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1. Introduction

ABSTRACT

Neuroimaging studies on attention-deficit/hyperactivity disorder (ADHD) suggest dysfunctional reward
processing, with hypo-responsiveness during reward anticipation in the reward system including the
nucleus accumbens (NAcc). In this study, we investigated the association between ADHD related behav-
iors and the reward system using functional magnetic resonance imaging in a non-clinical sample.
Participants were 31 healthy, female undergraduate students with varying levels of self-reported ADHD
related behaviors measured by the adult ADHD self-report scale. The anticipation of different types of
reward was investigated: monetary reward, punishment avoidance, and verbal feedback.

All three reward anticipation conditions were found to be associated with increased brain activa-
tion in the reward system, with the highest activation in the monetary reward anticipation condition,
followed by the punishment avoidance anticipation condition, and the lowest activation in the verbal
feedback anticipation condition. Most interestingly, in all three conditions, NAcc activation was negatively
correlated with ADHD related behaviors.

In conclusion, our results from a non-clinical sample are in accordance with reported deficits in the
reward system in ADHD patients: the higher the number and severity of ADHD related behaviors, the
lower the neural responses in the dopaminergic driven reward anticipation task. Thus, our data sup-
port current aetiological models of ADHD which assume that deficits in the reward system might be
responsible for many of the ADHD related behaviors.

© 2010 Elsevier Ltd. All rights reserved.

Oosterlaan, & Sergeant, 2005; Nigg, 2001) and meta-analyses have
been published (Schoechlin & Engel, 2005; van Mourik, Oosterlaan,

Attention-deficit/hyperactivity disorder (ADHD) is a com-
mon behavioral disorder characterized by excessive inattention,
hyperactivity, and increased impulsivity (American Psychiatric
Association, 2000). Early aetiological models of ADHD mainly
focused on the apparent cognitive deficits including attentional
deficits (Douglas, 1972), motor hyperactivity (Porrino et al.,
1983), working memory deficits (Barkley, 1997), and especially
response inhibition deficits (Nigg, 2001; Schachar, Tannock, &
Logan, 1993), which are considered the primary deficit of ADHD
in the influential model of Barkley (1997). Since then, several
reviews (Castellanos & Tannock, 2002; Doyle et al., 2005; Luman,
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& Sergeant, 2005; Willcutt, Doyle, Nigg, Faraone, & Pennington,
2005): integrating the literature, it becomes evident that along-
side deficits particularly in prefrontal cognitive functions, impaired
motivational processes seem to play arole in the aetiology of ADHD.
Although previously discussed (e.g. Glow & Glow, 1979), research
concerning ADHD have only in the last decade started to focus on
motivational deficits (e.g. Martel, 2009).

Inarecentreview, Luman, Tripp, and Scheres (2010) identified at
least seven different theories proposing altered reinforcement sen-
sitivity in ADHD: the dynamic developmental theory (Sagvolden,
Johansen, Aase, & Russell, 2005), the dopamine transfer deficit
theory (Tripp & Wickens, 2008), the response modulation the-
ory (Patterson & Newman, 1993), the Go/No-Go learning model
(Frank, Santamaria, O'Reilly, & Willicutt, 2007), the extended tem-
poral difference model (Williams & Dayan, 2005), the integrative
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theory (Nigg & Casey, 2005), and the dual pathway model (Sonuga-
Barke, 2002, 2003, 2005). Most of these models suggest alterations
within the dopaminergic thalamo-cortico-striatal reward circuit
(Breiter, Aharon, Kahneman, Dale, & Shizgal, 2001; Kirsch et al.,
2003; Knutson & Cooper, 2005; Koepp et al., 1998; Schultz, Dayan,
& Montague, 1997). This network encompasses the amygdala, the
anterior cingulate cortex (ACC), the orbitofrontal cortex (OFC), the
thalamus, and as a key structure, the ventral striatum with the
nucleus accumbens (NAcc). Regarding the reported reward pro-
cessing abnormalities in ADHD, most of the cited models assume
a reduced phasic anticipatory dopamine release to reward cues in
the ventral striatum. This is especially emphasized in the dynamic
developmental theory of Sagvolden et al. (2005) and the dopamine
transfer deficit model of Tripp and Wickens (2008). The latter
authors hypothesize that there is a fundamental difference in the
dopaminergic firing rate towards cues which signal delayed reward
between normal children and children suffering from ADHD. In
healthy children, the dopaminergic response first occurs with
the reward delivery, but after few pairings with an anticipatory
stimulus the main response already occurs with the anticipatory
stimulus. In ADHD children, the theory assumes that this shift of
the dopaminergic response from the actual reward to the anticipa-
tory stimulus is diminished. Instead, the prominent dopaminergic
response remains with the reward (Tripp & Wickens, 2009). This
reduced anticipatory response is suggested to be responsible for
most of the symptoms observed in ADHD; it leads to weaker con-
ditioning, faster extinction of behavior, and a weaker influence of
reinforcers on behavior. Thus, behavior is controlled mainly by
proximal than by distal reinforcers, which eventually results in
inattention and hyperactivity/impulsivity (Tripp & Wickens, 2008).

The empirical foundation of this model is mainly based on func-
tional magnetic resonance imaging (fMRI) studies, which report
hypo-responsiveness of the ventral striatum in ADHD patients dur-
ing reward anticipation. Scheres, Milham, Knutson, and Castellanos
(2007) found reduced ventral striatal activation in adolescents with
ADHD in comparison to healthy controls in a monetary incentive
delay task developed by Knutson, Westdorp, Kaiser, and Hommer
(2000). Interestingly, ventral striatal activity was negatively corre-
lated with parent-rated ADHD symptoms across the entire sample.
Similarly, Strohle et al. (2008) found reduced ventral striatal activa-
tion during reward anticipation in a comparable task in adult ADHD
patients. Using a temporal delay discounting paradigm (which
refers to the observation that the subjective value of a reward
decreases the longer one has to wait for it), Plichta et al. (2009)
also found a hypo-responsiveness of the ventral striatum in adult
ADHD patients during reward anticipation.

Further, the crucial role of the dopaminergic system in ADHD
has been confirmed in several studies. Reduced levels of both
tonic and phasic dopamine have been found (Madras, Miller, &
Fischman, 2005; Sagvolden et al., 2005). An abnormally high den-
sity of dopamine transporters has been reported to cause an
accelerated removal of dopamine from the synapse (Dougherty
et al., 1999; Krause, Dresel, Krause, Kung, & Tatsch, 2000; Larisch
et al., 2006; Volkow et al., 2009). Further, treatment of ADHD with
methylphenidate leads to an increased dopamine concentration in
the synaptic cleft and results in a reduction of ADHD symptoms
(see Pietrzak, Mollica, Maruff, & Snyder, 2006 for a review).

Based on the suggested idea that a reduced dopaminer-
gic anticipatory response is related to ADHD symptomatology,
e.g. inattention and hyperactivity/impulsivity, the question arises
whether this relationship can also be found in a healthy sample.
To our knowledge, no study has so far been conducted exploring
the impact of ADHD related behaviors (inattention, hyperactiv-
ity/impulsivity) on reward anticipation in a non-clinical sample.
In alcoholics, Beck et al. (2009) reported a negative correlation
between impulsivity and ventral striatum activity during reward

anticipation. Therefore, we decided to investigate healthy subjects
covering a wide range of scores on the adult ADHD self report scale
(ASRS, Kessler et al., 2005). Since the scale consists of an inattention
and a hyperactivity/impulsivity subscale, it allows to investigate
the association of each of these ADHD related behavior-clusters
with reward anticipation processes separately.

Further, we were interested in whether the hypothesized asso-
ciation of ADHD related behaviors and the diminished reward
anticipation response is independent of the type of the expected
reward. We used three different reward conditions: in the first con-
dition subjects could receive a monetary reward, in the second they
could avoid a loss of money, and in the third they received only
a neutral verbal feedback. It was previously shown (Kirsch et al.,
2003,2006) that all these experimental conditions can produce reli-
able increase in the reward circuit during reward anticipation, but
to a different extent. Due to these results, we expected the great-
estreward circuit activation when anticipating a monetary reward,
lower activation anticipating a possible loss of money, and the low-
est activation when anticipating verbal feedback. As no differential
effects of positive and negative reinforcement in ADHD patients are
known, we expected negative correlations between ADHD related
behaviors and the neural responses to reward anticipation for all
three types of reward (monetary reward, punishment avoidance,
verbal feedback) in our healthy sample.

Despite the fact that the male-to-female ratio is around 5:1 in
ADHD (Staller & Faraone, 2006), we examined only healthy females
with varying degrees of ADHD related behaviors. Studies compar-
ing the symptomatology of girls and boys with ADHD (Gaub &
Carlson, 1997; Mahone & Wodka, 2008) revealed hardly any gender
differences (Biederman, Faraone, Monuteaux, Bober, & Cadogen,
2004) or only minor differences, e.g. in lower ratings on hyperactiv-
ity, inattention, impulsivity, and externalizing problems but greater
intellectual impairments and internalizing in girls than in boys (see
e.g. the meta-analysis by Gershon, 2002). We investigated only
females because firstly, we wanted to investigate a homogenous
sample, secondly, there is a bias towards research on males, and
thirdly, no systematic gender differences concerning motivational
processes have so far been reported.

2. Materials and methods
2.1. Participants

Our sample consisted of 33 healthy, right-handed females, who were all stu-
dents of psychology at the University of Giessen, except one. All participants were
enlisted in the genetic data bank of the Giessen Gene Brain Behavior Project (GGBBP).
The GGBBP research program aims to identify the biological basis of cognitive,
motivational, and emotional processes inherent in normal and psychopathological
individuals.

Two subjects had to be excluded from the study, one because of very strong
movement-artifacts, and one because of high score in the Beck-Depression-
Inventory (Hautzinger, Bailer, Worall, & Keller, 1993). Data of 31 subjects (mean
age: 23.0 years, SD=2.9) were analyzed. All subjects were paid 25 € for participat-
ing in this fMRI study. They could increase this amount by earning additional money
over the course of the experiment.

To ensure that the healthy participants spread widely on ADHD related behav-
iors, we chose subjects according to their score on the adult ADHD self-report scale
(ASRS, see below) from a total data pool of 600 healthy subjects. Participants were
randomly and evenly selected from the lower, the middle and the higher part of the
distribution in the data pool. 11 subjects with a sum ASRS score <20, 11 subjects
with a score ranging from 28 to 30, and 9 subjects with a score >34 were invited.
None of the participants reported to have been treated for ADHD in the past. The
project was in accordance with the latest version of the Declaration of Helsinki and
was approved by the ethics commission of the German Psychological Association.
All subjects were informed about the nature of the experiment in detail before giving
written informed consent.Assessment of ADHD related behaviors with the ASRS

The ASRS is an 18 item scale (Kessler et al., 2005) and is based on the criteria
of ADHD from the DSM-IV-TR (American Psychiatric Association, 2000). It mea-
sures the frequency of symptoms, i.e., how often ADHD symptoms occur (0 = never,
1=rarely, 2=sometimes, 3 =often, 4=very often). The ASRS has a two-factorial
structure with an inattention scale and a hyperactivity/impulsivity scale. The relia-
bilities (Cronbach’s alpha) for the two subscales of inattention (.75) and impulsivity
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Fig. 1. Distribution of the subjects on the sum ASRS score.

(.77) as well as for the total ASRS (.82) are satisfactory (Reuter, Kirsch, & Hennig,
2006).

If the sum score of both scales is <34, a subject is unlikely to have ADHD, if the
score is between 34 and 46 the subject is likely to suffer from ADHD and a score
greater or equal to 48 indicates that the subject is most likely to have ADHD. The
sum ASRS scores of our sample ranged from 11 to 49 (M=27.55; SD=10.31, see
Fig. 1). A median of 29 indicates that most of the subjects had only subclinically
relevant ADHD behaviors. For the subscale inattention, the scores ranged from 6 to
26 (M=13.58; SD=5.48) and for the subscale hyperactivity/impulsivity from 2 to 27
(M=13.97; SD=6.19). In the present sample, the two ASRS subscales are positively
correlated (r=.557; p=.001). This is similar to the results of Caci, Bouchez, and Baylé
(2009) and Reuter et al. (2006) who reported an intercorrelation of the two scales
of .40 and .61, respectively.

2.3. Experimental paradigm

The experimental design was adopted from a study by Kirsch et al. (2006). Before
scanning, subjects were informed about the different stimulus types used in the
experiment. They were asked to respond to a bright flash of light as fast as they
could by pressing a button mounted on a grip held in their right hand. During scan-
ning, subjects were presented four different conditions (Fig. 2). The first condition,
the so-called “monetary reward anticipation” condition, was initiated by a vertically
oriented arrow pointing upwards. It was presented for 6 s and immediately followed
by the imperative stimulus (flash, 100 ms) without an inter-stimulus-interval. After

subjects had responded to the flash, a verbal feedback was given whether they had
responded fast enough to earn money (“fast: +1€” or “slow: +0€"). In the second
condition, the so-called “punishment avoidance anticipation” condition, the initial
stimulus was a vertically oriented arrow pointing downwards. Again, the task was
presented 6 s after trial onset. However, in this case, a slow response was punished
by the loss of money while a fast response was rewarded by the avoidance of that loss
(feedback: “fast: —0<€” or “slow: —1€"). Thus, the maximum win or loss per trial was
1€ instead of 2 € in the study by Kirsch et al. (2006). The third condition, the “ver-
bal feedback anticipation” condition, consisted of a vertically oriented double-sided
arrow. The only difference to the two monetary conditions was that the feedback
contained no information about a monetary gain or loss, only information on the
speed, i.e., “fast” or “slow”, was given. In all three conditions, the feedback screen
was displayed for 1.5 s. For all of the three experimental conditions, the threshold of
the “fast”/”slow” feedback varied trial by trial depending on the individual reaction
time of the preceding trial. For the first trial, the threshold between fast and slow
reaction was set to 300 ms. The adaptive algorithm was a simple increase of 5% of
the threshold after a slow response and a decrease of 5% after a fast response in the
last trial. This way, we ensured that all subjects were able to win money and work
on their maximum performance level. Trials with fast responses were considered as
successful trials.

In an additional “control condition®, a horizontally oriented double-sided arrow
was presented for 6, followed by a black screen for 3 s. This condition was used to
include a condition without anticipation of a consequence.

After the feedback, the actual account balance was displayed for 1.5 s. The inter-
trial interval was randomly varied between 6.001 and 9.000s (i.e., jitter between O
and 3 s on a millisecond basis). Each of the four conditions was presented 20 times in
a pseudo random trial order with no more than two equal conditions in succession.
In total, each subject underwent 80 trials, with an entire duration of approximately
22 min. Reaction times falling below 100 ms and exceeding 1000 ms were labelled
as missing.

The experiment was realized with the Presentation software package (Neuro-
behavioral Systems, Albany, CA). The stimuli were presented with an LCD projector
on a screen at the back of the scanner. The subjects were able to see the screen by
use of a mirror located approximately 20 cm above their eyes.

2.4. fMRI data acquisition

Imaging data were acquired by a 1.5 T whole-body tomograph (Siemens Sym-
phony) with a Quantum gradient system (Siemens, Erlangen, Germany). Structural
image acquisition consisted of 160 T1-weighted sagittal images (MPRage, 1 mm slice
thickness). To measure the blood oxygen level dependent (BOLD) contrast, a T2*-
weighted single shot gradient echo EPI sequence (TR=3 s, TE =55 ms, flip angle =90°,
FOV =192 mm x 192 mm, 64 x 64 matrix) was used. One volume contained 30 slices
with a 4 mm slice thickness. The gaps in between these slices were of 1 mm thick-
ness. The slices were acquired in descending order.

2.5. Behavioral data analyses

The behavioral data, i.e., the amount of earned money, rates of successful trials,
and response times, were analyzed using the statistical software package SPSS for
Windows (Version 17.0, SPSS Inc., IL, USA). We conducted correlation analyses for

control
condition
verbal 5 fgsrt
—_

feedback Pl

Q fast: + 1 €
monetary 5 e s
reward slow: + 0 €
punishment q fasic:,; 0€
avoidance 5 — [

1M00ms max.2s feedback 1.5 s

Fig. 2. Exemplary illustration of the four experimental conditions. A yellow arrow indicated which experimental condition was displayed for 6 s. Responding fast enough to
the following flash (100 ms), subjects could either win 1€ (monetary reward), avoid a loss of 1€ (punishment avoidance), or gain positive feedback (verbal feedback, “fast”).
Responding too slowly, they did not win 1€, lost 1€, or gained negative feedback (“slow”). In the control condition, no flash was displayed and therefore no response was
necessary. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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the overall rate of successful trials and the successful trials for each experimental
condition separately with the sum ASRS score and the subscales inattention and
hyperactivity/impulsivity. The success rate was calculated by dividing the number
of successful trials by the number of considered trials (i.e., 20 for each condition).
For the overall success rate, we divided the number of successful trials by 60,
not distinguishing between the conditions monetary reward anticipation, punish-
ment avoidance anticipation, and verbal feedback anticipation. Differences between
success rates between the three experimental conditions were tested with paired
t-tests. For response times, we also calculated paired t-tests between all three exper-
imental conditions. Additionally, we analyzed correlations of response times with
the sum ASRS scores as well as with the subscales inattention and hyperactiv-
ity/impulsivity. For all statistical analyses o was set to .05.

2.6. fMRI data analyses

FMRI data were analyzed using statistical parametric mapping methods with
the SPM8 software package (Wellcome Department of Cognitive Neurology, London,
UK) implemented in Matlab (Mathworks Inc., Sherborn, MA, USA). The first three
volumes were discarded due to an incomplete steady state of magnetization.

During preprocessing, realignment (2nd degree b-spline interpolation to the
first image), slice time correction (reference slice: 15), coregistration of functional
data to each participant’s anatomic image, and normalization to the standard space
of the Montreal Neurological Institute (MNI) brain were performed. Spatial smooth-
ing was executed with an isotropic three-dimensional Gaussian filter with a full
width at half maximum (FWHM) of 9 mm to allow for corrected statistical inference.

The evoked BOLD responses were modelled for the four conditions (monetary
reward anticipation, punishment avoidance anticipation, verbal feedback anticipa-
tion, control condition). We also modelled the bright flash (which was followed
by a button press) and the black screen following the control condition (without
button press). We used stick functions convolved with a hemodynamic response
function for modelling these regressors. In order to account for movement related
variance, the six movement parameters derived from the realignment preprocess-
ing step were included as covariates into the analysis. A high pass filter (time
constant =128 s) was implemented by using cosine functions in the design matrix.
Group analyses were based on a random effects analysis.

For explorative whole brain analyses, the significance threshold was set to
a=.05 on voxel-level corrected for multiple testing (family-wise error (FWE)
correction) and a minimum cluster size k=20voxels. Significant peak voxels
of the whole brain analyses were labelled with the software-program MARINA
(http://www.bion.de/Marina.htm), which is based on the anatomical parcellation
of the brain (Tzourio-Mazoyer et al., 2002). Region of interest (ROI) analyses were
conducted with brain regions known to be part of the reward network and which
were reported in comparable previous studies (Kirsch et al., 2003, 2006). We cre-
ated structural ROI according to the results of these studies by designing masks
using MARINA. The ROI were the amygdala, the ACC, the NAcc, the OFC, and the
thalamus. All these analyses were conducted separately for each hemisphere. The
resulting p-values of the F- and t-statistics were adjusted for multiple comparisons
(family-wise-error (FWE) corrected) within the ROI, using small volume correction
(threshold pcorr <.05, cluster size k=0). Trends up to a threshold of p¢r <.10 are also
reported.

To checkifall conditions provoked activation in the reward system, we tested the
contrasts [monetary reward anticipation - control condition], [punishment avoid-
ance anticipation - control condition], and [verbal feedback anticipation - control
condition] separately. For all following analyses, we contrasted the respective con-
dition with the control condition. In an F-test including all three reward conditions,
we tested for general differences between these conditions. In post hoc paired t-
tests, we determined the underlying differences comparing each condition with the
others.

In order to test the proposed hypothesis that monetary reward anticipation
provokes higher BOLD responses than punishment avoidance anticipation, which
in turn provokes higher BOLD responses than verbal feedback anticipation (i.e.,
assumption of a parametric modulation), we conducted the conjunction analysis
[monetary reward anticipation - punishment avoidance anticipation] N [punish-
mentavoidance anticipation - verbal feedback anticipation]. In a second conjunction
analysis, we tested for joint activations during all three reward anticipation condi-
tions (monetary reward anticipation N punishment avoidance anticipation N verbal
feedback anticipation).

Further, we correlated the three reward anticipation conditions with the respec-
tive sum ASRS scores as well as with the two subscales in order to investigate the
specific relationship between neural activations in all three conditions and ADHD
related behaviors. Therefore, the sum ASRS scores were included as regressor in
a simple regression model. Significant t-values indicate brain regions in which
the functional activation significantly correlates with the reported ADHD related
behaviors. To gain a quantitative measure for the magnitude of the correlations,
we calculated the correlation coefficients r for the resulting brain regions using
the t-values at the peak voxels of the respective analysis (Rosenthal, 1994). We
also conducted the same analyses for the two ASRS subscales separately and cal-
culated the correlation coefficients at the respective peak voxels corresponding to
the correlation analysis with the sum ASRS scores. Differences in correlation coef-
ficients between the subscales and between the reward conditions were tested for

the respective peak voxels with the adequate t-statistic (Chen & Popovich, 2002).
Finally, we conducted the same analysis for all subjects with a sum ASRS score lower
than 34 to assure that the results are not exclusively based upon persons with high
ADHD related behaviors.

3. Results
3.1. Behavioral data

All subjects, except one, won additional money; on average
5.81< (range: 0-9<; SD=2.27). The subjects made 2.5 omission
errors (range: 0-13 omissions; SD=3.13) on average.

Correlation analyses of the overall success rate (58% of the 60
experimental trials) as well as the success rates of the three exper-
imental conditions separately with the sum ASRS scores as well
as with both subscales did not reveal any significant results (all
p>.10). The success rate in the monetary reward anticipation con-
dition (62.75% of the 20 trials) did not differ from the punishment
avoidance anticipation condition (66.75%; t(30)=1.42; n.s.). Yet, the
verbal feedback anticipation condition (44,5%) had a lower success
rate than the monetary reward anticipation (t(30)=5.54; p<.001)
and the punishment avoidance anticipation (t(30)=7.24; p<.001)
condition.

Reaction times for the two monetary anticipation conditions did
not differ significantly (monetary reward anticipation: 191.72 ms;
punishment avoidance anticipation: 185.36 ms; t(30)=1.52, n.s.).
Reaction times for the condition verbal feedback anticipation
(M=208.91ms) were significantly longer than for the condi-
tion monetary reward anticipation (t(30)=3.81; p=.001) and for
the condition punishment avoidance anticipation (t(30)=4.80;
p<.001).

To assess a possible relation between the behavioral data and
ADHD related behaviors, we correlated reaction times and stan-
dard deviations of the reaction times of the three conditions with
the sum ASRS scores as well as with both scales (inattention and
hyperactivity/impulsivity) of the ASRS. No significant correlations
could be found (all p>.20).

3.2. Functional imaging data

At the neural level, we compared the effects of monetary reward
anticipation, punishment avoidance anticipation, and verbal feed-
back anticipation with the control condition to identify brain
regions activated during the presentation of a motivating stimulus.
For the contrast [monetary reward anticipation - control condi-
tion] we found significant activations in the whole brain analyses
in the left posterior central gyrus, the left pallidum, the left supple-
mentary motor area, and the vermis as well as in all ROI (amygdala,
ACC, NAcc, OFC, thalamus). For the contrast [punishment avoidance
anticipation - control condition], we found a less pronounced acti-
vation pattern with neural activations in the left supplementary
motor area and the left precentral gyrus (whole brain analyses) as
well as in the left amygdala, the left OFC, and the bilateral NAcc and
thalamus (ROI analyses). The condition verbal feedback anticipa-
tion in comparison to the control condition revealed no significant
neural activation in the whole brain analyses, and a significant ROI
analyses activation in the left NAcc only (see Table 1).

For all following analyses, exploratory whole brain analyses did
not reveal any significant effects. To reveal more detailed informa-
tion about reward processing, we conducted an F-test including
the three reward anticipation conditions. There were significant
differences in all ROI (p <.005). Post hoc t-tests revealed that these
activations were due to significant differences in the contrast [mon-
etary reward anticipation - verbal feedback anticipation] as well
as [monetary reward anticipation — punishment avoidance antici-
pation] for all ROI (p <.010). The contrast [punishment avoidance
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Table 1
Localization and statistics of the peak voxels activated during the three reward anticipation conditions resulting from the ROI and the exploratory whole brain analyses (WB).
Contrast Brain structure X y z Tmax Deorr
Monetary reward L amygdala -15 -1 -14 3.90 .005
anticipation - control R amygdala 21 2 -14 3.44 .015
condition L ACC -3 38 -8 491 .002
R ACC 15 29 19 4.60 .004
L OFC -21 11 -17 522 .003
R OFC 12 14 -14 4.13 .035
L NAcc -12 8 -5 7.15 <.001
R NAcc 12 8 -2 7.06 <.001
L thalamus -12 -16 -2 6.75 <.001
R thalamus 6 -19 10 6.46 <.001
Vermis (WB) 6 -58 -11 6.40 .009
L supplementary motor area (WB) -9 -4 55 7.06 .002
L pallidum (WB) -12 8 -2 7.18 .001
L postcentral gyrus (WB) —42 -22 55 7.89 <.001
Punishment avoidance L amygdala -15 2 -17 3.86 .006
anticipation - control L OFC -18 11 -20 4.34 .024
condition L NAcc -12 5 -5 5.69 <.001
R NAcc 15 5 -2 5.74 <.001
L thalamus -12 -7 -2 4.22 .009
R thalamus 6 -16 13 3.39 .047
L supplementary motor area (WB) -6 -1 56 6.91 .003
L precentral gyrus (WB) —42 -19 55 6.83 .004
Verbal feedback anticipation - L NAcc -12 11 -20 3.99 .008

control condition

The threshold was pcorr <.05 (FWE-corrected; small volume correction). All coordinates (x, y, z) are given in MNI space. L: left, R: right.

anticipation - verbal feedback anticipation]yielded significant neu-
ral activation in all ROI (ps <.010) except the right amygdala and
right OFC (ps=.054). No inverse contrasts resulted in significant
results.

The resulting activation pattern from these post hoc t-tests
suggests a parametric modulation of the three reward anticipa-
tion conditions; more precisely, monetary reward anticipation
provokes greater activation than punishment avoidance antici-
pation, which in turn provokes greater activation than verbal
feedback anticipation. The conjunction analysis [monetary reward
anticipation - punishment avoidance anticipation] N [punishment
avoidance anticipation - verbal feedback anticipation] confirmed
this assumption in all ROI except the OFC and the right ACC (see
Table 2). For an illustration of this parametric modulation effect,
see Fig. 3.

In all three reward anticipation conditions (conjunction mon-
etary reward anticipation N punishment avoidance anticipation N
verbal feedback anticipation), we found joint neural activations in
the bilateral OFC and the NAcc (all p <.010) as well as a trend in the
right ACC (p=.061).

To analyse the relation between brain activation during the
respective reward anticipation condition and ADHD related behav-
iors, we correlated sum ASRS scores with the three reward

Table 2

anticipation contrasts [monetary reward anticipation - control
condition], [punishment avoidance anticipation - control condi-
tion], and [verbal feedback anticipation - control condition]. We
found significant negative correlations between ADHD related
behaviors and activation for the contrast [monetary reward antici-
pation - control condition] in the left amygdala, the left thalamus,
and bilaterally in the NAcc. In the contrast [punishment avoidance
anticipation - control condition], neural activation in the bilateral
ACC and the NAcc were negatively correlated with ADHD related
behaviors. We also found the same negative correlation in the con-
trast [verbal feedback - control condition] in the left amygdala, the
left ACC, the right thalamus, and bilaterally in the NAcc (cf. Table 3).

Correlation analyses of the inattention and hyperactiv-
ity/impulsivity scales at the respective peak voxels revealed that
both scales were negatively correlated with the neural activation in
the three reward anticipation conditions. Correlation coefficients of
the two subscales were not significantly different from each other
(all Tgir<1.9; n.s.). The same holds for the comparisons of the cor-
relation coefficients of the three reward anticipation conditions (all
Ty4ir < 1.7; n.s.). For an illustration of the left NAcc results, see Fig. 4.

To prove whether these results were caused by the subjects with
high ASRS scores we conducted a further analysis: including only
participants with a sum ASRS score lower than 34 led to similar

Localization and statistics of the peak voxels resulting from the parametric modulation of the three reward anticipation conditions (conjunction [monetary reward anticipation
- punishment avoidance anticipation] N [punishment avoidance anticipation - verbal feedback anticipation]) within the respective ROI.

Brain structure X y z Tmax Deorr

L amygdala —24 -1 -14 3.28 .016
R amygdala 21 2 —14 2.81 .052
R ACC 15 29 19 3.89 .014
L NAcc -12 11 -5 3.58 .011
R NAcc 15 11 -2 4.76 <.001
L thalamus -12 -19 -2 3.84 .012
R thalamus 6 -19 10 4.17 .005

The threshold was pcorr <.05 (FWE-corrected; small volume correction). All coordinates (x, y, z) are given in MNI space. L: left, R: right. Trends up to a threshold of pcor <.10

are written in italics.
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Table 3

Localization and statistics of the peak voxels for the correlation analyses in the three reward anticipation conditions within the respective ROI. Correlation coefficients of the
ASRS scores with the neural activity and the sum ASRS scores (sum) and the subscales inattention (inatt) and hyperactivity/impulsivity (hyp) are inserted at the right side.

All correlation coefficients were calculated for the peak voxels resulting from the correlation analysis with the sum ASRS score.

Contrast Brain structure X y z Timax Deorr Correlation coefficient r
Sum Inatt Hyp
Monetary reward L amygdala -18 2 -17 3.18 .025 —.51 —.40 -.50
anticipation - control L NAcc -3 2 -8 3.81 .010 —.58 —.45 —-.56
condition R NAcc 9 2 -8 3.27 .032 -.52 -.47 -.45
L thalamus -6 -7 -2 3.14 .075 -.50 —.45 —.44
Punishment avoidance L ACC -9 47 10 3.36 .084 —.53 -.50 —.44
anticipation - control R ACC 9 29 -8 3.92 .023 -.59 -.55 -.49
condition L NAcc -9 2 -11 3.94 .008 -.59 -.57 —.48
R NAcc 15 8 -11 2.76 .089 —.46 -.38 —.43
Verbal feedback L amygdala -21 2 -17 3.13 .034 —.50 —.34 -.53
anticipation - control L ACC -12 41 10 3.88 .034 -.58 —.65 -39
condition L NAcc -9 14 -8 3.54 .022 —-.55 —.44 -.53
R NAcc 9 2 -8 4.93 .009 —.60 —.47 -.58
R thalamus 12 -7 -2 3.80 .027 —-.58 -41 -.59

The threshold was per <.05 (FWE-corrected; small volume correction). All coordinates (x, y, z) are given in MNI space. L: left, R: right. Trends up to a threshold of pcor <.10

are written in italics.

correlation coefficients (r >.53) to those including all participants
in all ROL All p-values of the correlation coefficients ranged from
p=.003top=.11.

4. Discussion

In this fMRI study, we investigated subjects with varying degrees
of ADHD related behaviors in a reward anticipation task. As

monetary reward

expected, we found that the anticipation of reward was asso-
ciated with activation of the reward circuit including the NAcc.
Further, our assumption that the different reward anticipation
conditions (monetary reward anticipation, punishment avoidance
anticipation, verbal feedback anticipation) activate the reward
network differentially was confirmed: monetary reward antici-
pation was most effective in activating the NAcc, the thalamus,
the ACC, the OFC, and the amygdala followed by the punishment

punishment avoidance

verbal feedback
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avoidance anticipation condition and then the verbal feedback
anticipation condition. For all ROI, except the right and the left
OFC and the right ACC, the ranking of the conditions (monetary
reward anticipation > punishment avoidance anticipation > verbal
feedback anticipation) was statistically significant. A possible
explanation for this dissociation lies in the different functions of
these structures within the reward system as reviewed for exam-
ple by Martin-Soelch et al. (2007): the OFC is meant to encode
outcome expectations and is meant to be involved in facilitat-
ing associative learning in the basolateral amygdala. The ACC
has been repeatedly implicated in situations of conflict and dis-
criminative learning. Maybe these functions are less dependent
of the type of reward anticipation and do therefore not result
in significantly different activations during the three anticipation
conditions. Why the left and the right ACC react differentially
must be a question of further research. The motivational differ-
ences between the two monetary conditions (monetary reward
anticipation, punishment avoidance anticipation) and the verbal
feedback anticipation condition were mirrored in the behavioral
data: success rates were higher in the monetary conditions than
in the verbal feedback anticipation condition and reaction times in
the monetary conditions were significantly faster than in the ver-
bal feedback anticipation condition. Therefore, the experimental
design allowed us to activate the reward system in a wide range of
intensities as suggested by the experiments of Kirsch et al. (2003,
2006).

Our main question of interest was whether and how inatten-
tion and hyperactivity/impulsivity, typical ADHD related behaviors,
are correlated with deficits in the reward circuit regarding reward
anticipation in a non-clinical sample. This question arose from the
observation of a hypo-responsiveness of the reward anticipating
system (Scheres et al., 2007; Strohle et al., 2008) in ADHD patients
and recent models of ADHD proposing this hypo-responsiveness to
be one of the major underlying factors leading to ADHD symptoms
(Sagvolden et al., 2005; Tripp & Wickens, 2008). We expected that
the reported amount of indices of inattention and/or hyperactiv-
ity/impulsivity is negatively correlated with the activation of the
reward anticipation network in a non-clinical sample.

The present results clearly show that there was a significant
negative correlation in the NAcc independent of the type of reward
anticipation (exception: for the right NAcc there is only a trend).
For the amygdala, the ACC, and the thalamus, the results are more
heterogeneous: in some reward anticipation conditions there are
significant negative correlations between the ASRS scores and the
corresponding contrast estimates while in other conditions no
significant correlations were observed. Whether poor statistical
power or the different functions of these structures within the
reward system are responsible for this outcome must be investi-
gated in future research. For the NAcc, this means that the higher
the scores on the inattention and hyperactivity/impulsivity scales
in the self-report questionnaire, the lower the BOLD response in
the NAcc during reward anticipation. This was also the case when
subjects with high questionnaire scores were excluded from the
correlation analysis ensuring that this effect is not due to sub-
jects who perhaps suffer from an undiagnosed ADHD. Importantly,
the main result of the negative correlation between anticipatory
responses and ADHD related behaviors cannot simply be explained
by different actual earnings or success rates, because we did not
find a significant correlation between the ASRS scores and these
outcome measures.

The observed reduced neuronal responses in the nucleus accum-
bens in subjects with more pronounced ADHD related behaviors
could potentially be due to a diminished dopaminergic response. It
is generally accepted that dopamine is the most important trans-
mitter in reward anticipation processes (e.g. Knutson et al., 2001;
Schultz, 2002) and further the BOLD response in the NAcc indeed

reflects the dopamine release in this structure (see e.g. review by
Knutson & Gibbs, 2007).

Can deficits in reward anticipation system directly explain
symptoms like inattention and hyperactivity/impulsivity? Mod-
ern theories of reward learning like the incentive-sensitization
theory of addiction (Robinson & Berridge, 1993) or the theory
of the dopamine reward prediction error (Schultz et al., 1997)
assume that dopaminergic transmitted responses in the ventral
striatum move from the delivery of a reward to cues which
announce a reward. In our study, we found that the lower the antic-
ipatory neural responses (measured by the BOLD response), the
higher the scores on the inattention and hyperactivity/impulsivity
scales. Although correlations cannot be causally interpreted, it is
allowed to speculate about possible relations. Modern theories of
ADHD try to explain how a deficient anticipatory response can
lead to ADHD typical behaviors: for example, Sagvolden et al.
(2005) assume in their dynamic developmental theory that altered
reinforcement of novel behavior and deficient extinction of previ-
ously reinforced behavior due to a hypo-functioning mesolimbic
dopamine system are responsible for some of the ADHD behav-
iors. As a consequence, they suggest that the time window for
associating behavior with its consequences is narrower; new
upcoming stimuli strongly control behavior resulting in attention
problems. They explain behaviors like motor impulsivity, hyper-
activity, and impulsivity accordingly. Comparable hypotheses are
put forward by the dopamine deficit theory of Tripp and Wickens
(2008).

Our data indicate in a non-clinical sample that, in the dopamine
system, a reduced processing of cues signalling reward is by some
means related to inattention and hyperactivity/impulsivity. The
fact, that the correlation coefficients were similar in the three
reward anticipation conditions suggests that this phenomenon is
rather robust.

Interestingly, we found similar negative correlation coefficients
between the reward anticipation response and both subscales
of the ASRS (inattention and hyperactivity/impulsivity) in the
NAcc. Although the two scales are positively correlated in our
study, they co-varied with different aspects in recent studies:
in a study by Herrmann et al. (2009) only the inattention scale
was negatively correlated with the neural correlate of error pro-
cessing. Further, Plichta et al. (2009) and Scheres et al. (2007)
found a significant correlation with neural responses to reward
expectations only for the hyperactivity/impulsivity subscale. From
our data, one can conclude that inattention as well as hyperac-
tivity/impulsivity are connected to reduced reward anticipating
neural responses.

Possible limitations of the present study should be men-
tioned: first of all, we investigated a healthy, female student
sample who reported no ADHD history. Thus, the question
arises whether it is adequate to link the present results to
clinical studies with ADHD patients. Traditionally, psychiatric
diagnoses like ADHD are seen as categorical entities. However,
there is an ongoing debate whether dimensional approaches
can substantially improve psychiatric diagnoses (e.g. Moeller,
2009). Further, we investigated females only. Thus it is ques-
tionable whether the results can be generalized to both sexes.
We decided for an exclusively female sample because ADHD
is more often investigated in males so far than in females.
Therefore, there is a lack of studies on females in this field.
Additionally, we did not expect fundamental gender differ-
ences in the processing of reward anticipations from previous
research (Biederman et al.,, 2004; Spreckelmeyer et al.,, 2009).
However, follow-up studies should attempt to show the same
relationship between neural responses towards reward anticipa-
tion and ADHD related behaviors in males for a sex independent
generalization.
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5. Conclusion

In conclusion, our study highlights that deficits in the reward
system measured by neural responses to reward signalling
cues are by some means related to inattention and hyperactiv-
ity/impulsivity, which are ADHD related behaviors. Furthermore,
this effect was independent of the reward condition used.

Acknowledgment

This study was supported by the German Research Foundation
(KFO 125/1-1).

References

American Psychiatric Association. (2000). Diagnostic and statistical manual of mental
disorders. Text revision. Washington, DC

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and executive
functions: Constructing a unifying theory of ADHD. Psychological Bulletin, 121,
65-94.

Beck, A., Schlagenhauf, F., Wiistenberg, T., Hein, J., Kienast, T., Kahnt, T., et al. (2009).
Ventral striatal activation during reward anticipation correlates with impulsiv-
ity in alcoholics. Biological Psychiatry, 66, 734-742.

Biederman, J., Faraone, S. V., Monuteaux, M. C., Bober, M., & Cadogen, E. (2004).
Gender effects on attention-deficit/hyperactivity disorder in adults, revisited.
Biological Psychiatry, 55, 692-700.

Breiter, H. C., Aharon, 1., Kahneman, D., Dale, A., & Shizgal, P. (2001). Functional
imaging of neural responses to expectancy and experience of monetary gains
and losses. Neuron, 30, 619-639.

Caci, H., Bouchez, J., & Baylé, F. ]. (2009). Inattention symptoms of ADHD are related
to eventing orientation. Journal of Attention Disorders, 13, 36-41.

Castellanos, F. X, & Tannock, R. (2002). Neuroscience of attention-
deficit/hyperactivity disorder: The search for endophenotypes. Nature
Reviews Neuroscience, 3, 617-628.

Chen, P.Y., & Popovich, P. M. (2002). Correlation: Parametric and nonparametric mea-
sures. Thousand Oaks, CA: Sage.

Dougherty, D. D., Bonab, A. A, Spencer, T. ], Rauch, S. L., Madras, B. K., & Fischman,
A. ]. (1999). Dopamine transporter density in patients with attention deficit
hyperactivity disorder. Lancet, 354, 2132-2133.

Douglas, V. I. (1972). Stop, look, and listen: The problem of sustained attention
and impulse control in hyperactive and normal children. Canadian Journal of
Behavioural Science, 4, 259-282.

Doyle, A. E., Willcutt, E. G., Seidman, L. ]., Biederman, J., Chouinard, V. A,, Silva, J.,
et al. (2005). Attention-deficit/hyperactivity disorder endophenotypes. Biologi-
cal Psychiatry, 57, 1324-1335.

Frank, M. ]., Santamaria, A., O'Reilly, R. C.,, & Willicutt, E. (2007). Testing com-
putational models of dopamine and noradrenaline dysfunction in attention
deficit/hyperactivity disorder. Neuropsychopharmacology, 32, 1583-1599.

Gaub, M., & Carlson, C. L. (1997). Gender differences in ADHD: A meta-analysis and
critical review. Journal of the American Academy of Child and Adolescent Psychiatry,
36, 1036-1045.

Gershon, J. (2002). A meta-analytic review of gender differences in ADHD. Journal of
Attention Disorder, 5, 143-154.

Glow, P. H., & Glow, R. A. (1979). Hyperkinetic impulse disorder: A developmental
defect of motivation. Genetic Psychology Monographs, 100, 159-231.

Hautzinger, M., Bailer, M., Worall, H., & Keller, F. (1993). Beck-Depressions-Inventar
(BDI) [Beck depression inventory]. Bern: Huber.

Herrmann, M. ]., Saathoff, C., Schreppel, T. J., Ehlis, A.-C., Scheuerpflug, P., Pauli, P.,
et al. (2009). The effect of ADHD symptoms on performance monitoring in a
non-clinical population. Psychiatry Research, 169, 144-148.

Kessler, R. C.,, Adler, L., Ames, M., Demler, O., Faraone, S., Hiripi, E., et al. (2005).
The World Health Organization adult ADHD self-report scale (ASRS): A short
screening scale for use in the general population. Psychological Medicine, 35,
245-256.

Kirsch, P., Schienle, A., Stark, R., Sammer, G., Blecker, C., Walter, B., et al. (2003).
Anticipation of reward in a nonaversive differential conditioning paradigm
and the brain reward system: An event-related fMRI study. Neurolmage, 20,
1086-1095.

Kirsch, P., Reuter, M., Mier, D., Lonsdorf, T., Stark, R., Gallhofer, B., et al. (2006).
Imaging gene-substance interactions: The effect of the DRD2 TaqlA polymor-
phism and the dopamine agonist bromocriptine on the brain activation during
the anticipation of reward. Neuroscience Letters, 405, 196-201.

Knutson, B., & Cooper, J. C.(2005). Functional magnetic resonance imaging of reward
prediction. Current Opinion in Neurology, 18, 411-417.

Knutson, B., Adams, C. M., Fong, G. W., & Hommer, D. (2001). Anticipation of
increasing monetary reward selectively recruits nucleus accumbens. Journal of
Neuroscience, 21, RC159.

Knutson, B., Westdorp, A., Kaiser, E., & Hommer, D. (2000). FMRI visualization
of brain activity during a monetary incentive delay task. Neurolmage, 12,
20-27.

Knutson, B., & Gibbs, S. E. B. (2007). Linking nucleus accumbens dopamine and blood
oxygenation. Psychopharmacology, 191, 813-822.

Koepp, M. ]., Gunn, R. N, Lawrence, A. D., Cunningham, V. ]., Dagher, A., Jones, T., et al.
(1998). Evidence for striatal dopamine release during a video game. Nature, 393,
266-268.

Krause, K. H., Dresel, S. H., Krause, ]., Kung, H. F., & Tatsch, K. (2000). Increased stri-
atal dopamine transporter in adult patients with attention deficit hyperactivity
disorder: Effects of methylphenidate as measured by single photon emission
computed tomography. Neuroscience Letters, 285, 107-110.

Larisch, R., Sitte, W., Antke, C., Nikolaus, S., Franz, M., Tress, W., et al.
(2006). Striatal dopamine transporter density in drug naive patients with
attention-deficit/hyperactivity disorder. Nuclear Medicine Communications, 27,
267-270.

Luman, M., Oosterlaan, J., & Sergeant, J. A. (2005). The impact of reinforcement con-
tingencies on AD/HD: A review and theoretical appraisal. Clinical Psychology
Review, 25, 183-213.

Luman, M., Tripp, G., & Scheres, A. (2010). Identifying the neurobiology of altered
reinforcement sensitivity in ADHD: A review and research agenda. Neuroscience
and Biobehavioral Reviews, 34, 744-754.

Madras, B. K., Miller, G. M., & Fischman, A. I. (2005). The dopamine transporter and
attention-deficit/hyperactivity disorder. Biological Psychiatry, 57, 1397-1409.

Mahone, E. M., & Wodka, E. L. (2008). The neurobiological profile of girls in ADHD.
Developmental Disabilities Research Reviews, 14, 276-284.

Martel, M. M. (2009). Research review: A new perspective on attention-
deficit/hyperactivity disorder: Emotion dysregulation and trait models. The
Journal of Child Psychology and Psychiatry, 50, 1042-1051.

Martin-Soelch, C., Linthicum, J., & Ernst, M. (2007). Appetitive condtioning: Neu-
ral bases and implications for psychopathology. Neuroscience and Biobehavioral
Reviews, 31, 426-440.

Moeller, H. J. (2009). Development of DSM-V and ICD-11: Tendencies and potential
of new classifications in psychiatry at the current state of knowledge. Psychiatry
and Clinical Neurosciences, 63, 595-612.

Nigg, J. T. (2001). Is ADHD a disinhibitory disorder? Psycholological Bulletin, 127,
571-598.

Nigg, J. T., & Casey, B. J. (2005). An integrative theory of attention-
deficit/hyperactivity disorder based on the cognitive and affective neuro-
sciences. Developmental Psychopathology, 17, 785-806.

Patterson, M., & Newman, J. P.(1993). Reflectivity and learning from aversive events:
Toward a psychological mechanism for the syndromes of disinhibition. Psycho-
logical Reviews, 100, 716-736.

Pietrzak, R. H., Mollica, C. M., Maruff, P, & Snyder, P. J. (2006). Cognitive
effects of immediate-release methylphenidate in children with attention-
deficit/hyperactivity disorder. Neuroscience and Biobehavioral Reviews, 30,
1225-1245.

Plichta, M. M., Vasic, N., Wolf, R. C., Lesch, K. P., Brummer, D., Jacob, C., et al. (2009).
Neural hyporesponsiveness and hyperresponsiveness during immediate and
delayed reward processing in adult attention-deficit/hyperactivity disorder. Bio-
logical Psychiatry, 65, 7-14.

Porrino, L. J., Rapoport, ]J. L., Behar, D., Sceery, W., Ismond, D. R., & Bunney,
W. E. (1983). A naturalistic assessment of the motor activity of hyperactive
boys I. Comparison with normal controls. Archives of General Psychiatry, 40,
681-687.

Reuter, M., Kirsch, P., & Hennig, ]. (2006). Inferring candidate genes for attention
deficit hyperactivity disorder (ADHD) assessed by the World Health Organiza-
tion adult ADHD self-report scale (ASRS). Journal of Neural Transmission, 113,
929-938.

Robinson, T. E., & Berridge, K. C. (1993). The neural basis of drug craving: An
incentive-sensitization theory of addiction. Brain Research Reviews, 18,247-291.

Rosenthal, R. (1994). Parametric measures of effect size. In H. Cooper, & L. V. Hedges
(Eds.), The handbook of research synthesis (pp. 231-244). New York: Russell Sage
Foundation.

Sagvolden, T.,Johansen, E. B., Aase, H., & Russell, V. A.(2005). A dynamic developmen-
tal theory of attention-deficit/hyperactivity disorder (ADHD) predominantly
hyperactive/impulsive and combined subtypes. Behavioral and Brain Sciences,
28,397-419.

Schachar, R. ., Tannock, R., & Logan, G. (1993). Inhibitory control, impulsiveness, and
attention deficit hyperactivity disorder. Clinical Psychology Review, 13,721-739.

Scheres, A., Milham, M. P., Knutson, B., & Castellanos, F. X. (2007). Ven-
tral striatal hyporesponsiveness during reward anticipation in attention-
deficit/hyperactivity disorder. Biological Psychiatry, 61, 720-724.

Schoechlin, C., & Engel, R. R. (2005). Neuropsychological performance in adult
attention-deficit hyperactivity disorder: Meta-analysis of empirical data.
Archives of Clinical Neuropsychology, 20, 727-744.

Schultz, W. (2002). Getting formal with dopamine and reward. Neuron, 36, 241-263.

Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and
reward. Science, 275, 1593-1599.

Sonuga-Barke, E. ]. (2002). Psychological heterogeneity in AD/HD - a dual pathway
model of behaviour and cognition. Behavioural Brain Research, 130, 29-36.

Sonuga-Barke, E. J. (2003). The dual pathway model of AD/HD: An elaboration of
neuro-developmental characteristics. Neuroscience and Biobehavioral Reviews,
27,593-604.

Sonuga-Barke, E.].(2005). Causal models of attention-deficit/hyperactivity disorder:
From common simple deficits to multiple developmental pathways. Biological
Psychiatry, 57,1231-1238.

Spreckelmeyer, K. N., Krach, S., Kohls, G., Rademacher, L., Irmak, A., Konrad, C.,
et al. (2009). Anticipation of monetary and social reward differently activates
mesolimbic brain structures in men and women. Social Cognitive and Affective
Neuroscience, 4, 158-165.



434 R. Stark et al. / Neuropsychologia 49 (2011) 426-434

Staller, J., & Faraone, S. V. (2006). Attention-deficit hyperactivity disorder in girls.
CNS Drugs, 20, 107-123.

Strohle, A., Stoy, M., Wrase, ]., Schwarzer, S., Schlagenhauf, F., Huss, M., et al.
(2008). Reward anticipation and outcomes in adult males with attention-
deficit/hyperactivity disorder. Neurolmage, 39, 966-972.

Tripp, G., & Wickens, ]J. R. (2008). Research review: Dopamine transfer deficit: A
neurobiological theory of altered reinforcement mechanisms in ADHD. Journal
of Child Psychology and Psychiatry and Allied Disciplines, 49, 691-704.

Tripp, G., & Wickens, J. R. (2009). Neurobiology of ADHD. Neuropharmacology, 57,
579-589.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix,
N., et al. (2002). Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neu-
rolmage, 15, 273-289.

van Mourik, R, Oosterlaan, J., & Sergeant, J. A. (2005). The Stroop revisited: A
meta-analysis of interference control in AD/HD. Journal of Child Psychology and
Psychiatry, 46, 150-165.

Volkow, N. D., Wang, G.-J., Kollins, S. H., Wigal, T. L., Newcorn, ]. H., Telang, F., et al.
(2009). Evaluating dopamine reward pathway in ADHD: Clinical implications.
The Journal of the American Medical Association, 302, 1084-1091.

Willcutt, E. G., Doyle, A. E., Nigg, ]. T., Faraone, S. V., & Pennington, B. F. (2005). Validity
of the executive function theory of attention-deficit/hyperactivity disorder: A
meta-analytic review. Biological Psychiatry, 57, 1336-1346.

Williams, ., & Dayan, P. J. (2005). Dopamine, learning, and impulsivity: A biological
account of attention-deficit/hyperactivity disorder. Journal of Child and Adoles-
cent Psychopharmacology, 15, 160-179.



	ADHD related behaviors are associated with brain activation in the reward system
	Introduction
	Materials and methods
	Participants
	Experimental paradigm
	fMRI data acquisition
	Behavioral data analyses
	fMRI data analyses

	Results
	Behavioral data
	Functional imaging data

	Discussion
	Conclusion
	Acknowledgment
	References


