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The objective of this study was to examine response inhibition- and feedback-related neural activity in
adults with attention deficit hyperactivity disorder (ADHD) using event-related functional MRI. Sixteen
male adults with ADHD and 13 healthy/normal controls participated in this study and performed a mod-
ified Go/NoGo task. Behaviourally, attention and inhibition problems in the ADHD group were observed;
no feedback-related differences between the groups were detected. The neuroimaging data showed that
the ADHD group displayed more activation in the inferior frontal gyrus and putamen during response
inhibition. During feedback-related processes, the ADHD group displayed less activation in the inferior
frontal/orbitofrontal cortex, hippocampus/nucleus accumbens, and caudate nucleus, but more activity
in the inferior frontal gyrus. These results indicate that at least two distinguishable underlying brain net-
works related to response inhibition and feedback are altered in adults with ADHD.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Attention-deficit hyperactivity disorder (ADHD) is character-
ized by attention problems, hyperactivity, and impulsivity (APA,
2000). Especially the third term, impulsivity, has been extensively
studied over the past decades. It has been suggested that deficits in
impulsiveness can be detected by tasks of inhibitory response con-
trol, since one of the most robust findings in ADHD is poor task per-
formance on this type of task, such as the Go/NoGo task,
Continuous Performance Test, and the Stop Signal Task (e.g., Go-
mez, 2003; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005).
For example, individuals with ADHD, both children as well as
adults, have slower response times and make more errors of com-
mission in this respect (Hervey, Epstein, & Curry, 2004).

Neuroimaging studies have indicated that response inhibition is
associated with a neural circuitry involving several areas of the
prefrontal cortex (PFC), parietal cortex, the basal ganglia, and the
thalamus (see for reviews, Ridderinkhof, van den Wildenberg, Seg-
alowitz, & Carter, 2004; and Rubia et al., 2001). Both children and
adults with ADHD display anatomical and functional abnormalities
in this brain circuitry (Schneider, Retz, Coogan, Thome, & Rosler,
2006). Individuals with ADHD demonstrate, next to behavioral def-
icits, alterations in brain activation patterns during the perfor-
mance of a response inhibition task. For example, both hypo- and
hyper-activation of the PFC and caudate nucleus have been demon-
strated, as well as a recruitment of contralateral frontal areas and
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additional engagement of parietal areas (see for an overview,
Fassbender & Schweitzer, 2006).

Although some authors suggest that the core symptoms of
ADHD are the result of a dysfunction in response inhibition (Bark-
ley, 1997, 2000), others propose that the ADHD symptoms may be
the result of altered feedback-related processes, such as a changed
sensitivity to reinforcement or omission of an expected reward
(Sagvolden, Aase, Johansen, & Russell, 2005), or incorporate both
views (Sergeant, Geurts, Huijbregts, Scheres, & Oosterlaan, 2003;
Sonuga-Barke, 2003). In previous studies on feedback-related pro-
cesses, ADHD has been associated with aberrant sensitivity to re-
ward, punishment, omission of expected reward, changes in
reward schedules, and delay of gratification (see for a review Lu-
man, Oosterlaan, & Sergeant, 2005). For example, children with
ADHD have a strong tendency to prefer an immediate, small re-
ward over a delayed, larger reward (Antrop et al., 2006), and react
with a higher level of frustration when an expected reward is omit-
ted (Douglas & Parry, 1994) than children without ADHD. Further-
more, adults with ADHD symptoms react with a lower emotional
response to situations involving punishment (Braaten & Rosen,
1997).

A number of neuroimaging studies have examined feedback-re-
lated processes in healthy adults (e.g., Elliott, Friston, & Dolan,
2000; Knutson, Adams, Fong, & Hommer, 2001; van Leijenhorst,
Crone, & Bunge, 2006; Zalla et al., 2000; Zanolie, Van Leijenhorst,
Rombouts, & Crone, 2008). Their findings support the involvement
of the dorsal striatum (e.g., caudate nucleus), insula, orbitofrontal
cortex (OFC), and dorsolateral prefrontal cortex (dIPFC), and of lim-
bic structures, as the hippocampus, amygdala, ventral striatum
(e.g., nucleus accumbens), and the anterior cingulate gyrus.
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To our knowledge only two neuroimaging studies examined al-
tered responses to feedback in individuals with ADHD. As ex-
pected, these studies indeed observed alterations in the
feedback-related brain areas. In the first fMRI-study, reduced ven-
tral striatal activation, part of the (meso)limbic circuitry, was
found in adolescents with ADHD during reward anticipation, rela-
tive to healthy controls (Scheres, Milham, Knutson, & Castellanos,
2007). The second study, a PET-study of Ernst and colleagues
(2003) demonstrated that adults with ADHD did not recruit re-
gions as the anterior cingulate cortex and hippocampus during
the performance of a reward (feedback)-related decision making
task, whereas the healthy controls did. Both structures are a part
of the limbic circuitry. A direct comparison between the groups re-
vealed that healthy subjects engaged the hippocampal and insular
regions more than did the ADHD subjects. The ADHD group dis-
played more activity in the caudal part of the anterior cingulate
cortex than did the healthy controls.

Although both response inhibition and feedback-related neural
activity have been investigated separately in ADHD, no neuroimag-
ing study, to our knowledge, has concurrently examined these pro-
cesses. The advantage of a simultaneous examination of both
processes in one task is the opportunity to further disentangle both
processes without using two separate tasks that each might tap on
different cognitive processes, resulting in different task-related
brain activation patterns. Furthermore, the two before mentioned
imaging studies on feedback-related activity in ADHD did not as-
sess brain activity directly related to positive and negative response
feedback. In the study of Scheres et al. (2007), specific cues sig-
nalled the opportunity to either win money, avoid losing money,
or signalled no monetary outcome at all (control trials) on subse-
quent target responding. Although, the participants did make a
substantial number of errors on the target stimulus, the difference
in correct and incorrect answers or in gaining and loosing money
was not incorporated in the data analysis. In addition, the study
of Ernst and colleagues (2003) did not separate decisions followed
by positive or negative feedback, but compared activations elicited
by both events with a similar control task in which no selection
choice was available. To our knowledge, no neuroimaging study
has directly examined neurobiological substrates of feedback-re-
lated, positive and negative, processing in ADHD.

The main aim of the present study was therefore to investigate
brain activation patterns underlying response inhibition and per-
formance feedback in ADHD simultaneously and compare these
with the brain activation patterns in normal controls. To this end,
a modified Go/NoGo task was used in which participants needed
to respond on Go trials, but to inhibit their response on the NoGo
trials (see also Evers et al., 2006). In this task, positive feedback indi-
cated correct performance (whether correct inhibition or correct
hit), whereas negative feedback indicated incorrect performance
(related to incorrect inhibition, omissions, and hits). The advantage
of this paradigm is that it enables direct comparisons between neu-
ral circuitries involved in response inhibition and circuitries in-
volved in positive and negative feedback. Such comparisons
might help to elucidate on the current ADHD models (see for exam-
ple Barkley, 1997, 2000; Sonuga-Barke, 2003). Based on previous
findings on response inhibition tasks, it is expected that, compared
to healthy controls, adults with ADHD would have more problems
to inhibit their responses, display slower response times, and would
show altered brain activation patterns in the executive circuitry,
such as the dIPFC, and caudate nucleus (Fassbender & Schweitzer,
2006). Although ADHD is associated with an altered feedback-re-
lated mechanism, behavioral results are not uniform. Some authors
report that individuals with ADHD are more sensitive to reward
(Douglas & Parry, 1994), while others note a decreased sensitivity
(Haenlein & Caul, 1987), or do not detect any differences at all
(van Meel, Oosterlaan, Heslenfeld, & Sergeant, 2005). Both the

PET-study of Ernst and colleagues (2003) and the fMRI-study of
Scheres et al. (2007) did not report behavioral differences between
the ADHD and healthy control group. Therefore, no specific feed-
back-related differences between the adults with and without
ADHD are expected at the behavioral level. However, in line with
previous neuroimaging studies, we do expect to find feedback-re-
lated activation differences in the limbic structures, such as the
anterior cingulate cortex, hippocampus (Ernst et al., 2003), and ven-
tral striatum (Scheres et al., 2007).

2. Methods and materials
2.1. Participants

A total of 33 participants was recruited for this study, 16 adults
with ADHD and 17 education-level matched and age-matched nor-
mal controls. The ADHD group consisted of 16 participants with
combined attention and hyperactivity problems (ADHD). All par-
ticipants were male and right-handed. The mean age of the ADHD
groups was 28.9 years (SD: 6.44, range 21.9-41.9), and 28.6 years
(SD: 6.45, range 21.3-41.3) for the control group. The mean educa-
tion level (De Bie, 1987) for the ADHD group was 4.88 (SD: 1.59,
range 2-7) and 5.17 (SD: 1.47, range 3-8) for the control group.

2.1.1. Recruitment and diagnosis

Control participants were recruited by advertisements in local
newspapers. Participants of the ADHD group were recruited by
spreading information brochures after group interventions of
adults with ADHD and by advertisements on websites of ADHD
associations. Only participants in the group intervention that had
no other axis I or II diagnosis were approached for participation.
Their diagnosis was set by an experienced and specialized ADHD-
team including a psychiatrist, a clinical psychologist, a neuropsy-
chologist, and a registered psychiatric nurse. Additionally, each
participant received next to the information package a letter
emphasizing that only pure ADHD participants were invited to re-
spond. Furthermore, we asked each ADHD participant to hand over
a medical or diagnostic report of their specialist or general practi-
tioner. Unfortunately, not all reports were received. Finally, all par-
ticipants were asked if they had any other disorders beside the
diagnosed ADHD. This resulted in the following distribution of
co-occurring characteristics: ADHD and depressive symptoms
(n=2), ADHD and obsessive/compulsive symptoms (n = 1), ADHD
and substance abuse (cannabis, n=1), and ADHD and learning
problems (n=2, one due to attention problems). Furthermore,
one participant received epilepsy medication, one received antihis-
tamine, and one cholesterol medication. Fourteen ADHD partici-
pants used methylphenidate-based medication (Ritalin® n=11;
Concerta® n = 3). None of the control participants reported axis I
or Il problems. One control participant reported the use of anti-
asthma medication (Seritide discus).

Exclusion criteria for all participants were presence of any cur-
rent axis 1 psychiatric diagnosis other than ADHD, IQ < 80, neuro-
logical trauma or disorder, and contraindication for MRL. On
suspicion of ADHD-problems in the control participants during
testing, the Current Symptoms Scale and Childhood Symptoms
Scale was administered to all participants (see description Ques-
tionnaire and Neuropsychological Test below). This checklist en-
abled verification of the presence of ADHD-problems in the
ADHD group and the absence of these problems in the control
group. Inclusion criteria for the ADHD group were a minimum
score of six symptoms on at least one of the current symptoms
subscales and retrospective childhood subscales (Barkley & Mur-
phy, 1998). Inclusion criteria for the control group were a maxi-
mum of two symptoms and on each of the current symptoms
scales and a maximum of three symptoms on each of the retro-
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spective childhood subscales (mean norm scores Barkley & Mur-
phy, 1998).

The study was carried out in accordance with the declaration of
Helsinki and was started after approval of the local Medical Ethical
Committee (Maastricht, the Netherlands, No: 05.045.4). Before on-
set of the study, all participants provided a written informed con-
sent. Each participant was paid 50 Euros and received a compact
disk with their anatomical brain scan.

2.2. Questionnaire and neuropsychological test

2.2.2. The Current Symptoms Scale and Childhood Symptoms Scale

The Current Symptoms Scale and Childhood Symptoms Scale
was a short, self-report screening questionnaire to measure ADHD
in adults. The questions are based on the ADHD symptom list of the
DSM-IV (normative data are published in Barkley & Murphy, 1998).
The questionnaire contains a list concerning current symptoms of
ADHD and a retrospective list concerning symptoms during child-
hood. For the present study, participants with ADHD were pro-
vided with two copies of the current symptoms list, one copy to
fill in judging their behavior while using ADHD medication, one
copy for judging their behavior during a medication free period.
The control participants received only one current symptoms list.
Additionally, all participants received one retrospective list con-
taining items related to childhood behavior. Each list contains nine
items measuring inattention and nine items measuring hyperactiv-
ity (6)/impulsivity problems (3). Each item can be scored on a 4-
point-scale ranging from ‘never (1) to ‘very often (4)" A score is
considered as a symptom if an item is answered with often or very
often, leading to a maximum of nine symptoms for inattention
and/or nine symptoms for hyperactivity/impulsivity (Barkley &
Murphy, 1998).

2.2.3. The WAIS-R Block Design (Uterwijk, 2000)

The subtest Block Design of the WAIS-R measures visuospatial
abilities and is frequently used as an estimation of general intelli-
gence (Kaufman & Lichtenberger, 1999). Furthermore, if matched
for level of education, no difference in performance on the WAIS-
R Block Design between adults with ADHD and normal control is
expected (Bridgett & Walker, 2006; Seidman, Biederman, Weber,
Hatch, & Faraone, 1998). Therefore, in the present study, where
groups are matched for level of education, WAIS-R Block Design
can be used to check for similar levels of general intelligence in
each group, or in case a difference is observed between the groups,
it can function as a covariate in the data analyses.

2.3. Functional MRI test

The present study used the Go/NoGo task as described by Evers
et al. (2006) (see Fig. 1). This task is based on the Go/NoGo task of
Garavan, Ross, and Stein (1999) and was programmed in E-prime
V1.0 (Psychology Software Tools, http://www.pstnet.com/). During
this task a stream of yellow letters was presented against a black
background. The letters X and Y was presented serially mixed with
other letters (fillers). The task of the participant was to press a but-
ton on alternating presentations of X and Y, that is X preceded by Y
or Y preceded by X (Go trials), and to refrain from responding by
repetition of X or Y, that is X preceded by X or Y preceded by Y
(NoGo trials). No responses were required on the filler trials. Cor-
rect responses on the Go trials and correct inhibition of responses
on the NoGo trials were followed by a green'! square (positive feed-
back). No positive feedback was provided after correctly omitted

! For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.

filler trials. A red square, negative feedback, was presented after
responses to NoGo trials, responses to letters other than X and Y,
omission of a response on Go trials, and to responses after the offset
of the stimulus. This time limit was set to encourage fast responding
and to complicate the inhibition of a response. The timing of the
events can be found in the legend of Fig. 1. A Go trial was presented
every 4 s on average, a NoGo trial every 25 s on average. A total of
1000 stimuli was presented containing 150 Go trials and 25 NoGo
trials. The stimuli were divided into two blocks of each 500 stimuli.
Each block started with a passive resting state (17 TRs) in which no
response was required. Participants were instructed to start
responding on the first X or Y presentation (Go trial) after this resting
state. During the experimental task, both response time (RT) and
response accuracy were measured on each trial. Two weeks prior
to scanning, the task was trained in a simulation scanner. The train-
ing started with 400 stimuli with 120 Go trials and no NoGo trials.
During the second part of the training, 350 stimuli were presented
of which 55 were Go trials and seven were NoGo trials. All task
properties of the training were otherwise identical to that of the scan
task.

2.4. MRI scanning

The participants were scanned using a 1.5T MRI whole body
scanner (Philips Gyroscan ACS-NT, Eindhoven, The Netherlands)
with a synergy head coil. Head fixation was accomplished by using
foam padding. Each scan session started with a sagittal T1-
weighted anatomical image (150 slices, imaging
matrix = 256 x 256, slice thickness 1 mm, no gap). Functional
images were based on a T2+ weighted gradient echo sequence with
the following parameters: number of slices = 24, flip angle = 90°,
TE = 27 ms, TR = 1750 ms, field of view = 224 x 120 x 224, imaging
matrix = 64 x 64, slice thickness =5 mm, slice gap = 0 mm. Scan-
ning orientation was axial and slice order was ascending. During
each block, 195 images for all slices were collected resulting in a
total of 390 images.

2.5. Procedure

The experiment was conducted in two 2-h sessions, about two
weeks apart. In session one the Go/NoGo task was practiced in a
simulation scanner and the subtest WAIS-R Block Design was
administered. Participants with ADHD were requested to refrain
from any ADHD medication at least 24 h prior to the second ses-
sion during which anatomical and functional scans were made.
After completion of the entire experiment all participants were
asked to fill in the Current Symptoms Scale(s) and Childhood
Symptoms Scale.

2.6. Behavioral data analysis

The WAIS-R Block Design data were transformed to standard t-
scores (standardized mean: 50, SD: 10). A paired t-test was used to
detect a possible decline in ADHD symptoms through use of ADHD
medication. Dependent measures of the Go/NoGo task were the
percentage of correct Go trials, the percentage of correct NoGo tri-
als (no response), and the error percentage. The latter was subdi-
vided in omitted Go trials, responses on NoGo trials, and
responses on other letters than X or Y (fillers). The first type of er-
rors, omitted Go trials, is considered to measure inattention,
whereas the second type of errors, responses on NoGo trials, is
thought to reflect hyperactivity/impulsivity (Hervey et al., 2004).
The mean response times (RTs) of the following trial types were
calculated: RT of a correct Go trial preceded by a correct Go trial
(baseline RT, RTy,) as a measure for general responding speed,
the RT on a correct Go trial after an omitted Go trial (omission
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Positlve feedback
l/ NOGO

Negative feedback

Positive feadback

Fig. 1. In this Go/NoGo task the participant had to press a button on alternating presentations of X and Y (Go trials), and to refrain from responding by repetition of X or Y
(NoGo trials). Feedback was provided after stimulus offset. In this example, the participant correctly responds on the first Go trial (Y), incorrectly omits the next Go trial (X),
and correctly suppresses his response on the NoGo trial (X). Letters and feedback were each presented for 500 ms (no time gap). The response time deadline was equal to the

letter duration.

RT, RTom), and the RT on a correct Go trial after an uninhibited,
incorrect, NoGo trial (inhibition failure RT, RTj). Note that the
RTs on these trial combinations are almost always interspersed
with filler trials (see also Fig. 1). The reason for this subdivision
in RT data is that this enables us to examine possible group differ-
ences regarding behavioral adaptations after negative feedback.
These adaptations might consist of faster responding on a Go trial
after an omitted Go trial and/or slowing down after an uninhibited,
incorrect, NoGo trial.

The accuracy data of the Go/NoGo task were analyzed using
analyses of variance, ANOVA (SPSS, version 13.0 for Windows). In
each analysis group, ADHD and control group, functioned as factor
and the several outcome measures functioned as dependent vari-
ables. The RT data were analyzed using a General Linear Model
(GLM) repeated measures, with RTs as within subjects factor and
group as between subjects factor. A simple contrast with RTy, as
reference category was carried out to detect possible RT changes
after making an error.

Furthermore, a bivariate correlation (Spearman’s p) was calcu-
lated between the percentage omitted Go trials and the inattention
score on the Current Symptoms Scale (no medication). Similarly, a
bivariate correlation (Spearman’s p) was calculated between the
percentage uninhibited NoGo trials and hyperactivity/impulsivity
score. The rejection criterion was set at p <.05.

2.7. Image analysis

SPM2 (Wellcome Department of Cognitive Neurology, London,
UK) was used for data processing. Preprocessing procedures in-
cluded slice acquisition time correction (slice 12 as a reference
slice; TA = 1.68) and within subject realignment (Realign and Un-
warp) using the first reference slice as a reference. Images were
spatially normalized to the EPI template based in the Montreal
Neurological Institute (MNI) reference brain. Thereafter, the
images were spatially smoothed using a Gaussian (8 mm full-
width at half maximum) kernel and high passed filtered to a max-
imum of 1/128 Hz.

A canonical hemodynamic response function (HRF) was used as
a covariate in a GLM and a parametric estimate was generated for

each voxel for each stimulus type. Trials were subdivided in the
following stimulus types: correct Go trials, correct NoGo trials, po-
sitive feedback trials (feedback after correct Go and correct NoGo
trials), and negative feedback trials (feedback after incorrect Go
and incorrect NoGo trials). Negative feedback after errors on filler
trials was not included in the GLM. Not only did this sort of error
rarely occur, the type of error also differs from the type of errors
on Go and NoGo trials.

Individual contrast images were taken to a second level analy-
sis, in which t-values were calculated for each voxel treating in-
ter-subject variability as a random effect. The hemodynamic
response function was modeled to the onset of the stimulus for
the correct Go and the correct NoGo trials, and modeled to the on-
set of the feedback for positive and negative feedback trials.

The following task-related contrasts were calculated. Firstly, to
assess brain activation associated with response inhibition, correct
NoGo trials were compared with correct Go trials (contrast 1). Sec-
ondly, to assess brain activation related to negative feedback, neg-
ative feedback was compared to positive feedback (contrast 2).
These task-related contrasts were calculated for all data (two
groups together).

The following between-group comparisons (ADHD > Controls
and Controls > ADHD) were made. Firstly, brain activation associ-
ated with response inhibition (correct NoGo trials compared to
correct Go trials) was compared between groups (contrast 3). Sec-
ondly, brain activation associated with correct NoGo trials was
compared between groups (contrast 4) and brain activation asso-
ciated with correct Go trials was compared between groups (con-
trast 5). Thirdly, brain activation associated with negative
feedback (negative feedback compared to positive feedback) was
compared between groups (contrast 6). Fourthly, brain activation
associated with positive feedback was compared between groups
(contrast 7) and brain activation associated with negative feedback
was compared between groups (contrast 8). Finally, we compared
overall activation (all events together) between groups as a con-
trol condition (contrast 9). In this way we could ensure that differ-
ences in brain activation during specific cognitive sub processes
between the groups were not due to differences in overall brain
activation.
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The following analyses were carried out for the between-group
comparisons. Contrasts 3, 4, and 5 were first analyzed with a whole
brain analysis, and thereafter the bilateral inferior frontal gyrus
(including the orbitofrontal cortex), the anterior cingulate cortex
(ACC), the striatum, and the hippocampus were used as regions
of interest (ROI) in ROI analyses (Bush, Valera, & Seidman, 2005;
Durston, 2003; Sonuga-Barke, 2003). Contrasts 6, 7, 8, and 9 were
first analyzed with a whole brain analysis and thereafter the ACC,
orbitofrontal cortex, striatum, hippocampus, and the amygdala
were used as an ROI in ROI analyses (see for example, Bush et al.,
2005; Fassbender & Schweitzer, 2006; Sonuga-Barke, 2003).

Based on previous studies, we hypothesize that the AHDH
group will show reduced activation in the dorsal ACC (Bush
et al., 1999; Tamm, Menon, Ringel, & Reiss, 2004), the striatum
(Vaidya et al., 1998), and the hippocampus (Schulz et al,
2004). Based on the finding that ADHD is related to higher fron-
tal activation on a Go/NoGo task (Vaidya et al., 1998), we
hypothesized that activation in the inferior frontal cortex is in-
creased in the ADHD group. Braaten and Rosen (1997) showed
that adults with ADHD react with a lower emotional response
to situations involving punishment. Based on this finding, we
hypothesize reduced activation of the amygdala during negative
feedback in the ADHD group.

For ROI analyses the WFU PickAtlas (tool versions 2.0) was
used which is available as a tool within SPM2. The ACC, the
orbitofrontal cortex (bilateral superior, bilateral middle and
bilateral inferior orbitofrontal together as one ROI), the striatum
(bilateral caudate and bilateral putamen as separate ROIs), the
hippocampus (bilateral) en the amygdala (bilateral) were chosen
as AAL region (automated anatomical labelling, Tzourio-Mazoyer
et al., 2002) within the PickAtlas. For the nucleus accumbens the
TAL coordinates [4,10,-5] and [-4,10,—5] (based on the Talai-
rach Atlas) were used as center coordinate of a 10 mm sphere.
For all analyses, results are reported when Pester corrected < 0.05.
Task-related activation is reported when clusters are larger than
50 voxels, differences in brain activation between groups are re-
ported when clusters contain three voxels or more. For anatom-
ical labelling and report, the center MNI coordinates of the
significant clusters were converted to TAL coordinates (http://
eeg.sourceforge.net/doc_m2html/bioelectromagnetism/mni2tal.
html). The Talairach Client (http://www.talairach.org/index.html)
was used for anatomical labeling. Labeling was checked and if
necessary adjusted by using the Talairach atlas (Talairach &
Tournoux, 1988).

3. Results
3.1. Demographic and neuropsychological data

A total of four participants was excluded. Three participants of
the control group displayed too many ADHD symptoms (all five
or more symptoms on the current or childhood scale). Finally,
one control participant was excluded because no responses were
recorded due to equipment failure during both blocks of the scan
version of the Go/NoGo task. Table 1 summarizes the demographic
and neuropsychological data of the remaining 29 participants. The
two groups did not significantly differ with regard to age and edu-
cation level, Fs(1,29) < 1.79, ps > .19. Furthermore, no group differ-
ences were observed on the included estimator of general
intelligence, the WAIS-R Block Design, F<1. As expected, the
ADHD group displayed more inattentive and hyperactivity/impul-
sivity symptoms on the Current Symptoms Scale(s) and Childhood
Symptoms Scale, Fs(1,28) > 26.09, ps < .001. The use of ADHD med-
ication did reduce both inattentive and hyperactivity/impulsivity
symptoms ts(15) > 4.51, ps <.001.

Table 1
Demographic and neuropsychological data of included participants.

ADHD (n=16) Control group (n=13)

Mean SD Mean SD
Age 289 6.5 28.1 5.9
Education level 4.9 1.7 5.7 1.3
WAIS-R Block Design t-score 65.3 7.3 66.7 8.5
Current symptoms
No medication inattention 6.1 2.7 04" 1.4
No medication hyper. 5.9 2.6 12" 2.4
Medication inattention 1.2 1.4 - -
Medication hyper. 1.9 21 - -
Childhood symptoms
Inattention 6.1 3.1 0.7" 1.1
Hyper. 5.9 2.6 0.6" 1.8

Note: Current symptoms is the current symptoms scale; childhood symptoms is the
childhood symptoms scale; hyper. is hyperactivity/impulsivity.
" Is a significant difference between the ADHD and control group, p <.05.

3.2. The Go/NoGo task

3.2.1. Accuracy

Table 2 summarizes the accuracy data in percentages and RTs
for the Go/NoGo task. The ANOVA revealed that the ADHD group
omitted significantly more Go trials than did the control group,
resulting in a higher omission percentage and a lower percentage
of correct Go trials, F(1,28) = 5.80, p <.05. These results reflect lar-
ger inattention problems in the ADHD than in the control group.
The difference in percentage of inhibition failures on the NoGo tri-
als just failed to reach significance, F(1,28) = 3.64, p = .07. Although
only a trend was observed, the direction of this effect indicated
that the ADHD group experienced more inhibition problems than
did the control group. The percentage of responses on filler stimuli
was low (<1%) and no difference between the two groups was ob-
served, F(1,28) = 2.54, p =.12. These results are in line with previ-
ous research on response inhibition tasks in adults with ADHD (see
for an overview Hervey et al., 2004).

3.2.2. Response times (RTs)

The GLM repeated measures revealed that after omitted Go tri-
als, RTom, participants responded faster compared to baseline re-
sponses, RTy;, F(1,27)=8.67, p<.001, but no alteration in speed
of responding was observed after inhibition failures, RT;, F<1.
The analysis also revealed a main effect of group, F(1,27)=5.10,
p <.05, with a general slower responding for the ADHD group. No

Table 2
Behavioral data for the Go/NoGo task: means with standard deviations.

ADHD (n =15) Control group (n=13)
Mean SD Mean SD
Accuracy
Correct Go trials 87.3" 8.5 93.8" 5.5
Omitted Go trials 12.7° 8.5 6.2 5.5
Incorrect NoGo trials 29.3% 15.0 19.1% 13.3
Filler responses 44 .36 .26 .25
RT™
RTy; 390 18.0 378 223
RTom 384 20.9 364 23.5
RT;¢ 394 34.2 373 27.8

Note: Accuracy data are presented in percentages, RT is mean response time in
milliseconds, RTy, is baseline RT, RT,,, is RT after an omitted Go trial, RT; is RT after
a NoGo inhibition failure.

" Is a significant difference between the ADHD and control group.

" Is RTs ADHD > control, p <.05.

* p=.07.
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Table 3
Task-related activation assessed by whole brain analysis. Data from the ADHD and
control group (n =29) taken together.

TAL Cluster T- Peorrected_cluster ~ Brain region BA
size value

NoGo-Go (contrast 1)

[61,-42,6] 1049 7.53 0.000 Superior temporal 22
gyrus

[50,-51, 32] 5.24 Supramarginal gyrus 40

[57,-45,32] 5.10

[46,34,19] 3263 7.20 0.000 Middle frontal gyrus 46

[53,12,12] 6.47 Inferior frontal gyrus 44

[53,18,19] 6.26 45

[-63,-33,37] 1370 6.90 0.000 Inferior parietal 40
lobule

[-40,-52,49] 5.31

[-28,-69,57] 5.88 Superior parietal 7
lobule

[26,-71,51] 788 6.35 0.000 Precuneus 7

[44,-52,54] 5.47 Inferior parietal 40
lobule

[50,-48,50] 4.64

[6,33,43] 298 5.60 0.002 Superior frontal 8
gyrus

[14,37,48] 434

[-34,21,-3] 448 5.05 0.000 Inferior frontal gyrus 47

[-46,20,21] 448 Middle frontal gyrus 46

[-46,32,17] 4.45

[18,11,64] 310 5.51 0.000 Superior frontal 6
gyrus

[16,-2,68] 4.33

[10,21,62] 3.86

[-32,3,55] 269 4.59 0.004 Middle frontal gyrus 6

[-50,4,40] 4.28

[—44,-1,48] 4.56 Precentral gyrus 6

Negative—positive feedback (contrast 2)

[-46,-26,57] 3815 8.92 0.000 Postcentral gyrus 2

[-53,-23,47] 7.95

[-57,-39,41] 7.10 Inferior parietal 40
lobule

[53,21,-9] 4389 8.58 0.000 Inferior frontal gyrus 47

[57,17,-4] 7.45

[50,41,9] 7.26 Middle frontal gyrus 46

[46,-60,51] 2724 7.06 0.000 Superior parietal 7
lobule

[59,-37,39] 5.42 Inferior parietal 40
lobule

[61,-48,4] 5.27 Middle temporal 22
gyrus

[-51,12,5] 497 6.16 0.000 Precentral gyrus 44

[-48,11,-14] 5.00 Superior temporal 38
gyrus

[-4,-24,-17] 353 5.24 0.002 Midbrain

[8,—24,-14] 4.25 Substantia nigra

group X RT interactions were observed Fs(1,27)< 1.07, ps>.31.
These results indicate that after inattention, that is an omitted
Go trial, participants adjusted their performance on the next
upcoming Go trial. As a result faster responses were observed on
these Go trials (RT,). This speeding up effect was observed for
both groups and did not differ between the control and ADHD
group, indicating no observable group differences in sensitivity to
feedback. The general slower responses observed in the ADHD
group are thought to reflect attention problems or slower informa-
tion processing- or motor-speed associated with high (executive)
task demands (Hervey et al., 2004).

3.2.3. Correlations

Spearman’s p bivariate correlations revealed a significant rela-
tion between the percentage of omitted responses and the inatten-
tion score of the Current Symptoms Scale, p=.514, p<.05,
indicating that a higher level of inattention coincided with more
omission errors. No significant relation was observed between

the percentage of uninhibited Go’s and impulsivity/hyperactivity
scores of the Current Symptoms Scale, p =.337, p=.11.

3.3. Imaging

3.3.1. Task-related activity

Brain activations related to response inhibition (NoGo-Go, con-
trast 1) and negative compared to positive feedback (contrast 2) are
shown in Table 3. Large activation clusters related to response inhi-
bition were found in the superior temporal/supramarginal gyrus,
middle/inferior frontal gyrus (bilateral), superior frontal gyrus,
and the inferior/superior parietal lobe (bilateral). Brain activation
during negative compared to positive feedback was found in large
activation clusters in the postcentral/inferior parietal gyrus, the
inferior/middle frontal gyrus, the superior/inferior parietal, precen-
tral/superior temporal gyrus, and the midbrain.

3.3.2. Group differences

Differences in brain activation between the ADHD and the con-
trol group are shown in Table 4. The NoGo-Go contrast (contrast 3)
did not reveal any group differences. During NoGo trials the ADHD
group tended (Pcorrected_cluster = 0.09) to show more activation in the
putamen than the control group (contrast 4). However, when we
use the often applied threshold of Pyncorrected voxel < 0.001 (for
example, Cao et al., 2008; Konrad, Neufang, Hanisch, Fink, & Her-
pertz-Dahlmann, 2006), the putamen activation significantly
differed (Puncorrected_voxel = 0.000) between the groups. Further-
more, the ADHD group tended to show more activation
(Puncorrected_voxel = 0.000) in the left inferior frontal gyrus during
NoGo trials than did the control group. During Go trials, this brain
area also tended (Pcorrected_cluster =0.07; Puncorrected_voxel = 0.000) to
be more activated in the ADHD group than in the controls group
during Go trials (contrast 5). Significant more activation in the
ADHD group during Go trials was observed in the right middle
frontal gyrus.

The negative-positive feedback contrast (contrast 6) revealed
that, compared to the control group, the ADHD group displayed
significant more activity in the left inferior frontal gyrus. During
positive feedback controls showed more bilateral activation in
the inferior frontal gyrus/orbitofrontal cortex than did the ADHD
group (contrast 7, see Fig. 2). Furthermore, a trend (Pcorrected_cluster =
0.11; Pyncorrected_voxel < 0.001) towards more activity in the caudate
nucleus was observed in the control group during positive feed-
back. During negative feedback the controls showed more activa-
tion in the hippocampus/nucleus accumbens (contrast 8, see
Fig. 3). Furthermore, the ADHD showed more activation during
the Go/NoGo task in general (all events together) in the right mid-
dle frontal gyrus (contrast 9). No other differences were found.

In addition to these between-group differences, we assessed the
correlation between response inhibition performance (total num-
ber of errors of uninhibited NoGo trials on both blocks) and brain
activation during response inhibition (NoGo-Go). The left and right
inferior frontal cortex correlated positively with the number of re-
sponse inhibition errors (see Table 5 and Fig. 4).

4. Discussion

The main aim of the present study was to simultaneously exam-
ine brain activation patterns underlying response inhibition and
performance feedback in adults with ADHD. To this end, a modified
Go/NoGo task was used in which correct responses were followed
by positive feedback and incorrect responses were signified by
negative feedback (see also Evers et al., 2006). The behavioral re-
sults indicated that both adults with and without ADHD speeded
up responding on Go trials after a previously omitted Go trial. Fur-
thermore, adults with ADHD omitted more Go trials and were, in
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Table 4
Differences in brain activation during the Go/NoGo task between the ADHD and the
control group.

TAL Cluster T- P-value Brain region BA
size value
NoGo (contrast 4)
ADHD > controls
[26,-2,6]* 7 3.78  Peorrected_cluster = 0.09 Putamen
Puncorrected,voxel =0.000
[-50,36,—-12]* 46 432 Pcorrected_cluster = 0.08 Inferior frontal 47

gyrus
Puncorrected,voxel =0.000

Go (contrast 5)
ADHD > controls

[44,38,-14]* 59 4.21 Pcorrected_cluster = 0.05 Middle frontal 11
gyrus
Puncorrected,voxel =0.000
[36,34,-13]° 3.87 see above
[-50,34,-12]* 50 4.59 Peorrected_cluster = 0.07 Inferior frontal 47

gyrus
Puncorrected,voxel =0.000

Negative—positive feedback (contrast 6)
ADHD > controls
[-50,34,-12]* 18 3.94 Inferior frontal 47
gyrus

Puncorrected,voxel =0.000

Peorrected_cluster = 0.15

Positive feedback (contrast 7)
Controls > ADHD
[-48,36,—-12]* 61 4.65 Inferior frontal 47
gyrus/

orbitofrontal

cortex

Middle frontal 11
gyrus/

orbitofrontal

cortex

Caudate nucleus

Peorrected_cluster = 0.04

[42,38,-1 4]3 64 433 Peorrected_cluster = 0.03

[-20,-11,21]* 4 3.52

Pcorrected_cluster =0.11
Puncorrected,voxel =0.001

Negative feedback (contrast 8)
Controls > ADHD

[26,-9,-20]* 23 4.70 Hippocampus/
nucleus

accumbens

Peorrected_ctuster = 0.05

Overall activation (contrast 9)
ADHD > controls
[38,23,38] 182 5.55 Middle frontal 9

gyrus

Peorrected_ctuster = 0.05

@ Region of interest (ROI) analysis.

general, slower than the control group. The number of response
inhibition failures, observed in responses on NoGo trials, were lar-
ger in the ADHD group than in the control group, however this dif-
ference just failed to reach significance (p =.07). Finally, more
omitted Go trials coincided with higher inattention scores on the
Current Symptoms Scale and Childhood Symptoms Scale. Taken to-
gether, the behavioral data indicate that in both groups negative
feedback after an omitted Go response resulted in faster, adjusted
responding on subsequent Go trials. No differential effect of this
feedback on RTs was observed between the two groups, providing
no behavioral evidence for a changed sensitivity towards (nega-
tive) feedback in the ADHD group. The attention problems of the
ADHD group were found in terms of more omitted Go trials and
slower response times, whereas the inhibition problems were
marked by a tendency of more responses on the NoGo trials. Final-
ly, a correlation between the number of omitted Go responses and
inattention score was observed, indicating a relation between both
measures. These observed behavioral attention and inhibition
problems in adults with ADHD concord with other, similar studies
(see for a meta-analysis Hervey et al., 2004).

Task-related brain activation associated with response inhibi-
tion on NoGo trials versus Go trials was observed in large activa-
tion clusters in the right superior temporal/supramarginal gyrus,
middle/inferior frontal gyrus (bilateral), superior frontal, and the
superior/inferior parietal lobule (bilateral). Activation related to
negative feedback (negative-positive feedback) was observed in
large activation clusters in the left postcentral/inferior parietal
gyrus, the right inferior/middle frontal gyrus, the right superior/
inferior parietal lobule, the left precentral/superior temporal gyrus,
and the left midbrain. These results largely correspond with previ-
ous neuroimaging studies examining response inhibition (Evers
et al., 2006; see for an overview, Ridderinkhof, van den Wilden-
berg, et al., 2004; Rubia et al., 2001; and Simmonds, Pekar, & Mos-
tofsky, 2008) and partially correspond to feedback-related activity
in healthy participants (Chevrier, Noseworthy, & Schachar, 2007;
Stevens, Kiehl, Pearlson, & Calhoun, 2007; van Leijenhorst et al.,
2006; Zanolie et al., 2008).

Differences between the ADHD and control group regarding re-
sponse inhibition were only observed while analyzing NoGo and
Go trials separately. Compared to the control group, the ADHD
group recruited additional brain regions during the performance
of the Go/NoGo task. Nearly significant increases were observed
in the right putamen and left inferior frontal gyrus during the
NoGo trials and marginally significant increases were observed in
the right middle and left inferior frontal gyrus during Go trials
(all Pyncorrected voxel < 0.001). Although we did expect to find de-
creased rather than increased activity, these results are not uncom-
mon. Fassbender and Schweitzer (2006) suggest that children and
adults with ADHD engage alternative, compensatory brain regions
and use different strategies in order to optimally perform cognitive
tasks. In their review they report that several studies indeed ob-
serve additional prefrontal activity in ADHD groups during the per-
formance of a Go/NoGo task. They also report enhanced putamen
activity in adults with ADHD during the performance of a complex
cognitive task.

Feedback-related group differences (negative-positive feed-
back) were only observed in the left inferior frontal gyrus, with
the ADHD group displaying more activity than the control group
(Pyncorrected_voxel < 0.001). Separate group analyses of the positive
and negative feedback revealed that during positive feedback the
control group engaged the left and right orbitofrontal cortex more
strongly and displayed more activity in the left caudate nucleus
(Pyncorrected voxel < 0.001). During negative feedback the control
group displayed more right hippocampal/nucleus accumbens acti-
vation. These data partly correspond with the two previous studies
on feedback-related activity in ADHD. Decreased hippocampal
activation in the ADHD group was also observed in the PET-study
of Ernst and colleagues (2003). In line with the fMRI-study of
Scheres et al. (2007), we also observed reduced ventral striatal acti-
vation (nucleus accumbens) in the ADHD group. However, we
additionally observed hyporesponsiveness of the dorsal striatum
(caudate nucleus) and group differences in activity of the infe-
rior/orbital or middle frontal gyrus. Although, one can argue that
part of our results are only marginally significant, it is important
to note that in each case the uncorrected p-values were smaller
than 0.001 and that this value is often used as a statistical thresh-
old (e.g., Durston, Mulder, Casey, Ziermans, & van Engeland, 2006;
Ernst et al., 2003).

Furthermore, a correlation between the amount of inhibition er-
rors made during the Go/NoGo task and the inferior frontal gyri
(bilateral) was observed, indicating that an increase in error rate
coincided with increased neural activity in these areas. Activity
in these frontal gyri is associated with response inhibition, perfor-
mance monitoring, and error processing (Menon, Adleman, White,
Glover, & Reiss, 2001; Rubia, Smith, Taylor, & Brammer, 2007).
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Fig. 2. Controls showed more activation in the OFC (ROI analysis) compared to the ADHD participants when they received positive feedback. For this picture T was
thresholded at 0.005 uncorrected. The two pictures at the bottom show the fitted responses in the central coordinates (MNI coordinates) of the left and right OFC clusters,
respectively. The numbers on the x-axis represent the participants: the numbers 1 until 16 are ADHD adults, the numbers 17-29 are the controls.

Finally, the ADHD group displayed in general more activation in
the right middle frontal, part of the dIPFC, gyrus during the Go/
NoGo task (BA9). Such a non-specific hyperactivation of the dIPFC
during the performance of a response inhibition task was also ob-
served in children with ADHD (Pliszka et al., 2006). This area is
normally associated with executive functions as rule selection, re-
sponse inhibition, and reward-related processes (Ridderinkhof, van
den Wildenberg,et al., 2004). Especially these functions are thought
to be impaired in ADHD. It is possible that the ADHD group put
more effort in these executive processes in order to perform at
the same level as the control participants, resulting in more activ-
ity of the right dIPFC.

Taken together, the data correspond to previous studies on re-
sponse inhibition, feedback, and ADHD. Most importantly, differ-
ent brain activity was observed for response-inhibition and
feedback-related processes and this activity differed between the
two groups. Next to specific response- and feedback-related group
differences, the ADHD group tended to display more left inferior
frontal gyrus/orbitofrontal cortex activity in general. This non-spe-
cific increased activity might reflect the exertion of additional en-
ergy in order to correctly perform the task (Fassbender &
Schweitzer, 2006). One notable lack of task-related activity is that
of the medial surface of the frontal lobe. These medial areas are
thought to be strongly involved in cognitive control processes such
as performance monitoring, response conflict, and response errors
(Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). Especially,
on these type of processes taps the current Go/NoGo task. How-
ever, separate analysis of the NoGo-Go contrast (correct NoGo tri-
als minus correct Go trials) for each of the groups reveals that the

control group did activate these regions. That is, an increase in
activity was observed in right medial frontal areas including BA6,
8, and 9 (whole brain analysis, Ts > 4.66, ps < .05, cluster size 137,
coordinates: 4, 39, and 37). No such activity was observed in the
ADHD group. This absence or reduction of medial frontal activity
has more often been observed in ADHD and is associated with def-
icits in decision making, response inhibition, and other executive
control functions (see for reviews Fassbender & Schweitzer,
2006; Schneider et al., 2006).

The data are indicative of at least two partly distinctive pro-
cesses that are altered in ADHD. This notion concords with models
that comprehend both executive and reward/motivation dysfunc-
tion in ADHD. One such model is the dual pathway model of Sonu-
ga-Barke (2003). In this model disturbances in the fronto-dorsal
striatal circuit are associated with executive dysfunction, whereas
altered reward processes are linked to the fronto-ventral circuit.
Each circuit is influenced by an input from different branches of
the dopamine system. Especially, this modulator dopamine is
known to be affected in ADHD. The group differences observed in
the present experiment partly concord with the dual pathway
model. At a behavioral level, the difference between the ADHD
and control group was most pronounced in the executive circuit.
The group adults with ADHD displayed more attention problems
and a tendency towards larger response inhibition problems, both
associated with executive dysfunction, than did the control group.
At a neuronal level, aberrant activity was found in the putamen,
part of the executive circuit, during NoGo trials. Deficits in the re-
ward/motivation circuit were observed in the OFC and hippocam-
pus/nucleus accumbens. Contrary to the expectations of the model,
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Fig. 3. Controls showed more activation in the hippocampus (ROI analysis) compared to the ADHD participants when they received negative feedback. For this picture T was
thresholded at 0.005 uncorrected. The picture at the bottom shows the fitted responses in the central coordinates (MNI coordinates) of the hippocampus cluster. The numbers
on the x-axis represent the participants: the numbers 1 until 16 are ADHD adults, the numbers 17-29 are the controls.

Table 5

Brain activation during response inhibition (NoGo-Go) that correlates positively with
the total number of inhibition errors made during the Go/NoGo task (whole brain
analysis).

TAL Cluster T- Peorrected_cluster  Brain region BA
size value

[-53,35,-7] 332 6.93 0.001 Inferior frontal 47
gyrus/

[-57,16,3] 4.82 Orbitofrontal cortex 45

[55,27,-1] 309 5.32 0.002 Inferior frontal 47
gyrus/

[51,14,10] 4.92 Orbitofrontal cortex 44

[51,33,8] 417 46

atypical caudate and OFC activity was also observed during posi-
tive feedback and Go/NoGo trials, respectively. As mentioned be-
fore, one can argue that the relative increase in OFC activity in
the ADHD group is linked to additional effort and therefore, taps
on motivational processes. The hypoactivation of the caudate nu-
cleus during feedback-related processes was unexpected. Accord-
ing the dual pathway model activation of the caudate nucleus is
associated with the executive circuit and not directly linked to
the reward/motivation system. However, several other studies do
find a relation between activity of the caudate nucleus and feed-
back-related processes such as the association between a stimulus,

response, and outcome (e.g., Haruno & Kawato, 2006a, 2006b;
O’Doherty et al., 2004; Tricomi, Delgado, & Fiez, 2004). This does
not imply that the model is incorrect, but further research can help
to clarify the role of the caudate nucleus in the executive control
and reward/motivation circuits.

There are limitations in the present study that need to be
acknowledged. First, we only looked at feedback-related processes
and not at reward or punishment. The colored blocks, red for incor-
rect trials and green for correct trials, provided performance feed-
back, but are not necessary punishing or reinforcing. Although, we
did observe adjusted responding after an omitted Go trial with
negative feedback, it would also be interesting to use a stronger
incentive/punisher, such as monetary response feedback in a fu-
ture experiment. This might enhance the power to observe group
differences in the negative—positive feedback contrast. Second, as
mentioned above, feedback did influence performance on subse-
quent trials. Therefore, in the current experiment feedback- and
inhibition-related processes are not entirely independent. This
problem could be solved by doubling the number of Go and NoGo
trials and providing feedback on only half of these trials. Inhibi-
tion-related processes could be analyzed by including only Go
and NoGo trials that follow non-feedback trials. Feedback could
be examined by investigating correct and incorrect trials provided
with feedback, like in the present study. This design additionally
creates the opportunity to further examine performance monitor-
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Fig. 4. Brain activation in the right and left inferior frontal cortex is positively correlated with the total number of errors participants made on NoGo trials (whole brain

analysis). For this picture T was thresholded at 0.001 uncorrected.

ing processes by analyzing Go/NoGo trials that succeed feedback
trials.

Although the task obviously also taps on other cognitive pro-
cesses such as attention and memory, we do think that the modi-
fied version of the Go/NoGo task is a useful tool to further examine
feedback- and inhibition-related neural activity. Third, we can not
exclude the possibility that some of the participants had comorbid
disorders. Even though none of the participants reported to have
been diagnosed with another axis I or Il disorder, some did report
additional symptoms of depression, obsessive/compulsive behav-
ior, or learning problems. These additional problems might have
obscured the results. In future experiments additional neuropsy-
chological tests or interviews, such as a SCID (Dutch version: Gro-
enestijn, Akkerhuis, Kupka, Schneider, & Nolen, 1997), should be
incorporated before onset of the experiment to exclude or identify
these problems. It would also be interesting to include two adult
ADHD groups, one with comorbid disorders and one without. Com-
paring these groups to a healthy control group and each other can
help to provide more insight in the neural and behavioral processes
that are specifically related to ADHD and to ADHD plus comorbid
problems. Finally, although the participants refrained from any
ADHD medication at least 24 h prior to scanning, most were not
medication naive. Therefore, it remains possible that the observed
brain activity differences were due to (long-term) effects of the
stimulant medication. A longer wash-out period or including only
medication naive participants would solve this problem (but see
Pliszka, 2007).

5. Conclusion

The present study shows that adults with ADHD have more acti-
vation in the inferior frontal gyrus and putamen during response
inhibition than healthy controls. This pattern differs from the feed-
back-related activation in which ADHD adults displayed more
activity in the inferior frontal gyrus and less activity in the inferior
frontal/orbitofrontal cortex, hippocampus/nucleus accumbens, and
caudate nucleus. These results largely concord with previous
experiments and support a dual pathway model in which distinc-
tive brain structures are involved for response inhibition, or more
general executive control, and motivation/reward. Both the model
and the present study indicate that ADHD-problems are related to
both executive dysfunction and motivation/reward alterations.
Such a separation in distinct dysfunctions can help to further de-
velop new treatments and diagnostic tools for ADHD.
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