conner’s
parents and teachers/self rating scales (i.e., average CPRS and
CTRS scores) [45, 46]. CU traits were assessed with scores in the
uncaring, callousness, and unemotional subscales of ICU [56].
Regression coefficients were significant for p < 0.005 (corrected for
multiple comparisons).

RESULTS

Behavioral results

Descriptive statistics are summarized in Table 2 and are visually
presented in Fig. S2. There was a main effect of condition on RT
(p <0.001), with shorter RTs for reward compared to neutral trials.
We also found a main effect of group on RT (p = 0.02), with shorter
RTs for ADHD + SM compared to ADHD-only patients (p = 0.018).
No group-condition interaction was found (p = 0.283). Moreover,
there was a main effect of condition on ICV (p<0.001), with
shorter ICV for reward compared to neutral trials, but no group
differences (p = 0.137) or group-condition interaction (p = 0.242).
Covariate effects are described in Supplement 2.

fMRI results

Whole-brain analysis. Group activation maps during reward,
neutral and reward minus neutral anticipation and outcome

SPRINGER NATURE

625



Effects of substance misuse on reward-processing in patients with...
M Paraskevopoulou et al.

626

X%

o
® <
000
» o
D 000

(8)

2000~

]

1000~

i °

$

b ¢

3

$

b

-
L J

{.
pd
&

184

—te
"

IE
3

beta-values during reward anticipation

&

-4

L2 ad

-1000-

ADHD+SM
Groups

ADHD-only Control

Fig. 1

(€

beta-values during neutral anticipation

1000~

-.0 &
ziqo—e—o—o—o

<
<
ps

?
5
5
>

o
v
%
3

: §

top

3
&
<

L

=
> — - —

®

$ 3 o

<

-1000-

°

Control

ADHD+SM
Groups

ADHD-only

Whole-brain group differences during reward anticipation. (a) Neural activation in right putamen from the f-test contrast for group

differences (across ADHD-only, ADHD + SM and control) during reward anticipation; Boxplots with individual $-values for this cluster during
(b) reward anticipation (i.e., reward cues; p = 0.027) & (c) neutral anticipation contrast (neutral cues; non-significant in the whole-brain analysis;
black dots for participants with FH- & gray dots for participants with FH+).

are summarized in Tables S1-S3 and visually presented in
Figs. S3-S5.

The whole-brain analysis showed group differences during
reward anticipation in right putamen (p=0.027). Post-hoc
comparisons revealed that ADHD + SM activated these regions
more than ADHD-only (p =0.002) and controls (p < 0.001; Fig. 1).
Extracted P-values for this cluster in neutral anticipation (non-
significant in the whole-brain analysis) are visually presented in
Fig. 1c. No significant clusters were found during neutral
anticipation. For the contrast reward minus neutral anticipation,
we found group differences in a cluster in left lateral occipital
cortex (p<0.001), with decreased activation for ADHD + SM
compared to ADHD-only (p=0.002) and controls (p=0.002;
Fig. S6).

During reward outcome, there were group differences in
clusters in right central opecular cortex, pre- and post-central gyri
(p<0.001) and in left pre- and post-central gyri (p <0.001). Post-
hoc comparisons showed decreased activation in ADHD-only (p <
0.019) and ADHD + SM (p < 0.001) compared to controls (Fig. S7).
We also found group differences in a cluster in right frontal pole
and orbitofrontal cortex (OFC; p = 0.004), with increased activation
for ADHD-only (p < 0.001) and ADHD + SM (p = 0.003) compared
to controls (Fig. 2). During neutral outcome, there were group
differences in right frontal pole (p=0.036), with increased
activation in ADHD + SM compared to ADHD-only (p=0.001)
and controls (p = 0.013; Fig. 3). No significant clusters were found
during reward minus neutral outcome. More detailed results from
the fMRI analysis can be found in Tables S1-S5 and Figs. S6-S8.

SPRINGERNATURE

ROI analysis. The ROI analysis showed no group differences in
bilateral NAcc activity during reward minus neutral anticipation
(p =0.23) or outcome (p = 0.41; Fig. S8).

Sensitivity analyses. Group differences of the main analysis
remained significant after controlling for additional covariates.
Results are summarized in Supplement 2.

Post-hoc exploratory analysis. We found distinct effects of scores
in the uncaring ICU scale in ADHD-only versus ADHD + SM
(uncaring scores x ADHD groups; p=0.001, B=—126.97). This
was driven by a positive association in ADHD + SM (p = 0.004, B =
80.88), but not in ADHD-only (p =0.174, B = —45.66; Fig. S9).

DISCUSSION

This study investigated effects of substance misuse on reward-
processing in ADHD, using whole-brain fMRI analysis. To our
knowledge, the current study is the first to provide evidence for
distinct neural activation profiles for ADHD patients with
substance misuse, compared to ADHD patients without substance
misuse and healthy controls during a reward-processing task.
During reward anticipation, ADHD 4 SM patients showed
increased neural responses in right putamen (i.e., dorsal striatum)
compared to the other two groups. We also found a positive
association between scores on CU traits (uncaring scale) and
activation in dorsal striatum for ADHD + SM patients. There were
no significant group differences during neutral anticipation.
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Fig. 2 Whole-brain group differences during reward outcome. (a) Neural activation in right frontal pole and orbitofrontal cortex (OFC)
from the f-test contrast for group differences (across ADHD-only, ADHD + SM and control) during reward outcome (i.e., reward hits minus
reward misses; p=0.004); (b) Boxplots with individual B-values for this cluster (black dots for participants with FH— & gray dots for

participants with FH-+).

During reward minus neutral anticipation, the whole-brain analysis
revealed hypoactivation in left lateral occipital cortex in ADHD +
SM compared to the other groups, while the ROI analysis showed
no group differences in bilateral NAcc. During reward outcome,
the ADHD groups showed hypoactivation in pre-, post-central gyri
and central opercular cortex and hyperactivation in frontal pole
and OFC compared to controls. During neutral outcome, ADHD +
SM showed hyperactivation in frontal pole compared to the other
groups. During reward minus neutral outcome, both whole-brain
and ROI analyses showed no group differences.

Increased neural activation in reward-related areas during
reward and neutral conditions, combined with shorter RTs
regardless of the condition in ADHD + SM implicates distinct
condition-independent neural and behavioral correlates in this
group. We speculate that reward contingencies affected neural
activation and behavior in ADHD + SM patients throughout the
task, regardless of the reward condition. This might reflect a
general deficit in contingency learning, which subsequently
hampers the understanding of the cue-outcome association in a
reward task, independent of condition. Moreover, mesolimbic
dopamine reward circuit was found to respond to high task
demands in the absence of reward, possibly adapting neural
resources to changing task requirements [64]. An alternative
explanation would thus lie in impaired attentional processing of
anticipatory cues in ADHD + SM. Examining neural and behavioral
profiles of ADHD patients with substance misuse with tasks that
do not include reward contingencies could clarify whether
differences observed in this study are task-dependent.

Neuropsychopharmacology (2021) 46:622 - 631

Striatum is one of the core nodes of the mesolimbic
dopaminergic pathway and has previously been implicated in
reward-processing deficits in both ADHD and (problematic)
substance use [15]. Striatal responses to reward anticipation and
outcome are thought to represent reward prediction and reward
prediction errors (i.e., differences between predicted and received
rewards), respectively [65]. Thus, striatal hyperactivation during
reward anticipation in ADHD + SM patients might reflect an inflated
perceived probability of reward. Moreover, hypoactivation in
motor/sensory cortices observed here during reward outcome
have been previously linked to reward prediction errors [66]. This
might reflect strong reward expectations in ADHD + SM patients,
with subsequent small reward prediction error when receiving a
reward. Indeed, smaller reward prediction error signal is thought to
follow higher reward probabilities [67, 68]. It would be interesting
for future studies to directly measure reward prediction errors and
further clarify underlying abnormalities in this population [69].

Despite hypoactivation in motor/sensory cortices, we observed
hyperactivation in frontal pole and OFC in both ADHD groups
during reward outcome. OFC was found to reflect reward
prediction, and not reward prediction errors [70]. OFC is also
thought to encode the subjective value of positive outcomes,
while frontal pole monitors and evaluates decisions after reward
presentation. Moreover, the NAcc ROI analysis showed no group
differences and large variability within ADHD + SM group (Fig. S8).
Distinct activation patterns across nodes of the reward circuit
strongly encourage future studies to use whole-brain analysis
approaches without focusing solely on striatum.
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Fig. 3 Whole-brain group differences during neutral outcome. (a) Neural activation in right frontal pole from the f-test contrast for group
differences (across ADHD-only, ADHD + SM and control) during neutral outcome (i.e, neutral hits minus neutral misses; p=0.036);
(b) Boxplots with individual S-values for this cluster (black dots for participants with FH— & gray dots for participants with FH+).

Increased striatal activation during reward anticipation
observed in ADHD + SM patients is not in line with our hypothesis.
Although a considerable number of ADHD and SUD studies
indicated blunted striatal response to reward anticipation as part
of the disorder-specific reward-processing deficits, literature
findings show inconsistencies [21, 23, 24, 27]. Our results revealed
distinct reward-processing deficits between ADHD patients with
and without substance misuse, which might explain part of the
inconsistencies observed in the ADHD literature. In fact, our
dataset is part of that used by Von Rhein et al. that found non-
significant VS hyperactivation during reward anticipation for
ADHD patients compared to controls, without taking the presence
of substance misuse into account [24]. Our results thus suggest
that findings of Von Rhein et al. were mainly driven by the
presence of ADHD patients with substance misuse. However, data
on substance use for parents and participants that were used in
the design of the present study were not available for the whole
sample of Von Rhein et al. This does not allow us to directly test
this assumption in the whole sample of the previous publication.

Striatal hyperactivation resulting from substance misuse is also
in contrast with a large body of literature in SUD that indicates VS
hypoactivation during reward anticipation [27]. It is important to
note that participants with substance misuse in our study did not
meet the criteria for SUD, but rather demonstrated substance
misuse for the past six months. This might reflect distinct
alterations in younger-novice users, compared to chronically-
addicted older patients that are primarily included in SUD
literature. Chronic substance use is believed to gradually lower
reward circuit's sensitivity to non-drug incentives [71], but
alterations within the reward sensitivity in novice users is less

SPRINGERNATURE

clear. Yet, striatal hypoactivation was previously observed in
adolescent smokers [29]. Future studies that will shed light on
reward-processing in novice users are needed. Our results are
however consistent with prior work by Filbey et al. in chronic
cannabis users with comorbid alcohol use [72], and with work by
Just et al. that reported putamen hyperactivation as a result of
regular stimulant use in a non-ADHD sample (accounting for
familial risk) [73].

Elevated striatal activity during reward anticipation in ADHD +
SM patients is in line with findings of Yau et al. in children of
patients with alcohol use disorder (AUD) with and without
problematic drinking behavior. They observed elevated VS activity
during reward anticipation for problem drinkers compared to
participants with no drinking habits and a positive correlation
between VS activity and externalizing behaviors [74]. Moreover,
compatible with our results, a recent meta-analysis revealed
putamen hyperactivation in adolescents at high SUD risk [75].
Interestingly, these results were no longer significant when studies
with comorbid externalizing psychiatric disorders were excluded
[75]. Increased VS response to reward anticipation was also found
to predict early substance use initiation in children of patients
with AUD [30]. This is compatible with early-onset substance use
in ADHD [4, 9] and the characteristics of our sample.

Notably, converging theories on AUD suggest the existence of
two distinct AUD subtypes—Type A/l and Type B/ll—that differ in
age of onset, severity of substance use, FH load of AUD and amount
and severity of psychiatric comorbidities, with a particular focus on
the presence of antisocial behavior and personality traits in Type
B/Il [76-78]. Considering these theories, we speculate that striatal
hyperactivation during reward anticipation is not ADHD-specific,
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but is rather present in a subgroup of SUD patients (i.e., Type B/Il)
that starts substance use at an earlier age and is characterized by
more severe SUD, more (severe) psychiatric comorbidities and high
levels of antisocial behavior. Indeed, as described by Luijten et al,
studies whose samples included SUD patients with one or more
psychiatric comorbidities showed less consistent VS hypoactivation
[27]. Moreover, antisocial and psychopathic personality traits have
previously been associated with VS and OFC hyperactivation during
reward anticipation [79-81].

In line with our speculation, ADHD + SM were characterized by
higher CU traits (Table 1). Moreover, the exploratory analysis on
CU traits suggested a unique association between CU traits and
reward anticipation in ADHD + SM patients (Fig. S9). Interestingly,
CD was previously found to have a mediating role in the
association between ADHD to AUD [82]. Future studies should
investigate whether CD or CU traits mediate this relationship
through altered reward sensitivity at endophenotypic level.
Moreover, the increased severity of SUD and the presence of
antisocial behavior in Type B/Il might lead to difficulties in the
recruitment of these participants in studies. VS hypoactivation that
has been repeatedly reported in SUD studies might thus reflect a
selection bias towards a subgroup with later onset of substance
use and different patterns of SUD (i.e., Type A/l).

Some strengths and limitations should be considered in the
interpretation of our findings. First, an important strength of our
study lies in the design that allowed us to disentangle substance
use trait and state effects. The detailed data on parental SUD and
the matching with FH we performed reassured that we measured
deficits resulting from substance misuse rather than preexisting
abnormalities. It would be interesting for future studies to
examine the presence of family history-related deficits in
reward-processing in ADHD, preferably in samples with minimal
or no substance use. We also ensured that the groups did not
differ in other potential confounding variables (i.e., age, sex for
ADHD groups only, DBD, ADHD medication) and subsequently
performed sensitivity analysis with these variables as additional
covariates. However, after matching the groups with FH, the
largest part of each group consisted of participants at high risk for
SUD (i.e., 28 with FH+, 12 with FH-). Importantly, studies with
individuals with FH + showed VS hypoactivation compared to
those with FH- or no differences between groups during reward
anticipation [74, 83]. To make sure that such trait effects do not
interfere with group differences in striatal activation, we included
FH as covariate in all our analyses. Results were also plotted
distinguishing participants based on FH (Fig. 1). Another limitation
of our sample was sex imbalance. This resulted from ADHD + SM
that consisted of 32 males and 8 females. To account for potential
sex effects, ADHD-only and ADHD + SM were perfectly matched
with sex, but the data did not allow us to also match controls with
this variable. Yet, sex imbalance is in accordance with male-to-
female ratios found in the ADHD literature [84]. In addition, the
present study did not include an SM-only group (i.e., without
ADHD), which would allow a direct comparison between SM-only
and ADHD + SM. Future studies should address this issue, by
recruiting SUD/SM patients with and without ADHD. Another
limitation is that the available instrument for substance use
included information about the frequency, but not severity, of
alcohol, drug, and nicotine use. This allowed us to examine
substance misuse, but not SUD in participants. Future studies
should include more detailed instruments on substance use to be
able to investigate the relationship between substance use and
reward-processing in ADHD in more detail. Moreover, the current
study included a modified version of the traditional MID task that
might challenge comparison of our findings with those of other
studies. In detail, the task included a low reward magnitude and
low hit probability, compared to other studies. Literature shows
more robust striatal responses for higher than lower reward
magnitude [85]. Yet dopaminergic midbrain neurons are thought
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to code for the relative reward value, depending on the context, in
which the reward is presented [86]. Low hit probability might have
affected the perceived difficulty of the task, resulting in frustration
and surprise, instead of anticipation and receipt of reward.
However, similar to reward magnitude, hit probability is coded
relatively, as a function of the context. Thus, as the task did not
combine multiple reward levels or blocks with varying hit
probabilities, we believe that differences in the task parameters
have not significantly affected our results [24]. Task-related
limitations can also be found in Von Rhein et al. [24]. Future
studies should examine whether VS hyperactivation during reward
anticipation in ADHD + SM patients is confirmed in MID tasks with
higher reward magnitude and hit probability. Given the relative
representation of reward value as a function of context, future
studies would also benefit from inclusion of mixed reward and
loss trials.

Taken together, we provide evidence for distinct reward-
processing deficits in ADHD patients with substance misuse
compared to those without. This suggests that substance misuse
effects and variability of substance misuse prevalence across
ADHD studies might have contributed to inconsistent findings in
the literature. Future studies in ADHD should take presence of
substance use into account either during participant recruitment
or during statistical analysis. The observed reward-related neural
activity profile of ADHD + SM patients is in contrast with a large
body of literature in SUD and recreational substance use. We
argue that these inconsistencies with the SUD literature might be
explained by the existence of distinct SUD subtypes with
differences in age of onset, presence of psychiatric comorbidities
and antisocial traits. Future studies should compare reward-
processing between SUD patients with and without ADHD in
relation to age of onset of substance misuse and psychopathic
traits.
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