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Abstract

Patients with attention-deficit/hyperactivity disorder (ADHD) often develop early
onset substance use disorder (SUD) and show poor treatment outcomes. Both disor-
ders show similar reward-processing alterations, but it is unclear whether these are
associated with familial vulnerability to SUD. Our aim was to investigate effects of
family history of SUD (FH) on reward processing in individuals with and without
ADHD, without substance misuse. Behavioural and functional magnetic resonance
imaging (fMRI) data from a modified monetary incentive delay task were compared
between participants with and without FH (FH positive [FH+]: n = 76 and FH nega-
tive [FH—]: n = 69; 76 with ADHD, aged 16.74 + 3.14, 82 males), while accounting
for continuous ADHD scores. The main analysis showed distinct positive association
between ADHD scores and reaction times during neutral versus reward condition.
ADHD scores were also positively associated with anticipatory responses of dorso-
lateral prefrontal cortex, independent of FH. There were no main FH effects on brain
activation. Yet, FH+ participants showed distinct neural alterations in ventrolateral
prefrontal cortex (VLPFC), dependent on ADHD. This was driven by positive associa-
tion between ADHD scores and VLPFC activation during reward outcome, only in
FH-. Sensitivity analysis with stricter SUD index showed hyperactivation of anterior
cingulate cortex for FH+, independent of ADHD, during reward anticipation. There
were no FH or ADHD effects on activation of ventral striatum in any analysis. Find-
ings suggest both FH and ADHD effects in circuits of reward and attention/memory
during reward processing. Future studies should examine whether these relate to
early substance use initiation in ADHD and explore the need for adjusted SUD pre-

vention strategies.
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1 | INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a highly prevalent
neuropsychiatric disorder characterized by symptoms of inattention
and hyperactivity-impulsivity.> Patients with ADHD are at increased
risk for developing substance use disorder (SUD),%* with two to three
times higher prevalence rates of alcohol, drug or nicotine use disorder
compared with non-ADHD individuals.* ADHD patients with comor-
bid SUD are also characterized by an earlier SUD onset, more severe
substance abuse and decreased treatment effectiveness compared
with SUD-only patients.’ The frequent co-occurrence between
ADHD and SUD suggests that these conditions share neurobiological
mechanisms.

Genome-wide association studies (GWAS) have shown shared
genetic liability between ADHD and substance use.®” Recent Mende-
lian randomization studies have also revealed a causal pathway from
liability for ADHD to tobacco and cannabis use, but evidence for
causal effects on SUD is not conclusive.®~*2 ADHD and SUD patients
also show many similarities at (endo)phenotypic level. For instance,
high sensation seeking is a core feature in both disorders.® This is
thought to express deficits in reward processing, resulting in a desire
for novel and stimulating experiences.*® At the neural level, reward
processing takes place at the cortico-basal ganglia circuit, especially at
the ventral striatum (VS). Increased VS responses to reward outcome
during a number-guessing paradigm were found to have a mediating
role in the causal pathway from polygenic risk for ADHD to
problematic alcohol use.'* Reward-processing deficits might thus con-
tribute to SUD development in the presence of higher genetic liability
to ADHD.

Considering the research domain criteria (RDoC) neuropsycholog-
ical constructs,’®> reward expectancy and reward prediction errors—
often measured with the monetary incentive delay (MID) task—were
suggested to be among the primary constructs for the understanding
of addictive behaviours.® Indeed, meta-analysis of functional mag-
netic resonance imaging (fMRI) studies showed deficits in reward
processing in patients with SUD, with decreased VS activation during
reward anticipation, followed by increased VS activation during
reward outcome in a MID task.2”

Similarly, meta-analysis of fMRI studies in patients with ADHD
suggested decreased VS activation during reward anticipation in a
MID task.'® Whereas a subsequent study replicated this finding,’
others found non-significant increased VS activation for ADHD
patients compared with controls.?®?! Studies that also examined
reward outcome reported increased activation in reward circuitry

(including VS) for patients compared with controls?%?2

or no
differences.?® Although available ADHD literature shows some
inconsistencies, overall results show overlapping deficits in reward
processing in both ADHD and SUD. However, it is unclear to what
extent overlapping findings might be associated with familial vulner-
ability to or consequences of substance (mis)use in subsets of
individuals with ADHD. Knowledge on neurobiological endo-
phenotypes for SUD in ADHD could help identify more homoge-

neous ADHD subpopulations and direct personalized ADHD
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treatment, as well as SUD prevention strategies for subsets of
patients.

Some studies investigated familial vulnerability as indexed by
family history of SUD (FH) on reward processing. Individuals with FH
positive (FH+) for SUD without drinking habits (or ADHD) have
previously shown decreased VS activation during reward anticipation
in a MID task, compared with FH negative (FH—) individuals.?*
Others reported increased activation in dorso-lateral prefrontal
cortex (DLPFC) and dorsal striatum (DS) and decreased activation
in temporal areas®® or no differences between FH-+/— (without
ADHD) individuals during reward anticipation.?® These studies
also showed no differences during outcome in a MID task.2>2¢
Moreover, compared with ADHD FH- and controls, ADHD FH+
showed increased activation in reward circuitry (including DS and
orbitofrontal cortex [OFC]) and decreased in DLPFC during reward
anticipation and increased activation in DLPFC, DS and temporal
areas during outcome in an anticipation-conflict-reward (ACR)
paradigm.?”?8 Interestingly, coordinate-based meta-analysis found
that adolescent substance use vulnerability was more reliably associ-
ated with increased DS activation that was driven by reward/
motivational tasks and was more common in samples with comorbid
externalizing disorders.?’

Available literature does not present conclusive evidence for SUD
familial trait effects (i.e., vulnerability) related to reward processing.
Moreover, to the best of our knowledge, there are no published
studies comparing FH effects on reward processing in individuals
with and without ADHD. Our study aims to address this question,
comparing whole-brain responses to reward anticipation and
outcome in a MID task between FH+ and FH— individuals without
substance misuse with high and low ADHD scores (compatible with
the dimensional RDoC approach). We hypothesized (1) increased
activation in reward circuitry in FH-+ individuals compared with FH—
during reward anticipation and outcome and (2) decreased activation
in reward circuitry for those with high ADHD scores during reward
anticipation and increased activation for those with high ADHD
scores during reward outcome, regardless of FH. We also explored
interaction effects between ADHD scores and FH.

2 | METHODS AND MATERIALS

2.1 | Participants

The sample of the current study is part of the NeuroIMAGE cohort,*°
which recruited ADHD and control families as part of the Dutch
follow-up of the International Multicenter ADHD Genetics (IMAGE)
study. Data on substance use were collected during NeuroIMAGE and
the intermediate follow-up. IMAGE participants had to be between
5 and 30 years old, of European Caucasian descent, to have 1Q = 70
and no diagnosis of autism spectrum disorder (ASD), epilepsy,
general learning difficulties, brain or known genetic disorders. During
NeurolMAGE, participants were assessed with the Schedule for

Affective Disorders and Schizophrenia for School-Age Children-



PARASKEVOPOULOU et AL.

Present and Lifetime Version (K-SADS)®! for presence/absence of
other affective, anxiety, behavioural and tic disorders that were not
accounted for in the present study. Detailed description of the
NeurolIMAGE cohort, including the recruitment procedure, exclusion
criteria and the diagnostic procedure, can be found in the Supporting
Information and/or the main design paper of the NeurolIMAGE
cohort.®°

The present study included offspring with ADHD from ADHD
families and offspring without ADHD from control families. Additional
exclusion criteria applied here were not having stopped medication or
alcohol/drug use 48 and 24 h before testing, respectively, incidental
MRI findings, insufficient task performance, technical problems,
excessive movement during testing, missing data on substance use for
participants or their parents, and substance misuse in participants
(see the Supporting Information and Substance Use section). The
final sample consisted of 69 participants with FH— (35 with ADHD)
and 76 with FH+ (41 with ADHD), without substance misuse, aged
10.2-24.5 years (Table 1).

2.2 | Instruments/measurements
221 | ADHD

ADHD diagnosis was based on an algorithm that included assessment
with the K-SADS®! and the Conners' ADHD questionnaires com-
pleted by parents (CPRS) and teachers or the participants (CTRS/
CAARS).3233 The detailed diagnostic algorithm can be found in the

Supporting Information.

TABLE 1 Sample characteristics
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2.2.2 | Substance use

Assessment of parental substance use included data from the
intermediate follow-up collected with the Alcohol Use Disorders Iden-
tification Test (AUDIT),** the Drug Abuse Screening Test (DAST),%®
the Fagerstrom Test for Nicotine Dependence (FTND)3¢ and the
Timeline Follow Back (TLFB)3”38 that recorded the daily number of
drinks and cigarettes in the last month. Alcohol dependence was
defined for scores =8 for females and 29 for males®® or on average
>7 drinks for females and >14 drinks for males per week based on
TLFB, which was compatible with validated recommendations of the
National Institute on Alcoholism and Alcohol Abuse (NIAAA).4°
Combined use of AUDIT and screener for heavy drinking was in line
with previous recommendations due to high specificity, but wide
range of sensitivity levels for standard AUDIT thresholds.** Drug
dependence was defined for scores 26 in DAST®® and nicotine
dependence for scores 25 in FTND3¢ or on average 210 cigarettes
per day based on TLFB.%® Alcohol, drug or nicotine dependence in
at least one of the parents indicated FH+, whereas absence of
alcohol, drug and nicotine dependence in both parents indicated
FH—. Participants were excluded for missing data for at least one
parent unless the data of the other parent indicated SUD and
thus FH+.

Substance use in participants was examined with data from
NeurolIMAGE collected with the Dutch version of the revised Self-
Reported Delinquency Scale (SRD).*?*3 Daily alcohol or tobacco use
or (at least) weekly drug use within the past 6 months was regarded
as indicative of substance misuse in line with the Dutch Measurement
of Addiction for Triage and Evaluation (MATE).** Due to the young

FH— (n = 69) FH+ (n = 76)
ADHD FH— Control FH— ADHD FH+ Control FH+ FH
(n = 35) (n = 34) (n=41) (n = 35) differences®
Age (M + SD) 16.63 +3.15 16.79 + 3.34 16.81 £ 3.52 16.73 £ 2.57 p =0.901
Gender (male-female) 27-8 14-20 29-12 12-23 p = 0.507
1Q* (M + SD) 104.77 + 14.33 111.26 £+ 11.86 97.15 £ 1345 108.37 + 14.67 p =0.019
Scan site (Nijmegen-Amsterdam) 20-15 16-18 22-19 18-17 p=0.956
DBD (yes-no) 9-26 0-34 9-32 0-35 p =0.827
ADHD medication (yes-no) 17-18 0-34 21-20 0-35 p = 0.682
Conners' Rating Scales®
Inattention (M + SD) 65.39 +9.71 45.56 £ 5.16 64.07 +9.88 47.91 £ 5.68 p=0.613
Hyperactivity-impulsivity (M + SD) 64.03 £ 12.53 45.60 + 4.54 63.43 +11.89 46.31 £ 5.09 p=0.782
Total (M + SD) 67.14 +11.13 44.93 + 4.69 65.67 + 11.08 46.59 £5.13 p=0.761

Abbreviations: ADHD FH—, ADHD with negative family history of SUD; ADHD FH+, ADHD with positive family history of SUD; Control FH—, controls
with negative family history of SUD; Control FH+, controls with positive family history of SUD; DBD, disruptive behavioural disorder (i.e., oppositional
defiant disorder [ODD)] or conduct disorder [CD]); FH, family history of SUD; FH—, negative family history of SUD; FH+, positive family history of SUD.
21Q level was estimated with cognitive performance in Block Design and Vocabulary tasks of Wechsler Intelligence Scale for Children (WISC) and Wechsler

Adult Intelligence Scale (WAIS).

PConners' Rating Scale = average scores on Conners' Parents Rating Scale (CPRS) and Conners' Teacher Rating Scale (CTRS)/Adult ADHD Rating Scale

(CAARS).

“Differences between FH— and FH+ groups were examined with t tests for independent samples for age, IQ and Conners' rating scales and with

chi-square tests for gender, scan site, DBD and ADHD medication.
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age of the sample, substance use problems that met criteria for sub-
stance misuse, instead of full-blown SUD, were considered clinically
relevant for participants.*> Participants were excluded for missing
data in SRD or for substance misuse to avoid interference with effects

resulting from substance misuse.

2.3 | Modified MID task

Reward processing was assessed with a modified version of the MID
task.?! The task contained 25 reward and 25 neutral trials interleaved
with 25 trials without events. Reward and neutral trials were intro-
duced with the presentation of the cue (jittered interval 3.5-8.5 s)
that indicated the trial type (i.e., reward or neutral). That was
followed by the target (270-500 ms), and participants were asked to
press the button as fast as possible responding to this stimulus. Each
trial ended with the feedback screen that indicated the outcome of
the trial (1650 ms). The response window that marked a correct trial
was adapted in the following trial according to participants'
performance (i.e., 33% hit rate). The feedback screen in reward trials
indicated the gain of the monetary reward (i.e., 20 cents) if partici-
pants responded to the target within the given response window or
no reward gain if the response was not fast enough. Neutral trials
resulted in no reward gain, regardless of the response to the target.
Time interval between trials was fixed at 500 ms. Participants
performed a practice block before the experimental block, and the
duration of the experiment was 12 min. At the end of the
experiment, participants received the total amount they gained dur-
ing the task (Figure S1). The modified MID task (i.e., lower reward
magnitude and hit probability) was used to increase task demands
and induce stronger engagement and to meet practical constraints of
NeurolIMAGE. Further details concerning task description and
rationale can be found in von Rhein et al.?!

24 | Analyses

2.4.1 | Behavioural data analysis

Greater reaction time (RT) and intra-individual coefficient of
variation (ICV) have been repeatedly seen in ADHD probably due to
inattention and lower processing speed.***” Thus, compatible with
ADHD and FH studies using the MID task,?%?* behavioural variables
consisted of RT and ICV during reward and neutral trials. Trials with
no or premature responses (i.e.,, RT < 100 ms or button press prior
target onset) or trials with more than one button press were
excluded from the calculation of the mean. For the calculation of
the ICV, the standard deviation of RTs was divided by the mean
RT. The variables were transferred to normality with the reciprocal
transformation. We then performed mixed-effects models for
repeated measures in R (R version 3.6.2; Rstudio version 1.2.5033)*®
for RT and ICV separately. FH (two levels: FH— and FH+) and
ADHD scores (i.e., average of CPRS and CTRS/CAARS scores) and
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condition (two levels: reward and neutral) were included as indepen-
dent variables, while accounting for subject's random effect. Age,
gender and scan site were also included as covariates. When homo-
geneity of regression slopes was not met, interactions between
these covariates and the independent factor(s) were included in the
models. Significant interactions led to follow-up models to further

explore these effects.

242 | fMRI data analysis

MRI data acquisition and preprocessing can be found in the
Supporting Information. More information on scanning protocol can
be found in the design paper of NeuroIMAGE.®° Statistical paramet-
ric maps of the first-level analysis were estimated with a general lin-
ear model (GLM) in FSL FEAT*’ with six regressors of interest
(i.e., onset times for cues and onset times for hits and misses in
reward and neutral trials), five regressors of no interest (i.e., onset
times for cues in reward and neutral trials and cue, target and out-
come for trials with no, premature or multiple responses) and the
temporal derivatives of the regressors. The regressors and their tem-
poral derivatives were convolved with a canonical hemodynamic
response function (HRF). Regressors of interest included reward
anticipation (i.e., reward-minus-neutral anticipation; onset time for
cues in reward trials minus onset time for cues in neutral trials) and
reward outcome (i.e., reward-minus-neutral outcome; onset times
for reward hits-onset times for reward misses minus onset times for
neutral hits-onset times for neutral misses). Functional images were
transformed to MNI152 standard space, with registration to their
structural images, which were registered to MNI152 standard space
with linear registration with FSL FLIRT and were refined with non-
linear registration with FSL FNIRT. Due to the age range of
NeurolMAGE sample, all participants' brains were registered to a
custom template generated by averaging all structural images of
NeurolMAGE after non-linear transformation to MNI152 space with
FSL FNIRT. This resulted into a non-linear warp-field for normaliza-
tion to the custom template.

24.3 | Whole-brain analysis

Group-level analysis was conducted with separate mixed-effects
models with FSL flame®® and outlier de-weighting for reward
(i.e., reward-minus-neutral) anticipation and outcome separately. We
included t-test contrasts for positive and negative effects of FH,
ADHD scores and their interaction. Mean-centred age, gender, 1Q and
scan site were added as covariates. 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.
Individual mean activation parameters (beta values) were extracted
from the significant clusters and were used in follow-up tests in R
(R version 3.6.2; Rstudio version 1.2.5033)*¢ to further explore
interaction effects.
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244 | ROl analysis

Based on a priori interest in VS activity, we created a region of
interest (ROI) mask in nucleus accumbens (NAcc) using the
Harvard-Oxford subcortical structural atlas in FSL.* Individual beta
values were extracted from the masked first-level statistical
parametric maps for reward (i.e., reward-minus-neutral) anticipation
and outcome and were used in separate two-way analyses of
variance (ANCOVAs) with FH and ADHD scores as independent

variables and age, gender, IQ and scan site as covariates.

2.4.5 | Sensitivity analysis

To make sure our findings were not confounded by other covariates,
we performed separate mixed-effects models for each behavioural
variable and significant cluster, adding family ID as random factor
and ADHD medication use and comorbid disruptive behavioural
disorder (DBD; i.e., oppositional defiant disorder [ODD] or conduct
disorder [CD]) that is believed to be a strong SUD risk factor® (Model
1). Moreover, to account for the possibility of differential gender
effects across groups, we performed separate two-way ANCOVAs for
each significant cluster of the whole-brain analysis, adding gender
interaction effects (Model 2).

Considering previous GWAS results that showed shared, but
also distinct genetic loci for heavy drinking and alcohol use disorder
(AUD) diagnosis,”® we performed additional whole-brain and ROI
analyses to explore neural correlates linked to different (familial)
AUD indices (Model 3). In this, heavy drinking (here indexed by
TLFB data) was not indicative of SUD. Groups consisted of 82 FH—
(41 with ADHD) and 55 FH+ individuals (33 with ADHD). Eight
participants were excluded from this analysis due to missing data
either in AUDIT or in the other parent. Covariates were the same

as in the main analysis.

3 | RESULTS

3.1 | Sample description

We identified 69 FH— participants without substance misuse over
the past 6 months (age: 16.71 + 3.22, IQ: 107.97 + 13.48, 41 males,
55.62 + 12.64,
hyperactivity-impulsivity scores: 54.95 + 13.22, total ADHD scores:
56.19 + 14.06, 17 medicated for ADHD, 9 with DBD) and 76 FH-+
participants without substance misuse over the past 6 months
(age: 16.77 + 3.10, 1Q: 102.32 + 15.03, 41 males, 40 scanned in Nij-
megen, inattention scores: 56.63 + 11.51, hyperactivity-impulsivity
scores: 55.55 + 12.68, ADHD scores: 56.88 + 13.01, 21 medicated
for ADHD, 9 with DBD). Characteristics of separate FH—/+

subgroups with and without ADHD are summarized in Table 1.

36 scanned in Nijmegen, inattention scores:

Addiction Biolg

s _WI]LEY_LS5°ft

3.2 | Behavioural results

We found condition effects on both RT (p<0.001) and ICV
(b =0.002). For RT, there were no significant effects of FH
(p =0.215), ADHD (p=0.278), FH * ADHD (p=0.078),
FH * condition (p = 0.460) or FH * ADHD * condition (p = 0.949),
but there were ADHD * condition effects (p = 0.017). Follow-up
analysis for each condition showed a trend for positive association
between ADHD scores and RT during neutral (p = 0.064), but not
reward condition (p =0.999). For ICV, there were no significant
effects of FH (p=0.566), ADHD (p=0.741), FH * ADHD
(b =0.256), FH * condition (p=0.061), ADHD * condition
(p = 0.251) or FH * ADHD * condition effects (p = 0.121; Table 2).
There were significant effects of FH * condition * gender (p = 0.002)
and FH * ADHD * condition * gender (p = 0.026) on ICV. Follow-up
analysis showed condition effect on ICV in FH+ group (p = 0.001)
and in FH— females (p < 0.001), but not FH— males (p = 0.317), and a
trend for negative association between ADHD scores and ICV in
FH— females during reward (p = 0.055), but not neutral condition
(p = 0.338). Small number of FH— females with high ADHD scores
(i.e., with ADHD; n = 8) limits interpretation of this result.

3.3 | fMRlresults

3.3.1 | Whole-brain analysis

Group activation during reward (reward-minus-neutral) anticipation
and outcome can be found in Table S2 and Figures S2 and S3. During
reward (reward-minus-neutral) anticipation, ADHD scores were posi-
tively associated with neural activation in right dorsal frontal pole,
regardless of FH (p = 0.020; Figure S4). No clusters were significantly
associated with FH or ADHD * FH interaction during this contrast.
During reward (reward-minus-neutral) outcome, ADHD * FH interac-
tion was related to activation in right ventral frontal pole (p = 0.004).
Follow-up analysis showed activation in ventral frontal pole was posi-
tively associated with ADHD scores in FH+ (p < 0.001, B = 65.6), but
not in FH— individuals (p = 0.203, B = —22.5; Figure 1). We found no
clusters significantly related to main effects of FH or ADHD scores

during this contrast (Table 3).

3.3.2 | ROl analysis

In the ROI analysis, we did not find significant effects of FH,
ADHD scores or FH * ADHD scores interaction on bilateral NAcc
activation during reward anticipation (i.e., reward-minus-neutral;
FH: F1137=0.09, p=0.764; ADHD: F;43;=1.00, p=0.318;
FH * ADHD: F4 137 = 0.71, p = 0.399) or outcome (FH: F1 137 = 0.02,
p=0.878;, ADHD: F;,37=003, p=0.861; FH * ADHD:
F1137 = 0.23, p = 0.628; Figure S5).
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SSAL
TABLE 2 Behavioural data analysis

FH— (n = 69) FH+ (n = 76)

ADHD FH—- Control FH— ADHD FH+ Control FH+

(n = 35) (n = 34) (n = 41) (n = 35) Group differences

Reaction times (M + SD)
301.11 + 36.44
338.42 + 53.99

301.96 £ 27.61
335.65 +47.01

Reward condition

Neutral condition

Intra-individual coefficient of variation (M + SD)
0.177 + 0.066
0.225 +0.168

0.201 £ 0.120
0.272 + 0.208

Reward condition

Neutral condition

307.19 £ 40.86
342.66 + 54.91

0.183 + 0.075
0.254 + 0.169

286.93 + 35.07
310.18 +42.38

Fi138 = 1.55,p = 0.215 (5,2 = 0.01)°
Fi138 = 1.18,p = 0.278 (1,2 < 0.01)°
F1138 = 3.16, p = 0.078 (5,2 = 0.02)°
F1.141 = 0.55, p = 0.460 (5,2 < 0.01)
Fi141 = 5.87,p = 0.017 (5,2 = 0.04)°
F1141 < 0.01, p = 0.949 (5,° < 0.01)f

0.172 + 0.064
0.209 + 0.159

F1135 = 0.33, p = 0.566 (1,2 < 0.01)
Fi135 = 0.11, p = 0.741 (5,2 < 0.01)°
Fi13s5 = 1.29, p = 0.256 (5,2 < 0.01)°
F1137 = 3.55, p = 0.061 (1,2 = 0.03)¢
F1137 = 1.33, p = 0.251 (5, < 0.01)°
Fi137 = 2.44,p = 0.121 (4,2 = 0.02)

Abbreviations: ADHD FH—, ADHD with negative family history of SUD; ADHD FH+, ADHD with positive family history of SUD; Control FH—, controls
with negative family history of SUD; Control FH+, controls with positive family history of SUD; FH, family history of SUD; FH—, negative family history of

SUD; FH+, positive family history of SUD.

2Effect of FH.

bEffect of ADHD scores.

“ADHD scores * FH interaction effects.

9FH * condition interaction effects.

€ADHD scores * condition interaction effects.

fFH * ADHD scores * condition interaction effects.

3.3.3 | Sensitivity analysis

Results of the main analysis remained after inclusion of additional
potential confounders (Model 1) and after inclusion of gender
interaction effects (Model 2; Supporting Information). Model 3
showed that, during reward (reward-minus-neutral) anticipation, FH
was associated with increased activation of anterior cingulate cortex
(ACC), regardless of ADHD scores (p < 0.001; Figure 2; Table 3).
There were no FH or ADHD effects on NAcc during anticipation
(FH: F11290 = 1.05, p=0.307; ADHD: Fj150 =0.51, p=0.474;
ADHD * FH: Fq 129 = 0.12, p = 0.723) or outcome (FH: F1 129 = 0.01,
p=0.902; ADHD: F;129=0.01, p=0916; ADHD * FH:
F1129 = 0.03, p = 0.855).

4 | DISCUSSION

The present study provides new insights into FH effects on reward
processing in individuals with and without ADHD, using a sample of
adolescents and young adults without any substance misuse. We
found distinct positive association between ADHD scores and RT dur-
ing neutral versus reward condition. The whole-brain analysis showed
no significant clusters associated with FH, independent of ADHD
symptom levels, during reward anticipation or outcome. We observed
increased neural activation in right DLPFC for high ADHD symptom
levels, regardless of FH, during reward anticipation, but no association

during outcome. Moreover, in those with FH-+, high ADHD symptom

levels were associated with increased neural activation in right
ventrolateral prefrontal cortex (VLPFC) during reward outcome. In
contrast to our hypothesis, ROI analysis showed no FH or ADHD
effects on bilateral VS, during reward anticipation or outcome.

Our results showed altered neural responses for high ADHD
symptom levels, independent of FH, in DLPFC, which is thought to be
responsible for attention/memory and other cognitive processes.’!
There was no association between ADHD scores and neural
responses in reward circuitry. This is in contrast to our hypothesis and
the meta-analysis in ADHD that reported decreased striatal activation
during reward anticipation.!® It is possible that decreased striatal
anticipatory responses previously seen in ADHD are associated with
other traits that are often present in these patients, for example,
internalizing/externalizing traits. We also must note that our sample
was part of that in von Rhein et al. that found non-significant
increased VS responses, but did not exclude those with substance
misuse.?

In contrast to our hypothesis, the main analysis did not show FH
effects, regardless of ADHD, in the reward or other circuitries. How-
ever, we observed ADHD * FH effects on VLPFC activation, with
greater activation for higher ADHD symptom levels in FH-+. Closer
look at this finding showed that it was driven by presence of distinct
alterations in FH+ individuals with high versus low ADHD symptom
levels (Figure 1C). VLPFC is thought to be involved in processes
related to memory and attention.>! Interestingly, it was previously
suggested that working memory deficits in FH+ might contribute to
poor decision-making skills and subsequently to SUD vulnerability.>?
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FIGURE 1

(A and B) Distinct positive association between the neural activation in ventrolateral prefrontal cortex (VLPFC) and continuous

attention-deficit/hyperactivity disorder (ADHD) symptom levels in positive family history of substance use disorder (SUD) (FH+) versus negative
family history of SUD (FH—) during reward outcome resulted from the t test for ADHD * FH interaction effects in the main analysis (solid blue
regression line and circles for FH+, black dashed regression line and squares for FH—); (C) barplots for neural activation in the same region for
FH— (grey) and FH+ (blue) with and without ADHD; error bars = standard error of the mean

Furthermore, converging evidence suggests that frontal regions might
be associated with the degree of SUD risk. In detail, DLPFC connec-
tivity with posterior cingulate cortex (PCC) during resting state®® and
DLPFC activation during a response inhibition task®* in FH+
predicted substance use in adolescence and early adulthood, respec-
tively. Moreover, increased frontal responses in a reward-related
decision-making task were associated with follow-up increase in can-
nabis use in a group of heavy users.>®> It would be interesting for
future studies to investigate the role of these deficits in early SUD
onset and high severity in FH+ individuals with comorbid ADHD.
There were no ADHD * FH effects in reward circuitry. Of note,
we cannot rule out long-lasting ADHD medication effects, as a sub-
stantial portion of the study population received ADHD medication.
Yet, ADHD medication in sensitivity analyses did not affect main find-
ings. Future studies with longitudinal designs should examine whether
stimulant medication interacts with SUD trait effects in the reward

circuitry. Lack of differences in striatal activation here is in line with
previous FH studies.?%°% In fact, previous review on FH+ indicated
altered responses in frontal regions during executive functioning
tasks, but uncertainty about premorbid reward-processing deficits.>?
Altered frontal activation observed here was in relation to reward
(i.e., in reward versus neutral contrasts). Together these findings sug-
gest premorbid reward-processing deficits in FH+ individuals beyond
the primary reward circuitry. However, this speculation is in contrast
with the recent meta-analysis that found putamen hyperactivation
(driven by reward/motivational tasks) to be more reliably associated
with adolescent vulnerability to substance use.?’ It seems plausible
that altered reward circuitry is only seen in those at risk for substance
use initiation in adolescence, a large portion of who were excluded
here. Alternatively, it was previously hypothesized that as reward cir-
cuitry is under development until early adulthood, FH effects might

only be present at later developmental stages.>®
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TABLE 3

Significant clusters N voxel Hemisphere
Main analysis (h = 145)
Reward anticipation
ADHD scores
Dorsal frontal pole 264 R
Reward outcome
FH * ADHD scores
Ventral frontal pole 359 R
Sensitivity analysis (n = 137)
Reward anticipation
Family history of SUD
Anterior cingulate cortex 543 L
ADHD scores

Dorsal frontal pole 267 R

Functional magnetic resonance imaging (fMRI) data analysis

PARASKEVOPOULOU et AL.

MNI coordinates

X y z t test

22 46 38 t137 = 3.06; p = 0.020
44 44 0 t137 = 3.22; p = 0.004
-6 58 2 t130 = 3.00; p < 0.001
22 46 38 t130 = 3.07; p = 0.020

Note: Reward = reward-minus-neutral; each t value represents average t value across the cluster; MNI coordinates (mm) represent the location of the

peak voxel.

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; FH, family history of SUD; SUD, substance use disorder.

FIGURE 2 Increased activation of

anterior cingulate cortex (ACC) in positive

family history of substance use disorder

(SUD) (FH+) compared with negative

family history of SUD (FH—) individuals

(regardless of attention-deficit/

x hyperactivity disorder [ADHD] scores)
during reward anticipation resulted from

i the t test for effects of family history of

SUD (FH) in the sensitivity analysis
(Model 3); error bars = standard error of

beta-values

It is also possible that use of various indices for parental SUD
accounts for mixed results in high-risk literature. Importantly, both
shared and unique genetic loci were previously found for AUD and
heavy drinking (i.e., TLFB data here). AUD, but not heavy drinking,
was also genetically correlated with various psychiatric disorders,
including ADHD.>° Considering these, we performed sensitivity analy-
sis with a more specific index for parental AUD (based on AUDIT). We
found increased anticipatory responses of ACC to reward for FH-+
individuals, independent of ADHD symptom levels. ACC has been
repeatedly implicated in both reward and cognitive processes.>”

50 the mean; *p < 0.05, **p < 0.01,
***p < 0.001

Interestingly, its ventral division is thought to encode one's perception
on strategy reliability. Increased responses in patients with SUD were
suggested to reflect decreased consideration of alternative strategies,
leading to impulsive behaviour.>” Results here suggest that although
alterations of VLPFC are shared in those with either parental AUD or
heavy drinking, ACC alterations are present only in those with
parental AUD.

Moreover, altered activation in these areas as a function of
reward might indicate altered connections between reward and atten-

tion/memory networks in FH+ without substance misuse. Indeed,
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Weiland et al. found altered functional connectivity between NAcc
and attention (and motor) networks during reward anticipation in FH
+ young adults (primarily without substance abuse).’® It was then
hypothesized that FH+ might be characterized by altered interactions
between NAcc and other brain regions, rather than altered NAcc
responses per se.>2 Another study found altered NAcc connectivity
with cognitive control areas during resting state in FH-+ adolescents
without heavy substance use.>® Together with similar deficits
reported in different tasks,>? this might imply altered baseline activ-
ity/connectivity between these networks that subsequently affects

task contrasts (e.g., reward vs. neutral, no-go vs. go).

5 | STRENGTHS AND LIMITATIONS

The main strength of the present study is the design that disentangled
preceding familial trait effects of SUD from effects resulting from sub-
stance misuse in participants. This innovative design contributes to
the exploration of trait biomarkers that aim at improving prognosis
and early intervention strategies. Moreover, with our sample, we were
able to examine shared and distinct endophenotypes for SUD with
and without comorbid ADHD. With the current design, however, we
were not able to account for the potential confounding effect of
ADHD subtypes. Future FH studies should examine effects of inatten-
tive and hyperactivity-impulsivity scores separately and might explore
other potential subtypes of ADHD patients, for example, with/
without other psychiatric comorbidities such as anxiety or mood dis-
orders and personality disorders. Another limitation of our study lies
in the absence of formal SUD diagnosis in the parents. However, the
instruments used to screen for SUD in parents (i.e., AUDIT, DAST,
FTND and TLFB) have previously shown sufficient reliability and
validity.343537:3860 Another limitation lies in the use of a modified
MID task.2! Compared with previous ADHD and SUD/FH+ studies,
the task had a lower reward magnitude and hit probability, with lower
number of successful outcome trials. Higher reward magnitudes are
linked to more robust striatal responses, compared with lower magni-
tudes. Similarly, low hit probability might have influenced the per-
ceived difficulty of the task, leading to frustration and surprise,
instead of reward anticipation and outcome. Nevertheless, both
reward value and hit probability are coded relatively, depending on
the context. Because the task did not combine multiple reward levels
or blocks with varying hit probabilities, we believe that the modified
MID task did not significantly affect our findings. More on this limita-
tion can be seen in von Rhein et al.2! Future studies should examine
whether lack of differences in VS activation across FH+ participants
with high or low ADHD symptoms are confirmed in MID tasks with
higher reward magnitude and hit probability. Because the current
dataset was part of a larger study, and participant selection was based
on the availability of substance use data for both parents and partici-
pants, no a priori power analysis was performed. Hence, we cannot
exclude the possibility that potentially low power here might have

influenced findings.
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6 | CONCLUSION

To conclude, we found no evidence for premorbid striatal deficits in
FH+ adolescents and young adults with high and low ADHD
symptom levels. However, we observed altered activation of frontal
areas during reward processing in this population. Results provide
direction for future investigation of connections between the
reward circuitry and networks involved in attention and memory
processes in those with FH+. Moreover, FH+ participants with high
and low ADHD symptom levels showed both similar and distinct
alterations during reward-processing. Future studies should examine
whether distinct deficits in brain function of FH+ individuals with
comorbid ADHD contribute to earlier substance use initiation and
can direct development of distinct prevention strategies in this

population.
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