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Abstract

Attention-deficit/hyperactivity (ADHD) and autism spectrum (ASD) disorders often co-occur. In both cases, response
inhibition deficits and inhibition-related atypical brain activation have been reported, although less consistently in
ASD. Research exploring the overlap/distinctiveness between ADHD and ASD has significantly increased in recent
years, but direct comparison of the inhibition-related neuronal correlates between these disorders are scarce in the
literature. This study aimed at disentangling the shared and specific inhibitory brain dysfunctions in ASD and ADHD.
Using functional magnetic resonance imaging (fMRI), brain activity was compared between children with ADHD, ASD
and typically developing (TD) children aged 8-12 years during an inhibition stop-signal task, using stringent inclusion
criteria. At the behavioural level, only children with ADHD exhibited inhibition deficits when compared with the TD
group. Distinct patterns of brain activity were observed during successful inhibition. In children with ADHD, motor
inhibition was associated with right inferior parietal activation, whereas right frontal regions were activated in children
with ASD. Between-group comparisons disclosed higher middle frontal activation in the ASD group compared with
the ADHD and the TD groups. Our results evidence different patterns of activation during inhibition in these two
disorders, recruiting different regions of the fronto-parietal network associated to inhibition. Besides brain activity
differences, behavioural inhibition deficits found only in children with ADHD further suggest that reactive inhibition is
one of the core deficits in ADHD, but not in ASD. Our findings provide further evidence contributing to disentangle

the shared and specific inhibitory dysfunctions in ASD and ADHD.

Introduction

Attention-deficit/hyperactivity disorder (ADHD) and
autism spectrum disorder (ASD) have distinct core
diagnostic criteria but often co-occur. ADHD is char-
acterized by impairing levels of inattention and/or
hyperactivity—impulsivity, and ASD is defined by deficits
in social communication and interaction, and the pre-
sence of restricted, repetitive behaviours, interests or
activities'. Since the publication of the DSM-V, both
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diagnoses should be given when both ASD and ADHD
diagnostic criteria are met'. ADHD is the most common
comorbid psychiatric condition in referred populations of
youths with ASD, with studies reporting comorbidity
rates as high as 71%>>. ASD traits are also common in
children and adolescents with ADHD, with 12.4% having
an ASD diagnosis*. Consequently, an increasing number
of studies are investigating the overlap and distinctive-
ness between these disorders at the cognitive, clinical and
biological level, to determine whether they are sufficiently
distinct to be considered separate disorders, or rather
represent the extremes of an underlying continuum®.
Particularly, the Research Domain Criteria initiative calls
for further investigation of transdiagnostic phenotypes
and deficits, and their neural underpinnings6.
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At the neuropsychological level, there is evidence for
inhibition deficits in both ADHD and ASD”®. Response
inhibition is one of the neurocognitive domains most
affected in ADHD, in experimental paradigms such as the
stop-signal task (SST)®°, which measures the ability to
cancel an ongoing motor response'®. This paradigm is
unique in allowing the estimation of the stop process
covert latency: the stop-signal reaction time (SSRT), a
sensitive individual index of inhibitory ability'®. Never-
theless, previous studies using the SST in ASD popula-
tions have reported mixed findings, some showing longer
SSRTs in ASD compared with typically developing (TD)
children''™'* and others not'>~'°, Importantly, comorbid
ADHD seems to partly explain inhibitory deficits in
individuals with ASD™,

It is still unclear whether these deficits are driven by the
same underlying brain mechanisms. A task-specific meta-
analysis evidenced reduced activation in bilateral inferior
frontal gyri, the right superior frontal gyrus and the right
middle frontal gyrus (MFG) in children with ADHD
compared with TD children during the SST*°. Never-
theless, a recent study evidenced higher activation in a
group of non-comorbid medication-naive children with
ADHD relative to TD children in regions comprising the
fronto-basal ganglio-thalamo-cortical system associated
with inhibition®'.

In ASD samples, only two functional magnetic reso-
nance imaging (fMRI) studies have investigated
inhibition-related brain activity using the SST'®'.
Gooskens et al."” found no differences in activation during
successful stopping between children with ASD and TD
participants. Instead, higher ADHD symptomatology was
associated with increased inhibition-related activation in
the left and right frontal and middle cingulate regions,
linking changes in cognitive control in ASD to the pre-
sence of ADHD symptoms. In a pharmacological fMRI
study, Chantiluke et al.'® compared inhibition-related
brain activation during the SST between non-comorbid
ASD, non-comorbid ADHD and TD samples of children
and adolescents. In the placebo condition, participants
with ASD showed increased activation compared with
ADHD in the left middle and inferior frontal cortex (IFC),
the left orbitofrontal cortex (OFC), the left superior
temporal lobe and the basal ganglia. In addition, opposite
disorder-specific brain activation patterns were revealed:
there was reduced activation in the left OFC and basal
ganglia in the ADHD group, but enhanced activation in
the left and right IFC in children with ASD.

It is important to note that fMRI studies using the SST
in populations with ADHD and/or ASD vary in their
sample characteristics regarding age range, gender, med-
ication history, clinical subtype and/or comorbidities,
hindering the characterization of inhibition-related acti-
vation patterns in each disorder. In addition, studies differ
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in their SST design, the within-subject level contrasts, but
also the exclusion criteria used based on task perfor-
mance, hence potentially compromising the validity of the
reported results.

To sum up, a growing functional neuroimaging litera-
ture has evidenced brain inhibitory dysfunction in both
ASD and ADHD. Nevertheless, with only one pharma-
cological fMRI study directly comparing ASD and ADHD
samples'®, it is deemed too premature to draw conclu-
sions regarding the shared and disorder-specific brain
inhibition-related dysfunctions between these disorders.
In the present fMRI study, brain activation during the
execution of an SST was explored in a sample of children
with ASD or ADHD and in a group of TD children. To
capture inhibition ability as accurately as possible, SST
performance exclusion criteria and analysis were based on
recently provided consensus recommendations by Ver-
bruggen et al.>* on the correct implementation of the task
and data analysis.

Based on previous literature, we hypothesized that (1)
children with ADHD and ASD would show longer SSRT's
compared with TD children, and that children with
ADHD would further exhibit longer SSRTs compared
with the ASD sample; (2) children with ASD would show
higher activation in the left middle/IFC and right IFC, and
children with ADHD would show underactivation in a
fronto-basal ganglia network compared with TD children.

Materials and methods
Participants

Seventy-four right-handed children aged 8-12 vyears
were enroled in this study. Twenty-nine participants were
excluded: 1 participant after the fortuitous discovery of a
brain anomaly, 2 participants because of feeling anxious
or claustrophobic in the scanner, 18 participants due to
inappropriate SST performance and 8 participants for
excessive head motion (see below). The final sample
consisted of 18 children with ADHD (combined-type), 13
children with ASD and 14 TD children (Table 1). Patients
were recruited at the Erasme Hospital Department of
Neurology, PsyPluriel-Pastur (European Centre of Psy-
chological Medicine) and autism reference centres at the
Queen Fabiola Children’s University Hospital and at the
SUSA Foundation (Belgium). TD children had no diag-
noses of any psychiatric conditions, did not meet the
DSM-V criteria for ADHD or ASD and participated upon
announcement or personal query. ADHD and ASD diag-
noses were established according to the DSM-V criteria by
trained child psychiatrists. ADHD was assessed using the
full Kiddie-Sads—Present and Lifetime Version®® criteria
for ADHD and the parents of all participants responded to
the ADHD Rating Scale-IV**, assessing the severity of
ADHD symptoms. ASD was assessed according to the
Autism Diagnostic Interview-Revised, the Autism
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Table 1 Demographic data and task performance of participants included in the analysis.
ADHD ASD D Between-group Post hoc
(n=18) (n=13) (n=14) difference
Gender M/F M/F M/F X da p NS
12/6 9/4 9/5 0.074 2 0.96
M SD M SD M SD H df p
Age (months) 124.22 1848 125.62 11.74 13343 17.05 2.86 2 0.24 NS
1Q 102.56 1532 107.58 19.94 1215 16.03 9.03 2 0.01 ADHD < TDC
ADHD RS-V Total Score 34.44 8.84 21.54 8.65 821 6.64 29.73 2 <0.001 ADHD > ASD > TDC
ADHD RS-V inattention 19.11 439 13.38 6.91 5.07 367 25.36 2 <0.001 ADHD, ASD > TDC
ADHD RS-IV hyperactivity 1533 7.00 8.15 4.24 3.14 3.74 22.14 2 <0.001 ADHD > TDC
Head motion CV translation 0.72 0.25 0.66 0.18 0.64 0.25 1.16 2 0.56 NS
Head motion CV rotation 0.72 0.39 0.68 0.25 062 0.25 041 2 0.81 NS
SSRT (ms) 358.79 115.98 296.23 60.87 27336 43.90 7.01 2 0.03 ADHD > TDC
Successful stop trials (%) 47.15 6.06 4558 10.86 43.04 6.59 264 2 0.27 NS
MRT (ms) 607.39 129.92 52178 146.25 47298 64.8 11.82 2 0.003 ADHD > TDC
SSD (ms) 219.1 86.05 209.23 141.88 167.5 43.36 2.84 2 0.24 NS
Omissions Go trials (%) 9.11 5.86 6.82 2.86 6.51 5.00 224 2 033 NS
Choice errors Go trials (%) 58 461 7.1 525 481 36 0.81 2 0.67 NS
RT unsuccessful stop trials (ms) 513.84 100.23 462.29 114.05 417.16 5201 11.25 2 0.004 ADHD > TDC

ADHD RS-V ADHD Rating Scale-IV, CV coefficient of variation, df degrees of freedom, H test statistic for the Kruskal-Wallis test, M mean, M/F male/female, MRT mean
reaction time on successful go trials, RT reaction time, SSD stop-signal delay, SSRT stop-signal reaction time

Diagnostic Observation Schedule and/or the Childhood
Autism Rating Scale**~*’. Exclusion criteria for all parti-
cipants were as follows: history of prematurity, neurolo-
gical disorders, genetic disease, complications during
labour with neonatal care unit hospitalization, disabling
somatic pathology with a potential psychological impact
and contraindications to MRIL All participants had a
General Ability Index higher than 70 on the Wechsler
Intelligence Scale for Children®® and one participant with
ASD had a Leiter performance score of 74>, All parti-
cipants with ADHD were medication-naive and did not
present any psychiatric comorbidity. In the ASD group,
nine participants also had an ADHD-like comorbidity. In
addition, only one participant had a history of psychosti-
mulant (methylphenidate) and antipsychotic (risperidone)
intake, and another participant was taking antipsychotic
medication at the time of the scanning (Abilify).

All participants and their parents gave signed informed
consent to participate in this study approved by the Ethics
Committee of the ULB-Erasme University Hospital,
Brussels, Belgium, and received 50 euros to cover trans-
portation/parking expenses.

Functional MRI paradigm: the stop-signal task

The SST measures the ability to cancel a previously
triggered motor response to a go signal, when it is
unpredictably followed by a stop signal shortly after. The
interval between the go and the stop signals or SSD (Stop
Signal Delay) was initially 250 ms, then adapted by 50 ms
steps using a horse-race model (i.e, increased when
inhibition was successful, decreased when it failed) aimed
at an equal distribution of failed and successful inhibition
trials (see Fig. 1 for details). SSRT was computed using the
integration method??, with SSRT = nth reaction time
(RT) on go trials minus mean SSD, where n equals the
number of RTs in the RT distribution on go trials mul-
tiplied by the overall p(respond|signal). Longer SSRTs
indicate poorer response inhibition. Other measures of
interest for task performance are reported in Table 1. Based
on recent consensus recommendations on SST analysis***",
participants meeting any of the following criteria were
excluded: percentage of successful stop trials lower than
25% or higher than 75%, percentage of correct responses on
go trials inferior to 60% and an RT on unsuccessful stop
trials numerically longer than RT on go trials.
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Fig. 1 Schematic illustration of the stop-signal task. a Participants are instructed to respond as accurately and quickly as possible to go signals, i.e,,
arrows pointing to the left (n =100) or to the right (n = 100), with a left or right button press according to the direction of the arrow. Display
duration depended on participant’s response speed, lasting a maximum of 500 ms. In 25% of the trials, pseudo-randomly interspersed, a stop
stimulus (arrow pointing upwards) was presented shortly after the go signal (20 after a right-oriented go stimulus, 20 after a left-oriented go stimulus)
and participants were instructed to answer as fast and accurately as possible to the go signal, and to attempt cancelling their ongoing motor
response (i.e, not responding) when the stop signal appeared. They were also encouraged not to wait for the stop signal to appear before
responding. All trials included a 1000 ms fixed response interval, followed by a variable interval randomly set between 600 ms and 900 ms. b Initially,
the stop stimulus was displayed 250 ms (Stop Signal Delay, SSD) after the go signal. A tracking algorithm adjusted subsequent SSDs trial-by-trial by
steps of 50 ms according to the participant’s performance?. If inhibition was successful, then the SSD was made longer by 50 ms to make inhibition
of the ongoing response more difficult. If inhibition failed, then the SSD was made shorter by 50 ms to facilitate inhibition. The task involved a total of

200 trials (160 go and 40 stop), requiring a total scan time of ~8 min.

Demographic and behavioural data analysis

Demographic and behavioural data analyses were per-
formed using IBM SPSS Statistics for Windows, version
23 (IBM Corp., Armonk, NY, USA). As part of the
demographic parameters and SST behavioural outcome
measures were not normally distributed or the assump-
tion of homogeneity of variances was violated, and our
sample was relatively small, non-parametric analyses were
reported.

fMRI data acquisition

Imaging data were collected using a Discovery MR750w
3.0T scanner (GE Medical Systems, Milwaukee, W1, USA)
at the UZ Brussel hospital (Belgium). A T2*-weighted spin

echo planar imaging sequence was used: repetition time
(TR) = 3000 ms, echo time (TE) =70 ms, flip angle = 90°,
matrix size=128x128 x27 and voxel size=1.88 x
1.88 x 5mm®. Two initial dummy scans were acquired
and then discarded for the analysis. Twenty-seven slices
were acquired in an ascending and interleaved order,
covering the whole brain. Anatomical images were
obtained using a T1-weigthed sagittal three-dimensional
TFE (turbo field echo) sequence: TR =8.644 ms, TE =
3.244 ms, inversion time =450 ms, flip angle = 12°, field
of view = 240 x 240 mm?, matrix size = 256 x 256 x 128
and voxel size = 0.94 x 0.94 x 1.2 mm?>. Stimuli were dis-
played on an MR-compatible backward projection screen
visible to the participant through a mirror in the MR head
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coil. Stimuli were presented using MATLAB (The
MathWorks). Motor responses were recorded using a
standard MRI-compatible response device (fORP, Current
Designs, USA).

fMRI data analysis

fMRI data were pre-processed and analysed using
SPM12 (Statistical Parametric Mapping®?) implemented
in MATLAB2019a (The MathWorks). Pre-processing
steps consisted on slice timing correction, realignment,
normalization and smoothing with a Gaussian kernel
8 mm full-width at half maximum. Scan-to-scan motion
was assessed using ArtRepair’®. Scans with more than
1.0mm scan-to-scan movement or more than 1.5%
deviation from the average global signal were replaced
using a linear interpolation of the neighbouring scan
values. Images with total movement>3 mm were
repaired. Participants with more than 30% corrected scans
were excluded from further analyses.

For each subject, a first-level intra-individual analysis
aimed at modelling data to partition observed neuro-
physiological responses into components of interest,
confounds and error using a general linear model
(GLM®?). To isolate the withdrawal component of inhi-
bition®%, a contrast map depicting areas of greater activity
on “Successful Stop versus Go” trials was created for each
subject. Time and dispersion derivatives were included in
the model. Twenty-four nuisance motion regressors were
added to the GLMs to further control for movement-
related effects in fMRI time series®. Events were mod-
elled at the time of the go stimulus onset with a duration
of 155, Initial inspection of individual SPM maps
revealed no signs of violation of design orthogonality;
subsequent calculation indicated that the variance infla-
tion factor was 8.44 for successful stop signal items and
12.48 for successful go items. Individual subject contrasts
were entered into a second-level analysis to estimate
between-group differences using a one-way analysis of
variance (ANOVA). The initial voxel threshold was set to
0.001 uncorrected. For the whole-brain analysis, only
clusters with  p"E-corrected < 0.05 are reported,
accounting for multiple comparisons. In addition, a
region-of-interest (ROI) analysis was performed in a priori
determined locations corresponding to regions reported
to exhibit abnormal inhibition-related activation in both
ASD and ADHD compared with TD participants, or
between-disorders differences, i.e., the bilateral IFC, left
inferior parietal lobe, left superior temporal lobe, the right
anterior cingulate cortex (ACC), the right posterior cin-
gulate gyrus, the left MFG, bilateral insula, thalamus,
caudate and precuneus'®'”?%*!, ROI masks were created
using the Anatomical Automatic Labelling toolbox™.
Within-mask area inferences were computed using a
statistical threshold of p°V“FVE <0.05 at the peak level.
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The p-value was Bonferroni-adjusted for the number of
regions examined: p°*“FVF = 0.05/10 = 0.005. Extraction
of B-values and percentage signal change for illustrative
purposes was made using REXplot®®, SSRT values (Table 1)
were entered as a covariate in the analyses. As lower IQ is
a feature in ADHD and ASD making statistical control
impossible, and does not meet the requirements for a
covariate®®, all analyses were conducted without IQ as a
covariate.

Results
Demographic data and head motion

Gender was not significantly related to diagnosis and
groups did not differ on age (Table 1). IQ was significantly
higher in the TD group compared with the ADHD (p =
0.01), which is typical in this population”. Groups differed
significantly on the ADHD-RS-IV scores (Total, Inatten-
tion and Hyperactivity—Impulsivity). The ADHD group
total score was significantly higher compared with that of
ASD (p=0.018) and TD children (p < 0.001) scores. The
total score was also significantly higher for the ASD group
compared with that of the TD group (p = 0.045), due to
the presence of ADHD comorbidity in nine participants
(Supplementary Table 1). The inattention score in the TD
group was significantly lower compared with that of both
the ADHD (p <0.001) and the ASD groups (p = 0.016).
The hyperactivity score was significantly higher in the
ADHD group compared with that of the TD group (p <
0.001). Finally, there were no significant differences
between groups regarding head motion. Additional ana-
lyses including non-comorbid ASD and ASD with ADHD
comorbidity separately are reported in the Supplementary
Materials.

Stop-signal task performance

Contrary to children with ASD, the ADHD group
showed significantly longer SSTRs (p = 0.029), MRT's (p =
0.003) and mean RT on unsuccessful stop trials (p = 0.004),
as compared with the TD group. No other significant dif-
ferences were found for task performance (Table 1).

Within-group brain activations during successful inhibition

The whole-brain analysis of the Successful Stop versus
Go contrast disclosed increased activity (p™F < 0.05) in a
cluster comprising the right angular gyrus, the right
inferior parietal cortex and the intraparietal sulcus in the
ADHD group (Table 2 and Fig. 2a). In the ASD group, the
same contrast revealed activation in the right MFG (p*'F
<0.05). For these whole-brain analyses, results were
comparable with or without age entered as a covariate.
The TD group did not show activation at p*> "= <0.05
(whole-brain analysis).

The ROI analysis revealed a significant effect after
Bonferroni correction in the right posterior cingulate
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Table 2 Within-group activation and between-group comparison of activation during successful inhibition.

Contrast Hemisphere Anatomical region MNI coordinates peak voxel Cluster size k Cluster p-value
X y z

ADHD R Angular gyrus, inferior parietal lobe, intraparietal sulcus 36 —56 34 371 <0.001°

R Posterior cingulate gyrus 6 —34 22 13 0.001°
ASD R Middle frontal gyrus 42 18 46 411 <0.001°
ASD>ADHD R Cingulate gyrus, middle frontal gyrus 16 24 42 852 <0.001°

L Middle frontal gyrus -22 16 42 232 0.018°
ASD >TD R Middle frontal gyrus 40 20 44 564 0.020°
ADHD>TD R Posterior cingulate 4 —42 20 18 0.003P

3significant activation clusters at FWE-corrected p < 0.05 (whole-brain analysis). ®Significant activation in ROI after Bonferroni correction at p°Y“"E < 0,005 at the peak
level (ROI analysis). L left hemisphere, R right hemisphere.

(b)

ASD>ADHD ASD>TDC

FWE

Fig. 2 Brain activation during Successful Stop versus Go at the cluster level p""~ < 0.05. a Within-group activation in a cluster comprising the
right angular gyrus/intraparietal sulcus and inferior parietal gyrus in the ADHD group (x =36, y = —56, z=34; p < 0.001) and in the right middle
frontal gyrus in the ASD group (x=42, y =18, z=46; p <0.001). b Between-group comparison showing higher activation in the right cingulate

gyrus/middle frontal gyrus and the left middle frontal gyrus in children with ASD compared with the ADHD group and in the right middle frontal
gyrus in children with ASD compared with the TD group.

cortex in the ADHD group (p°V“*¥ <0.005). No ROI  Between-groups comparison
survived Bonferroni correction within the ASD and the Whole-brain analyses: A one-way ANOVA analysis
TD group. (Table 2 and Fig. 2b) revealed a significant group effect in
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Fig. 3 Percent signal change in activation during successful stop and
go in regions showing between-group significant differences: a the
right cingulate gyrus/ right middle frontal gyrus (x=16, y =24, z=
42), b the left middle frontal gyrus (x = —22, y =16, z=42) and ¢ the
right middle frontal gyrus (x =40, y =20, z=44).

the right cingulate/MFG at the cluster level p™ " < 0.05
(p = 0.030; cluster size = 152) and peak-level p*¥F < 0.05
(p=0.017; x =16, y = 24, z=42 mm). Pairwise compar-
isons showed that the group effect in this region was due
to a significant higher activation in the ASD group during
successful inhibition compared with the ADHD group
(p = 0.002, peak-level p"*F < 0.05; Fig. 3a). Higher acti-
vation in the ASD group during successful inhibition
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compared with the ADHD group was also found in the
left MFG at the cluster level p"F<0.05 (p=0.018;
x = —22; y=16; z=42; Fig. 3b). Finally, we found higher
activation in the right MFG in the ASD group compared
with the TD participants at the cluster (p"* < 0.001;
cluster size =564) and peak level (p™F =0.020; x = 40,
y =20, z=44 mm) during successful inhibition (Fig. 3c).
Results for these analyses were comparable with or
without age entered as a covariate. In an exploratory
analysis, a one-way ANOVA with four groups was sub-
sequently performed, in which the ASD sample was
divided into two groups: non-comorbid ASD (n=4)
and ASD with ADHD comorbidity (#=9). A small
volume correction with a 10 mm sphere radius centred on
the three coordinates reported above was examined at
the peak-level p°V“F¥E < 0.05. Activations remained sig-
nificant in all these regions, suggesting that between-
group differences were not explained by the presence of
comorbid ADHD in nine patients with ASD.

Finally, conjunction analysis did not show common
activations between the patients groups.

ROI analyses: Analyses conducted on ROIs disclosed
higher activation in the ADHD than the TD group in the
right posterior cingulate gyrus (p°V“"YF <0.005; x =4,
y=—42, z=20mm) after Bonferroni correction. No
other ROIs survived Bonferroni correction.

Discussion

In this study, both inhibition deficits and slower
responding were found in the ADHD as compared with
the TD group at the behavioural level, consistent with
previous studies®. No differences in task performance
were found between children with ASD and TD children,
consistent with Schmitt et al.'®, who found that the ability
to reactively stop behaviours as measured by the SSRT
was preserved in a group of children and adults with ASD.
Nevertheless, in their study, RT slowing during go trials
was reduced in patients compared with controls, sug-
gesting a deficit in strategically delaying the onset of
behavioural responses, i.e., proactive control.

fMRI analyses revealed different activation patterns in
children with ASD and ADHD when explored separately,
even if nine participants in the ASD group had an ADHD-
like comorbidity. Conjunction analysis did not show
common activations between the patients groups,
emphasizing the between-group distinctiveness in acti-
vation patterns. In the ADHD group, successful inhibition
activated a cluster comprising the right angular gyrus, the
intraparietal sulcus and the inferior parietal gyrus, in line
with previous studies in children and adolescents with
ADHD**, These regions have been associated with
action cancellation and action withholding™*.

In children with ASD, activation was found mostly in
frontal regions, in particular, the right MFG, also
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associated with action withholding and cancellation®?,
These results show that response inhibition may place
different demands on the fronto-parietal network in ASD
and ADHD, eventually activating regions that serve dif-
ferent functions in response inhibition. Although the
inferior parietal cortex has been associated with rapid
movement prevention®® and attentional capture of infre-
quent stimuli**, its contribution to inhibition per se
remains unclear. The recruitment of parietal nodes in
children with ADHD suggests they may need a higher
involvement of attentional processes for successful inhi-
bition than children with ASD, thereby modulating the
response inhibition process.

Between-groups comparisons disclosed higher activa-
tion in the ASD than the ADHD group in the right cin-
gulate gyrus/MFG and the left MFG. These results are
consistent with Chantiluke et al.'®, who also found
increased activation in the left middle/IFC in boys with
ASD as compared with those with ADHD, for a com-
parable task performance. In addition, there was also
higher activation in the right MFG in the ASD group as
compared with the TD group during successful inhibition.
These results suggest that children with ASD may require
recruiting more of these brain areas to achieve a task
performance comparable to the ADHD and the TD
groups. Differences observed in the left frontal cortex
indicate that the left hemisphere should not be neglected
in the study of response inhibition in ASD, as previously
suggested™.

Regarding the ACC, ROI analysis revealed higher
inhibition-related activity in the ASD than in the TDC
and the ADHD groups, in agreement with previous stu-
dies evidencing atypical brain activity during response
inhibition in autism**~*’. However, this difference did not
survive Bonferroni correction and the result should thus be
considered with caution. The ACC has been associated with
conflict and performance monitoring and salience detection
during response inhibition***’, Finally, ROI analysis
revealed inhibition-related differences between the ADHD
and TD groups in posterior cingulate activity, which is
consistent with recent preliminary meta-analysis results>’.

The findings in this study should be considered in the
light of some limitations. First, our final sample was
relatively small due to strict exclusion criteria regarding
head motion and/or non-adequate SST performance. The
strict but necessary exclusion task performance criteria
were based on the latest consensus recommendations by
Verbruggen et al.>* to analyse SST data in such a way that
the ability to inhibit is accurately captured. Such pre-
cautions have often been dismissed or have been applied
in a more lenient way in previous studies. Therefore, we
argue that the strict exclusion criteria used actually
represents the strength of our study, admittedly at the
cost of a reduced sample size. A related limitation is that
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our sample was only composed of individuals able to
perform the task inside of the scanner and whose data
were included after data quality control regarding task
performance and head motion. Consequently, the results
of our study may not be generalizable to all individuals
with ASD and/or ADHD, and especially those who display
more severe ASD and/or ADHD symptoms or exhibit
lower cognitive abilities. Our gender balanced sample was
however large enough to detect robust significant brain
activation differences between groups in our whole brain
analysis, even after correction for multiple comparisons.
In addition, all children with ADHD were non-comorbid
and medication naive in order to avoid drug-induced
brain changes previously evidenced in other studies'® and
only one participant with ASD had a previous history of
psychostimulant intake. Therefore, there was no potential
confounding effect of medication and/or comorbidity on
inhibition-related activity in the ADHD sample. Again
however, strict inclusion criteria may hinder the gen-
eralization of our results to the heterogeneous population
of ADHD patients who present various comorbidities
and/or medication status in clinical practice. Finally, the
power of our statistical design was somehow limited by
the use of short inter-stimuli intervals including jitters
(leading to increased variance inflation factors) aimed at
keeping the task duration as short and motivating as
possible for our specific populations, whose inclusion in
fMRI studies remain a challenge.

Finally, there was a high percentage of children in the
ASD group, who had an ADHD comorbidity, which is
consistent with recent comorbidity reports>>, but poten-
tially confounding our findings. Nevertheless, similar
results were found regardless of ADHD comorbidity. The
distinct patterns of activation between disorders suggest
that ADHD-like symptoms in ASD are associated with a
different pattern of activation compared with non-
comorbid ADHD and raise the question of the distinc-
tiveness between ADHD-like symptoms present in ASD
and pure ADHD, which constitutes a crucial clinical
insight in the study of the comorbidity between ASD
and ADHD.

To conclude, a distinct pattern of activation during
successful inhibition in a sample of children with ADHD
and a sample of children with ASD was evidenced for the
first time using the SST, despite the presence of ADHD-
like symptoms in nine participants in the ASD group.
Children with ADHD showed activation in inferior par-
ietal regions and children with ASD in bilateral middle
frontal regions during successful inhibition as compared
with go trials. The ASD group showed higher activation in
the middle frontal cortex compared with TD participants,
whereas the ADHD showed higher activation than the TD
group in the right posterior cingulate. Importantly, only
the ADHD and not the ASD group showed behavioural
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inhibition deficits compared with the TD group, reinfor-
cing the idea that reactive inhibition is one of the core
deficits in ADHD, but not in ASD. Future work should
explore the commonalities and distinctions in inhibition-
related activity in a larger sample of children with ASD
fractionating the sample in terms of the presence or
absence of ADHD-like symptoms and a sample of chil-
dren with ADHD, to examine the differences between the
ADHD-like comorbidity in ASD and a primary diagnosis
of ADHD.

Acknowledgements

We thank all the children and their families for their participation. M. has
received a research grant from Shire Pharmaceutical Development Limited, a
member of the Takeda group of companies (Study ID: IST-BEL-00520). AAS. is
supported by a grant from the Belgian Kids' Fund, the David et Alice Van
Buuren Fund and by the Fondation Jaumotte-Demoulin. .M. and AAS. are
supported by the Fonds National de la Recherche Scientifique (FNRS)-Belgium
and the Fonds Erasme. This publication was supported by the “Fondation
Universitaire de Belgique”. We also thank Barbara Luyens and Clémence Roy
for their assistance in the collection of the data.

Author details

'Neuropsychology and Functional Neuroimaging Research Group (UR2NF) at
the Centre for Research in Cognition and Neurosciences (CRCN), Université
Libre de Bruxelles (ULB), Brussels, Belgium. 2H<“)pita| Universitaire Robert Debré,
Paris, France. ’Institut de Psychiatrie et de Neurosciences de Paris Inserm U894
Team 1, Paris, France. 4Department of Radiology, Universitair Ziekenhuis Brussel
(UZ Brussel), Brussels, Belgium. 5H(”)pital Universitaire des Enfants Reine Fabiola
(HUDERF), Brussels, Belgium. ®Service Universitaire Spécialisé pour personnes
avec Autisme (SUSA)-Université de Mons, Mons, Belgium. 7PsyP\urie\, Centre
Européen de Psychologie Médicale, Brussels, Belgium. Paris 8 Vincennes - St
Denis University, Laboratoire de Psychopathologie et Neuropsychologie, Saint
Denis, France. 9Labora‘[ory of Experimental Neurology, ULB, Brussels, Belgium.
'National Fund of Scientific Research (FNRS), Brussels, Belgium. ''Department
of Neurology, Erasme Hospital, Brussels, Belgium

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541398-020-0707-2).

Received: 8 August 2019 Revised: 20 November 2019 Accepted: 27
November 2019
Published online: 22 January 2020

References

1. Diagnostic and statistical manual of mental disorders. 5th edn (American
Psychiatric Association, Arlington, VA, 2013).

2. Kaat, A, Gadow, K. & Lecavalier, L. Psychiatric symptom impairment in
children with autism spectrum disorders. J. Abnorm. Child Psychol. 41,
959-969 (2013).

3. Salazar, F. et al. Co-occurring psychiatric disorders in preschool and elemen-
tary school-aged children with autism spectrum disorder. J. Autism Dev. Disord.
45, 2283-2294 (2015).

4. Jensen, C. & Steinhausen, H. Comorbid mental disorders in children and
adolescents with attention-deficit/hyperactivity disorder in a large nationwide
study. Atten. Defic. Hyperact. Disord. 7, 27-38 (2014).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Page 9 of 10

Antshel, K & Russo, N. Autism spectrum disorders and ADHD: overlapping
phenomenology, diagnostic issues, and treatment considerations. Curr Psy-
chiatry Rep. 21, 34 (2019).

Morris, S. E. & Cuthbert, B. N. Research Domain Criteria: cognitive systems,
neural circuits, and dimensions of behavior. Dialogues Clin Neurosci. 14, 29-37
(2012).

Craig, F. et al. A review of executive function deficits in autism spectrum
disorder and attention-deficit/hyperactivity disorder. Neuropsychiatr. Dis. Treat.
12, 1191-1202 (2016).

Lipszyc, J. & Schachar, R. Inhibitory control and psychopathology: a meta-
analysis of studies using the stop signal task. J. Int. Neuropsychol. Soc. 16,
1064-1076 (2010).

Pievsky, M. & McGrath, R. The neurocognitive profile of attention-deficit/
hyperactivity disorder: a review of meta-analyses. Arch. Clin. Neuropsychol. 33,
143-157 (2017).

Logan, G. & Cowan, W. On the ability to inhibit thought and action: a theory of
an act of control. Psychol. Rev. 91, 295-327 (1984).

Geurts, H, Verte, S, Oosterlaan, J, Roeyers, H. & Sergeant, J. How specific are
executive functioning deficits in attention deficit hyperactivity disorder and
autism? J. Child Psychol. Psychiatry 45, 836-854 (2004).

van Hulst, B. et al. Children with ADHD symptoms show deficits in reactive but
not proactive inhibition, irrespective of their formal diagnosis. Psychol. Med. 48,
2515-2521 (2018).

Lemon, J, Gargaro, B, Enticott, P. & Rinehart, N. Brief report: executive func-
tioning in autism spectrum disorders: a gender comparison of response
inhibition. J. Autism Dev. Disord. 41, 352-356 (2010).

Verté, S, Geurts, H, Roeyers, H, Oosterlaan, J. & Sergeant, J. Executive func-
tioning in children with autism and Tourette syndrome. Dev Psychopathol. 17,
415-445 (2005).

Adams, N. & Jarrold, C. Inhibition in autism: children with autism have difficulty
inhibiting irrelevant distractors but not prepotent responses. J. Autism Dev.
Disord. 42, 1052-1063 (2011).

Chantiluke, K. et al. Inverse fluoxetine effects on inhibitory brain activation in
non-comorbid boys with ADHD and with ASD. Psychopharmacology 232,
2071-2082 (2014).

Gooskens, B. et al. No evidence of differences in cognitive control in children
with autism spectrum disorder or obsessive-compulsive disorder: An fMRI
study. Dev. Cogn. Neurosci. 36, 100602 (2019).

Ozonoff, S. & Strayer, D. Inhibitory Function in Nonretarded Children with
Autism. J. Autism Dev. Disord. 27, 59-77 (1997).

Schmitt, L, White, S, Cook, E, Sweeney, J. & Mosconi, M. Cognitive mechan-
isms of inhibitory control deficits in autism spectrum disorder. J. Child Psychol.
Psychiatry 59, 586-595 (2017).

McCarthy, H, Skokauskas, N. & Frodl, T. Identifying a consistent pattern of
neural function in attention deficit hyperactivity disorder: a meta-analysis.
Psychol. Med. 44, 869-830 (2013).

Massat, |. et al. Hyperactivity in motor response inhibition networks in
unmedicated children with attention deficit-hyperactivity disorder. World J.
Biol. Psychiatry 19, 101-111 (2016).

Verbruggen, F. et al. A consensus guide to capturing the ability to inhibit
actions and impulsive behaviors in the stop-signal task. eLife. 8, e46323 (2019).
Kaufman, J. et al. Schedule for affective disorders and schizophrenia for school-
age children-present and lifetime version (K-SADS-PL): initial reliability and
validity data. J. Am. Acad. Child Adolesc. Psychiatry 36, 980-988 (1997).
DuPaul, G, Power, T, Anastopoulos, A. & Reid, R. ADHD Rating Scale - IV (The
Guilford Press, New York, 1998).

Lord, C, Rutter, M. & Le Couteur, A. Autism Diagnostic Interview-Revised: a
revised version of a diagnostic interview for caregivers of individuals with
possible pervasive developmental disorders. J. Autism Dev. Disord. 24, 659-685
(1994).

Lord, C. et al. The Autism Diagnostic Observation Schedule—Generic: a
standard measure of social and communication deficits associated with the
spectrum of autism. J. Autism Dev. Disord. 30, 205-223 (2000).

Schopler, E, Reichler, R, DeVellis, R. & Daly, K. Toward objective classification of
childhood autism: Childhood Autism Rating Scale (CARS). J. Autism Dev. Disord.
10, 91-103 (1980).

Wechsler, D. Wechsler Intelligence Scale for Children 4th edn (PsychCorp, San
Antonia, TX, 2003).

Roid, G. H. & Miller, L. J. Leiter International Performance Scale-revised (Stoelting
CoWoodale, IL, 1997).


https://doi.org/10.1038/s41398-020-0707-z
https://doi.org/10.1038/s41398-020-0707-z

Albajara Séenz et al. Translational Psychiatry (2020)10:24

30.

32

33.

34.

35.

36.

37.

38.

39.

40.

Logan, G. D. In: Dagenbach, D. & Carr, T. H. (eds). Inhibitory Processes in
Attention, Memory and Language. p. 189-239 (Academic Press, San Diego, CA,
USA, 1994).

Congdon, E. et al. Measurement and reliability of response inhibition. Front.
Psychol. 3, 37 (2012).

Friston, K. J, Ashburner, J, Kiebel, S. J, Nichols, T. E. & Penny, W. D. Statistical
Parametric Mapping: The Analysis of Functional Brain Images (Academic Press,
2007).

Mazaika, P, Hoeft, F, Glover, G. & Reiss, A. Methods and software for fMRI
analysis of clinical subjects. Neuroimage 47, S58 (2009).

Chevrier, A, Noseworthy, M. & Schachar, R. Dissociation of response inhibition
and performance monitoring in the stop signal task using event-related fMRI.
Hum. Brain Mapp. 28, 1347-1358 (2007).

Friston, K, Williams, S, Howard, R, Frackowiak, R. & Turner, R. Movement-
related effects in fMRI time-series. Magn. Reson. Med. 35, 346-355 (1996).
White, C. et al. Decomposing decision components in the stop-signal task: a
model-based approach to individual differences in inhibitory control. J. Cogn.
Neurosci. 26, 1601-1614 (2014).

Tzourio-Mazoyer, N. et al. Automated anatomical labeling of activations in
SPM using a macroscopic anatomical parcellation of the MNI MRl single-
subject brain. Neuroimage 15, 273-289 (2002).

Glascher, J. Visualization of group inference data in functional neuroimaging.
Neuroinformatics 7, 73-82 (2009).

Dennis, M. et al. Why 1Q is not a covariate in cognitive studies of neurode-
velopmental disorders. J. Int. Neuropsychol. Soc. 15, 331-343 (2009).
Bhaijiwala, M, Chevrier, A. & Schachar, R. Withholding and canceling a
response in ADHD adolescents. Brain Behav. 4, 602-614 (2014).

41.

42.

43.

45.

46.

47.

48.

49.

50.

Page 10 of 10

Rubia, K et al. Hypofrontality in attention deficit hyperactivity disorder during
higher-order motor control: a study with functional MRI. Am. J. Psychiatry 156,
891-896 (1999).

Zhang, R, Geng, X. & Leg, T. Large-scale functional neural network correlates of
response inhibition: an fMRI meta-analysis. Brain Struct. Funct. 222, 3973-3990
(2017).

Coxon, J, Stinear, C. & Byblow, W. Stop and Go: the neural basis of selective
movement prevention. J. Cogn. Neurosci. 21, 1193-1203 (2009).

Boehler, C, Appelbaum, L, Krebs, R, Chen, L. & Woldorff, M. The role of
stimulus salience and attentional capture across the neural hierarchy in a stop-
signal task. PLoS ONE 6, €26386 (2011).

Schmitz, N. et al. Neural correlates of executive function in autistic spectrum
disorders. Biol. Psychiatry 59, 7-16 (2006).

Kana, R, Keller, T, Minshew, N. & Just, M. Inhibitory control in high-functioning
autism: decreased activation and underconnectivity in inhibition networks.
Biol. Psychiatry 62, 198-206 (2007).

Velasquez, F. et al. Neural correlates of emotional inhibitory control in autism
spectrum disorders. Res Dev. Disabil. 64, 64-77 (2017).

Braver, T. Anterior cingulate cortex and response conflict: effects of frequency,
inhibition and errors. Cereb. Cortex. 11, 825-836 (2001).

Manza, P. et al. A dual but asymmetric role of the dorsal anterior cingulate
cortex in response inhibition and switching from a non-salient to salient
action. Neuroimage 134, 466-474 (2016).

Norman, L. et al. F55. an image-based meta-analysis of successful and failed
stopping in attention deficit/hyperactivity disorder using statistical parametric
maps. Biol. Psychiatry 85, S234 (2019).



	ADHD and ASD: distinct brain patterns of�inhibition-related activation?
	Introduction
	Materials and methods
	Participants
	Functional MRI paradigm: the stop-signal task
	Demographic and behavioural data analysis
	fMRI data acquisition
	fMRI data analysis

	Results
	Demographic data and head motion
	Stop-signal task performance
	Within-group brain activations during successful inhibition
	Between-groups comparison

	Discussion
	ACKNOWLEDGMENTS




